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Preface 

The introduction of the electron microprobe in the 1960s led to cathodolumines
cence (CL) becoming a very useful method for mineral studies. From the late 
1980s up to now, the development of in situ analytical techniques, such as SIMS 
and PIXE, promoted the use of C1. The benefit is mutual. On the one hand, 
growth, structural and alteration patterns revealed by CL are necessary to obtain 
representative in situ analyses. The section in this volume on geochronology is a 
good illustration of the importance of CL in U-Pb dating of zircon. On the other 
hand, a better understanding of CL images requires the use of in situ analyses. 
The availability of new CL apparatuses which permit the study of minerals that 
are only slightly luminescent opens up new avenues of research. Several fields are 
emerging: CL in structural geology and fluid circulation, CL in ceramics, CL in 
petrology. 

Noting this formidable growth of CL in geosciences and geomaterials, a group 
of French mineralogists (Vincent Barbin, Philippe Blanc, Fabien Cesbron, Daniel 
Ohnenstetter and Maurice Pagel) decided, at the beginning of 1995, to organize a 
CL meeting. The International Conference on Cathodoluminescence and Related 
Techniques in Geosciences and Geomaterials (Nancy, France, September 2-4, 
1996) was supported by three scientific societies: Society for Geology Applied to 
Mineral Deposits (SGA), Society for Luminescence Microscopy and Spectroscopy 
(SLMS) and Societe Fran'raise de Mineralogie et de Cristallographie (SFMC) in 
cooperation with the Institut Lorrain des Geosciences. There were 110 partici
pants from 18 countries; the meeting was held in the "Palais des Congres". Some 
82 oral and poster communications were presented and the abstracts were print
ed in a volume of 175 pages. 

This Conference was successful in many aspects. The scientific exchanges 
between geologists and physicists were very constructive and informative. Partic
ipants compared their instrumentation and results and expressed their commit
ment to promote this rapidly developing science. 

We gratefully acknowledge the support received from BRGM, CREGU, Elf 
Aquitaine Production, Jeol, OPEA, Oxford and Total. All the members of the Sci
entific Committee are thanked for their support, for agreeing to give a lecture and 
for advertisement of the Conference. 

We have selected most of the invited lectures as well as communications of 
general interest or describing a new approach in CL to be published in this book. 
For the reviews, we thank Yves Bernabe, Jean Michel Bertrand, Anne Marie Boul-
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lier, William L. Brown, Georges Calas, Marc Chaussidon, Stefan Claesson, Michele 
Clarke, LIuis Fontbote, Emmanuel Fritsch, Michael Gaft, Jens Gotze, John M. Han
char, Otto Kopp, David Leach, Guy Libourel, Rolf D. Neuser, Gerard Panczer, 
Matthew R. Phillips, Karl Ramseyer, Guy Remond, Detlev K. Richter, Rolf Romer, 
Martine M. Savard, Peter D. Townsend and Graham Walker. 

Orsay, Reims, Nancy and Paris, 
Winter 1999 

MAURICE PAGEL, VINCENT BARBIN, 
PHILIPPE BLANC 
and DANIEL OHNENSTETTER 
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CHAPTER 1 

Cathodoluminescence in Geosciences: 
An Introduction 

MAURICE PAGEL, VINCENT BARBIN, PHILIPPE BLANC, 

DANIEL OHNENSTETTER 

1 
Introduction 

A wide variety of processes induces different kinds of luminescence, which is an 
emission of photons mainly in the visible domain (Marfunin 1979; Machel et al. 
1991): 
- Radioluminescence is excited by X-ray photons, y-rays, and a and ~ nuclear 

particles bombardment. 
Chemiluminescence is the result of chemical reactions (chemical radicals, oxi
dation of phosphorus, etc.). 
Electroluminescence is generated by application of an electric field. 
Triboluminescence is due to mechanical deformation (breaking of crystals 
bonds). 
Ionoluminescence is generated under energetic ion beam, for example in an ion 
microprobe. 
Bioluminescence is generated by biological processes. 
Thermoluminescence is light emission due to an activator in a mineral when 
the mineral is heated and is also referred to as thermally stimulated relaxations 
(McKeever 1985). 
Photoluminescence involves the selective energy of photons to excite electron
ic levels of luminescent centers. 
Cathodoluminescence is produced by energetic electrons. 

Thermoluminescence (TL), photoluminescence (PL) and cathodoluminescence 
(CL) are the most common luminescence phenomena used for studying minerals. 
Two types of light emissions occur: fluorescence, in which light is emitted during 
less than 10-8 s, and phosphorescence, when the luminescence effect persists 
longer than 10-8 s (Garlick 1949; Leverenz 1950; Curie 1960). As pointed out by 
Tarashchan and Waychunas (1995), these terms give no information about the 
kinetics of the emission and of the energy transfer processes and the distinction 
between what is slow or fast is arbitrary. 

1 
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2 
History 

MAURICE PAGEL et al. 

As stated by Leverenz (1950), the term "phosphor" was introduced in 1603 by Cas
ciarolo of Bologna, Italy, and named after the Greek "phosphoros=light bearer" 
for natural solids that have glowing properties in the dark after daylight exposure. 
The term luminescence, from Latin "lumen=light +escence", was introduced in 
1888 by Wiedemann (quoted in Nichols et al. 1928). Hittorf (1869) observed the 
green emission of a glass under cathodic excitation (quoted in Urbain 1909). In 
1879 Crookes examined the first samples under cathodoluminescence: synthetic 
calcium sulfides shine blue-violet, yellow, orange; diamonds are the most lumi
nescent with bright blue, pale blue, apricot, red yellowish-green orange and bright 
green hues; natural and synthetic rubies glow red; emeralds give a crimson-red 
color; sapphires appear bluish gray; cassiterite, called "tinstone" gives a pale yel
low light. In the same paper, Crookes (1879) also described the cathode-lumines
cence of zircon as follows:" In an optically positive crystal the ordinary ray (00) 
was of a pale pink hue, the extraordinary ray (£) of a very beautiful lavender-blue 
color. In another crystal, like the former from Expailly (Espally, Haute-Loire, 
France; see Lacroix 1893), the ordinary ray (00) was pale blue, the extraordinary 
ray (£) of a deep violet. A large crystal from Ceylon (Sri Lanka) gave the ordinary 
ray (00) of a yellow color, the extraordinary ray (£) of a deep violet-blue;' Crooks 
(1879) has thus emphasized that zircon can have different hues under electron 
bombardment, corresponding to the two main zircon populations defined by CL 
(Ohnenstetter et al. 1991), and that the color varies according to the different 
refractive indices. This could correspond to the polarization effect which was lat
er reported by Gorz et al. (1970) and Cesbron et al. (1993,1995). Lecoq de Boibau
dran observed, in 1885, the different fluorescences of rare earths and that, while Y 
and La give no fluorescence, Yb, Tm and Er give narrow peaks (Lecoq de Boibau
dran 1887). In the same year, Demar~ay (1887) recorded the spectra for Pr, Nd 
(called "didyme" at that time) and Sm. Crookes (1880a,b) shows, in the study of 
yttrium and samarium spectra, also the importance of a chemical control of the 
different spectra. " ... c'est que les conclusions tirees de l'analyse spectrale per se 
sont sujettes a de graves causes de doute, a moins qu'a chaque pas Ie spectro
scopiste ne donne la main au chimiste. La spectroscopie peut nous fournir de pre
cieux renseignements, mais la Chimie do it apres tout rester la cour supreme d'ap
pel" (Crookes 1880b). Servigne and Vassy (1937) and Servigne (1937) showed that 
10-6 g Sm could be detected by spectroscopy in solution and that the Sm band is 
proportional to its concentration. Servigne (1938) showed that Sm, Eu, Dy have 
small peaks and that some rare earth elements (REE) could exhibit emission in 
the near infrared. All the spectroscopic properties of rare earths have been sum
marized by Wybourne (1965). In 1885, Becquerel observed that calcite ("spath 
d'Islande") is orange, quartz is yellow, and aragonite is green under electric dis
charge in a vacuum tube. The Mn activator in calcite was discovered in 1859 by 
Becquerel (quoted in Nichols et al. 1928). Schulman et al. (1947) showed that aux
iliary impurities such as lead, thallium and cerium play a role as sensitizers. 
Medlin (1959, 1961, 1963, 1964, 1967) extensively studied calcite by TL and found 
that beside Mn2+, Pb2+ is also an activator whereas Fe2+, C02+ and NF+ are 
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quenchers. The limestones and dolomites from Belgium were studied by CL in 
1969 by Martin and Zeegers and the quenching effect of iron in dolomite was also 
demonstrated by CL (Pierson 1981; Walker 1983). The incorporation of REE 
oxides into some minerals and their luminescence properties were pointed out by 
Blase (1970), Blase and Bril (1967) and Calderon et al. (1983, 1984). The energy 
levels for Mn2+ in calcite were given by Aguilar and Osendi (1982). In fluorite and 
apatite, luminescence due to REE was studied by Wick (1924), Haberlandt (1934, 
1938) and Haberlandt et al. (1934). Luminescence was abandoned in the 1920s 
(White 1975). However, the study of luminescence reached a peak during the late 
1940s and mid-1950s, with extensive literature on phosphors (Kroger 1948; Gar
lick 1949; Pringsheim 1949; Leverenz 1950). This was followed by a new decline in 
the mid-1960s. Apatites from different environments were studied by PL (Portnov 
and Gorobets 1969). CL petrography under the microscope with a cold cathode 
was developed (Weiblen 1964; Mariano 1978; Marshall 1988). The development of 
the electron probe by Castaing (1951) and the wide use of this instrument in geo
sciences brought new interest in the in situ CL observations under the electron 
beam. 

Emission of CL, observed using an electron probe micro-analyzer (EPMA) or 
a scanning electron microscope (SEM), has been used as a petrologic tool since 
the studies of Long and Agrell (1965), Smith and Stenstrom (1965), Coy-Yll 
(1969), Remond (1977) and Nickel (1978). CL images of minerals can be com
pared with secondary (SE) or backscattered electron images (BSE) and X-ray 
mapping (Remond 1977; Remond et al. 1970, 1992, 1995). Such image compar
isons have recently been made for zircon crystals (Henry and Toney 1987; Han
char and Miller 1993; Hanchar and Rudnik 1995; Remond et al. 1992,1995). Since 
the pioneer work of Mariano and Ring (1975) and Mariano (1978), only a few CL 
images and/or CL spectra have been made in the field of igneous petrology (Mar
iano 1988, Roeder et al. 1987; Mariano 1989; Rae and Chambers 1988; Hayward 
and Jones 1991; Wenzel and Ramseyer 1992; Blanc et al.1994; Koberski and Keller 
1995; Coulson and Chambers 1996) compared to those reported in the sedimen
tary petrology literature (Sippel and Glover 1965; Sommer 1972 a, 1972 b; Meyers 
1974; Gies 1976; Ebers and Kopp 1979; Amieux 1982, 1987; Frank et al. 1982; 
Fairchild 1983; Mache11985; Banner et al. 1988; Barbin et al. 1989; Hemming et al. 
1989; Meunier et al. 1990; Machel et a11991; Machel and Burton 1991; Major and 
Wilber 1991; Walker and Burley 1991; also see references in Baker and Kopp 1991; 
Demars et al. 1996; Seyedolali et al. 1997). Lunar rocks have also been studied by 
CL (Sippel 1971). CL microscopy is an efficient method for revealing growth zon
ing in minerals (Have and Heijnen 1985; Reeder and Prosky 1986; Marshall 1988; 
Raven and Dickson 1989; Vavra 1990, 1993, 1994; Reeder 1991; Ohnenstetter et al. 
1991; Widom et al.1993; Hanchar and Rudnik 1995) or for recognizing those min
erals which are often difficult to identify such as wohlerite (Mariano and Roeder 
1989). Doped minerals have been synthesized to assign the different peaks 
observed in natural samples to the different activators (Morozov et al. 1970; Mar
iano and Ring 1975; Have and Heijnen 1985; Mason and Mariano 1990; Machel et 
al. 1991; Cesbron et al. 1993, 1995; Fillippelli and Delaney 1993; EI Ali et al. 1993; 
Blanc et al. 1995,2000; Baumer et al. 1997; Mitchell et al. 1997). Laser induced 
microluminescence (LIL) allows spectral and kinetic studies of luminescence 
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through a time range of a few nanoseconds to milliseconds, as shown by Blanc et 
al. (2000, this Vol.), Panczer et al. (2000, this Vol.) and Remond et al. (2000, this 
Vol.). The distribution of Mn2+ in the different sites in carbonates has been deter
mined (EI Ali et al. 1993) by coupling of CL and electron paramagnetic resonance 
(EPR). Thus CL coupled with other analytical techniques such as EPMA, EPR, 
SEM, particle induced X-ray emission (PIXE), transmission electron microscopy 
(TEM) and secondary ion mass spectrometry (SIMS) is a powerful tool in geo
sciences. 

3 
Luminescence Phenomena 

Interaction between electrons and solids under TEM are of three types: (I) unscat
tered electrons which pass through the sample, (2) elastically scattered electrons 
due to interaction with nuclei of the atoms, and (3) complex inelastically scattered 
electrons (Morgan 1985; Eberhardt 1989). Under SEM and EPMA only the two lat
ter phenomena occur. Inelastically scattered electrons interact with electrons of 
the atoms and their nuclei and are characterized by a loss of energy transferred 
to the sample. Electron-matter interactions (Morgan 1985, Eberhardt 1989, Reed 
1975, Heinrich 1981) produce ionization of the atoms from the sample with: (1) 
emission of characteristic X-rays from the inner shell of an atom (shells K, L, M) 
which can be analyzed by a wavelength dispersive spectrometer (WDS) or by 
an energy dispersive spectrometer (EDS), (2) a continuum radiation or 
bremsstrahlung, (3) low energy «50 eV) SE used in topographical imaging, (4) 
high energy (close to incident energy) back scattered electrons (BSE) which pro
vide a compositional image, (5) Auger electrons which consist of electrons eject
ed from the outer shell and (6) CL, characterized by long wavelength (in the 
domain ranging from UV to visible to IR) photons. 

Different types of interaction between photons and crystals occur: some are 
reflected from the mineral surface, some are refracted, some are absorbed and 
some pass through the mineral with no real interaction. 

The CL activators are trace elements that are present in a mineral at equivalent 
valence states within specific sites in the crystal lattice. The valence electron is 
captured by the conduction band and when it returns to its equilibrium state 
yields a photon with a determined wavelength corresponding to the gap of ener
gy, or to the sub-levels of the radiative transitions. The activators are transition 
elements, REE and actinide ions. The CL emission spectra are associated with two 
types of transitions, i.e.,f-f and f-d transitions (Tarashchan 1978; Marfunin 1979; 
Remond et al. 1992; Barbin and Schvoerer 1997). The f-d transitions are broad 
(Imbusch 1978) and the f-ftransitions are responsible for the narrow lines (Mar
funin 1979; Gorobets and Walker 1995). According to Monod-Herzen (1966) only 
Sm, Eu, Gd, Tb, and Dy exhibit narrow emission lines, Pr, Nd, Ho, Er and Tm show 
narrow emission peaks and La, Ce Yb and Lu give broad emission bands. 

The literature contains numerous values for the transitions of these trace ele
ments, nevertheless collecting the spectra of synthetic doped crystals is the sim
plest way to constitute a reference data bank (Blanc et al. 2000, this Vol.). 
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It is necessary to know the symmetry of the site and the valence of the trace 
element in each crystal. Dy3+ in the Ca I site of a chlorapatite emits at 480 and 
574 nm. This example is similar to emissions with narrow peaks, but there are also 
broad bands like those of MnZ+. The REE narrow peaks allow recognition, with
out possibility of error, of the excitator; however, broad bands are often more 
ambiguous. For this reason, it is possible to misidentify the correct assignments 
of Mn and Th in apatite. Qualitative recognition of CL excitators is possible by 
comparison with synthetic mineral spectra from a data bank. It is possible to 
index the different observed REE peaks and to assign the peaks to transition 
energy levels (Dieke 1968). 

There are other ways to recognize the nature of the emission center (Walker 
2000, this Vol.), although these are rarely used in geosciences. In the future, vari
ation of recording temperatures and luminescence decay time will probably be 
used more frequently. 

In this volume, the nature of activators are further discussed in silicates by 
Ramseyer and Mullis (2000), in feldspars by G6tze et al. (2000), in silicon dioxide 
polymorphs by Stevens Kalceff et al. (2000) and in carbonates by Machel (2000) 
and Barbin (2000). A special mention must be made of the work of Stevens Kalceff 
et al. (2000, this Vol.), who show that the intrinsic defects are significant contrib
utors to the CL emission of SiOz. 

4 
Cathodoluminescence Techniques 

The CL analytical system could be subdivided in two types: (1) CL attachment to 
electron microprobe, scanning electron microscope and transmission electron 
microscope and (2) CL generated by an electron gun coupled to an optical micro
scope. Other combinations are possible such as the attachment of a hot cathode 
to an optical microscope (Ramseyer et al. 1989). 

4.1 
Cold Cathode Optical Microscope 
Cathodoluminescence System 

In cold cathode microscopic equipment, the electrons are generated by an electric 
discharge between two electrodes under a low gas pressure (Marshall 1988; 
Remond et al. 1992). The commercially available CL stages consist of an electron 
gun, a vacuum chamber with windows and an X-Y stage movement. The condi
tions are usually 17 keV (l5±5 keV) and 450 rnA. The advantages of using this 
type of equipment are: 
- The low price of the stage, which is adaptable to an optical microscope. 
- Easy to use due to the simple low vacuum system. 
- A large field of observation, up to 2 cm. 
- No coating is necessary, the positive ions generated in the gas phase are suffi-

cient to neutralize the charge effects. 
- Easy check of the chemical composition of minerals when coupled to an EDS. 
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This apparatus is useful in petrologic studies, but there are several inconve-
niences: 
- Low spatial resolution. 

Instability due to variation of the gas pressure in many apparatuses. 
Damaging of the surface from the electron bombardment. 
Integral luminescence in the visible domain. 
The recording system generally gives qualitative results only, although some 
devices are now equipped with a CL spectrometer. 

Recently, new cold CL equipment was introduced by the OPEA (Laboratoire d'Op
tique Electronique Appliquee). This apparatus allows both better observations 
and spectral analysis because the stability is very good. The beam current may be 
more than 20 keY with a 320 rnA or less beam current density. The use of argon 
as residual gas improves the stability (Barbin and Hoan, pers. observ.). 

4.2 
Hot Cathode Cathodoluminescence 

The electron gun can be associated with a SEM (Remond et al.1970) (Fig. I) or an 
EPMA or with an optical microscope (Ramseyer et al. 1989). The electrons are 
generated by heating a filament (2000-3000 °C) and are focused on the sample by 
magnetic optics. Compared to the cold CL system, the advantages are: 
- Good spatial resolution due to the low size of the electron beam. 
- High magnification. 
- Possibility of imaging at a given wavelength. 
- Coupling with BSE and X-ray mapping. 
- Local higher current density. 

Fig. I. The Blanc-Perray CL apparatus. 1 Electron gun; 2 parabolic mirror; 3 sample; 4 silica lens; 
5 monochromator; 6 condenser; 7 photomultiplier 
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Some disadvantages are: 
- Coating is absolutely recommended (carbon, aluminum, nickel, palladium or 

gold). 
- A high vacuum is necessary. 

For SEM-CL, phosphorescence phenomena induce difficulties in obtaining 
images in some material (e.g., calcite). 

- For SEM-CL, images are always in black and white (a recording in false color is 
also possible). 

In hot CL, the conditions depend on the response of the different samples. It 
should be noted that the luminescence of Nd doped YAG is observed from 5 kV. 

The spectrum could be divided into different wavelengths, corresponding to 
various energies, the farthest in the UV being the more energetic. In accordance 
with these conditions, the bombardment may excite the spectrum more or less 
completely. For shorter wavelengths, more energy is necessary to excite these 
emissions. 

The value of the high voltage between the filament and the anode determines 
the energy of the electrons. It has been shown that the maximum of excitation for 
a given crystal is not always the highest acceleration voltage. To obtain CL images, 
it is typical to work with 10-7 A. SE images are obtained with very low beam cur
rents, in the region of 10-10 A, and the BSE images at 10-9 A. The resolution of the 
image will be affected by the beam current. Increasing magnification decreases 
the scanning surface, consequently the value of the electric intensity increases. It 
is necessary to take into consideration the current intensity and the surface area 
to reduce excessively destructive conditions. The mirror collector has been calcu
lated for a precise working distance of the sample, therefore the focusing distance 
from the sample must be always adjusted. 

The acquisition of a spectrum is made under two chosen slits to obtain a giv
en resolution of the spectrum. The acquisition of a panchromatic or monochro
matic image requires working, respectively, through the spectrometer at the zero 
position, or at a precise wavelength (e.g. 575-579 nm for Dy3+), with slits corre
sponding to the width of the peak. If the sample shows a strong emission, it is pos
sible to use finer slits, thus increasing the resolution (Fig. 2). However, it is prefer
able to analyze with given slits under conditions that give higher quality spectra. 
For example, slits of 1 mm correspond to 8 nm of dispersion and slits of 0.1 mm 
to 1 nm of resolution with the equipment described in Fig. 1. It is recommended 
to work in the zone in which the photomultiplier gives a linear response. This val
ue should not be exceeded, otherwise distortion and noisy spectra will appear. 

5 
Quantification of Mineral Phases 
by Cathodoluminescence 

There are several methods available for quantification of mineral phases under 
optical microscopy or SEM. However, it is very difficult to recognize several gen
erations of the same mineral, For example, with optical microscopy it is very dif-
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Fig. 2. Spectra of a zircon doped with Dy3+. Comparison between 1 and 8 nm resolution spectra 
showing the fine structure of the emission peaks. Analytical conditions: carbon coating, accel
erating voltage 25 keY, beam current 10-7 A, room temperature 

ficult to recognize all the quartz overgrowth areas in one thin section of sand
stone (Evans et a1. 1994; Demars et a1. 1996). 

Quantification of mineral phases is important especially in diagenetic process
es because the percentage of one mineral cement may be the main factor control
ling the porosity in a sedimentary formation. Automatic analysis of both BSE and 
CL images has been successfully applied to determine the volume of detrital 
quartz and authigenic quartz in sandstones. On a SEM about eight images per 
standard thin section should be collected to get representative results, depending 
on the amount of quartz cement and the magnification (Evans et a1. 1994). This 
allows rapid quantification of a large number of samples with an excellent relia
bility and reproducibility. Other techniques such as chemical analyses could be 
used but they require longer times for image acquisition. 

6 
Cathodoluminescence Spectral Analysis 

The spectral field of CL is limited by the capabilities of the detector. It covers the 
UV, visible and IR domains. Each apparatus possesses its own spectral field 
defined by the necessities of a given study. For semi-conductors the infra-red 
domain is studied with a germanium detector. In earth sciences, CL studies have 
begun in the visible domain. However, present studies also are in the UV and IR 
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domains. The spectral field 200-900 nm is accessible by a detector alone, if every 
optical part is UV transparent, e.g., for a high UV quality silica glass. The spec
trometers and spectrographs with low resolution (1 nm at 500 nm, with a disper
sion of 8 nm by a slit of 1 mm) permit obtaining spectra of weak luminescent 
materials with enough definition to recognize the different REE contribution. 

According to the report of the standards program of the Society for Lumines
cence Microscopy and Spectroscopy (Marshall and Kopp 2000, this Vol.), there are 
large variations among laboratories either in spectral acquisition capability or 
photographic recording. It is therefore necessary to report all experimental data 
in publications and to be very cautious when comparing data obtained from dif
ferent laboratories. Standardization of CL is urgently needed to increase the 
recognition of CL in geosciences. 

Each CL system must be calibrated for the detector system response character
istics including the monochromator and photomultiplier. The correction curve is 
obtained by standardization of the ratio of the experimental and theoretical spec
trum of a standard lamp covering the same spectral field (Fig. 3). The main diffi
culty of this method of calibration is that it is impossible to obtain a standard 
lamp that covers the entire spectrum. In the UV range, a deuterium lamp is used 
up to 350 nm, whereas from 350-400 nm to near IR region, a xenon lamp or a 
quartz-iodine lamp is recommended to obtain the normalization curve. The 
wavelength is calibrated with a standard Hg lamp. 

The best method should use a well-known activator in a known spectral 
domain with continuous emission covering the entire spectrum. For this reason, 
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Fig. 3. An example of a correction curve for total CL apparatus response: the Blanc-Perray appa
ratus at the Pierre and Marie Curie University in Paris 



10 MAURICE PAGEL et al. 

it is proposed to use a well known standard, such as the Nd-doped YAG, with 
emissions covering the 250-900 nm range. At the same time, this standard per
mits measuring both the spectral resolution and the spatial homogeneity of the 
image collected by the mirror. 

7 
Analytical Conditions 

The spectrum of a doped crystal is not the same when it is presented with its c axis 
parallel to the mirror axis, or perpendicular to it (Remond et al. 1995). Thus, the 
CL emission is polarized. This effect is very strong in the self-activated peaks and 
is also observed in the narrow REE peaks because the multiplets are modified. 

In the preparation of CL study, thinning by emery powder creates a dead or 
destructured layer that is removed by polishing to observe the maximum lumi
nescence. A well-polished slab or thin section is necessary to obtain a good CL 
image. 

The CL emission is linked to the temperature for both the position and the 
width of the peaks. Close to 0 K, the transitions are phonon-free, pure and noise
less. Therefore, the peaks appear as narrow lines and with a much higher intensi
ty. For example, quartz has an intensity multiplied by 100 or 1000, when changing 
from room temperature to -100°C (Hanusiak 1975; Hanusiak et al. 1975). The 
electronic beam increases strongly the temperature of the sample. This empha
sizes the problem for the beam conditions in the scanning mode: focused or not 
focused spot, slow scan or TV scan. 

The observed colors are not stable over time with an optical microscope. In the 
first seconds there is a fugacious emission and therefore the sample is difficult to 
photograph. Afterwards, there is a new color set-up which is often stable. Instead 
of optical observation of the colors, it is possible to record these changes in spec
tra. With CCD detectors, the entire spectrum is recorded in a very short time and 
can be recorded repeatedly. Instead of using the mean or the sum of the spectra, 
it is more efficient to observe the variation at a given wavelength with time. The 
CL spectrum from 200-900 nm requires 4 min with a simple detector, i.e. a pho
tomultiplier behind a spectrometer. The decreases or increases are diverse, some
times intricate variations with changes in the rate of decrease (Figs. 4, 5). 

The intensity could increase with time when new centers are created under the 
electron beam. In this case, self-activated peaks corresponding to bound defects 
or oxygen vacancy, the number of defects increases under the beam with time. 

One of the new and very interesting approaches is valence changing during 
electron bombardment. For example, Eu3+ ions can capture electrons and be 
reduced to Eu2+ ions (Barbin et al. 1996; d'Almeida 1997). Spectrum of the CL 
emission of Eu-doped CaF2 crystals have been made at 77 K and peaks at 424 nm 
and 588 nm are observed corresponding to the emission of Eu2+ and EuH , 

respectively. Under continuous electronic bombardment at regular time inter
vals, increased Eu2+ and decreased Eu3+ emissions are observed, which means 
that the charge conversion mechanism is not totally reversible (d' Almeida 
1997). 
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at 630 nm. Analytical conditions: carbon coating, accelerating voltage 25 keV, beam current 
10-7 A, room temperature 
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8 
Cathodoluminescence Applications 

Cathodoluminescence is a very informative method for trace element identifica
tion in minerals. In some cases, no additional data can be obtained relative to BSE 
images, or to observations with an optical microscope. For other cases, CL stud
ies give unique information that cannot be easily obtained with other methods. 
For example, CL studies can provide the distribution of trace elements in certain 
minerals, the existence of different mineral species with low trace amounts, the 
healed micro fractured or the recrystallized area of crystals, etc. The recent devel
opment of in situ analytical methods (PIXE, SIMS, ICPMS with laser ablation) 
requires excellent knowledge of the analyzed minerals in order to reduce the 
number of analyses necessary to obtain representative compositions (the mean
ing of an analysis on different zones could be misleading). When using CL, it is 
necessary to make observations at different scales and for different purposes. 
However, as Machel (2000) points out, many factors govern the CL color, intensi
ty and zonation pattern of carbonates and there are numerous pitfalls in correla
tion and back-calculation of fluid composition. 

Some of the main applications of CL in the field of geosciences are presented 
below. However, the number of applications is presently restricted and many 
more applications should appear in the future. 

8.1 
Quantitative Separation 
of Different Mineral Species 

The general CL characteristics of minerals could be used to improve and facilitate 
petrographic studies. It is easier to recognize the mineral species from a quick 
look by CL and easy to estimate the percentage of the mineral present in a given 
sample. To illustrate the usefulness of CL in petrography, three cases are cited. The 
presence of kaolinite in a clay cement can easily be detected by its bright blue 
luminescence. If there is a close association of calcite and aragonite, CL is well 
adapted because the Mn CL band is located at 615 nm for calcite and 540 nm for 
aragonite (Sommer 1972a; Barbin 2000). The blue CL luminescence of K-feldspar 
is easily differentiated from the green color of plagioclase (G6tze et al 2000, this 
Vol.). In gemology, CL is an interesting tool because it is a non-destructive, quick 
and accurate method to differentiate a natural gemstone from a synthetic one 
(Ponahlo 2000). However, no general rules could be given and CL alone is not a 
method for mineral determination. 

8.2 
Evidence of Different Mineral Generations 
from Cathodoluminescence Observations 

For certain minerals, it is often difficult to recognize the different generations if 
present in a thin section. Quartz is the best example because it contains very low 
trace element amounts. CL is well adapted to classify the different detrital quartz 
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grains in a silicoclastic rock. The recognition of different generations of carbon
ates is also an easy task with CL. Some recent observations of ash material show 
the importance of CL for the differentiation of glass (G6tze 2000). The applica
tion to minerals of carbonatites, with new luminescent minerals such as g6tzen
ite and ramsayite, is useful in understanding the paragenetic evolution of car
bonatitic melts (Verhulst et al. 1997). The use of CL for U-Pb dating is illustrated 
by three examples in this volume. Rubatto and Gebauer (2000) and Kempe et al. 
(2000) selected zones in zircon, based on CL studies, for U-Pb dating by SHRIMP 
(sensitive high resolution ion microprobe). Even if such an apparatus is not avail
able, an investigation of a zircon population by CL permits selection of a few 
grains which are representative of the different geological events (Poller 2000, 
this Vol.) . 

8.3 
Zonation of Crystals 

One of the most interesting CL observations is the identification of zoning in 
crystals. This is absolutely crucial for application of the new chemical and isotopic 
in-situ methods. Reeder (1991) has convincingly demonstrated that in carbonate 
four types of zoning could be observed: growth zoning, oscillatory zoning, secto
rial zoning and intrasectorial zoning. The existence of these two latter types of 
zoning has also been observed in quartz. 

This zoning results from disequilibrium partitioning on crystallographically 
non-equivalent faces or parts of faces. CL is also used to reveal the growth lines in 
carbonate shells (Barbin et al. 1991; Barbin 2000). 

8.4 
Microfracturing, Brecciation, Crushing 

The existence of a microfractured healed plane is easily detected in many miner
als by CL observations. The primary and secondary fluid inclusions are easily dif
ferentiated from their location on growth zones or on healed microfractures. 

It should be remembered that an isolated inclusion can be located on a healed 
microfracture. In certain cases of recrystallization, CL is a powerful approach to 
detect brecciation events (Milliken and Laubach 2000, this Vol.). In other cases, it 
is also important to show that no fracturing has occurred. The importance of CL 
in fractured siliciclastic hydrocarbon reservoirs is illustrated by Milliken and 
Laubach (2000, this Vol.). 

8.S 
Textural Relationships Between Minerals 

Cathodoluminescence observations can help to establish the succession of para
genetic associations in rocks, especially when considering growth zones, 
microfracturing, dissolution and recrystallization grain-boundary alteration fea
tures. For example, the ghost of a fossil could appear in a carbonate area. The 
observation of tiny mineral inclusions in glass will be easier using CL. 
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8.6 
Location of Trace Elements 

In some cases, it is important to know if trace elements are located in a crystallat
tice or sorbed on its surface. For example, REE can be located by CL analysis of 
carbonate at levels down to 0.1 ppm (Habermann et al. 2000). 

8.7 
Zone of Past a-Irradiation 

Radiation-damage due to a particles in quartz is not visible under transmitted 
light by optical microscopy but could easily be revealed by CL (Owen 1988; Meu
nier et al. 1990). The width of the rim agrees well with the Bragg-Kleeman rule 
and corresponds to the most energetic particles in the 238U-series. CL is useful to 
recognize ancient zones or episodes of accumulation and leaching of a-emitting 
particles from the U-series. 

A more detailed discussion and further applications to silicate (Ramseyer and 
Mullis 2000), feldspars (G6tze et al. 2000) and carbonate (Mache12000 and Barbin 
2000) can be found in this volume. Two chapters in particular deal with the appli
cations of CL in applied geosciences (G6tze 2000, this Vol.) and gemology (Pon
ahlo 2000, this Vol.). G6tze emphasizes the role of CL in industrial raw materials, 
products of coal and waste combustion, metallurgical slags and dust, ceramics, 
glasses, refractory materials and archaeological materials. 

9 
Conclusion and Perspectives 

During the last few decades, CL has often been used to provide beautiful color 
images which were sometimes overinterpreted (see Mache12000, this Vol.). CL is 
now becoming much more quantitative, but fundamental research is still needed 
as CL is the least understood method in luminescence phenomena (Townsend 
and Rowlands 2000, this Vol.). Furthermore, there are large variations among lab
oratories, either in spectral acquisition capability or photographic recording 
(Marshall and Kopp 2000, this Vol.). It seems necessary to bring together physi
cists and geologists in order to properly interpret CL information. As discussed 
above, and suggested in all the chapters published in this book, much more could 
be done with CL. 

Before discussing trace elements distribution from color pictures, it is neces
sary to determine the CL bands that explains the total luminescence. It is neces
sary to correct the spectra and to accomplish spectral deconvolution. Variation of 
the intensities of the different trace elements must be understood. After comple
tion of these normalizing processes, a data bank should be established and pub
lished (Blanc et al. 2000, this Vol.). 

As shown by Habermann et al. (2000, this Vol.), CL spectrometry can be used 
to obtain semi-quantitative analyses of certain trace elements. Due to the com
plexity of spectra, sensitization and annealing, CL spectrometric analyses of trace 
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elements would certainly remain semi-quantitative but they present the advan
tages of being rapid and of high sensitivity. 

The use of CL can assist in the dating field, as already shown for the U-Pb 
method (Rubatto and Gebauer 2000; Kempe et al. 2000; Poller 2000, this Vol.), and 
can also be useful for other applications such as 40 Ar-39 Ar dating of feldspar or fis
sion track chronothermometry. In addition, the development of in situ stable iso
tope geochemistry would greatly benefit from CL studies. 

The micro fissuration of rocks would increase the knowledge of paleoperme
ability, but the nature of the CL bands in quartz should be clearly understood. 

CL is potentially an interesting tool for studying redox conditions using Mn, Fe 
and Eu but some fundamental research is necessary because some valence changes 
are observed under the electron beam. 

CL is now an efficient tool for studying fluctuation in manganese content in 
biogenic carbonates. This tool can be used to determine if the CL emission is due 
to diagenetic or biogeochemical processes. For example, it has been demonstrat
ed that recent biogenic carbonates generally exhibit a luminescence which may be 
correlated with growth rate and probably with environmental factors (Barbin et 
al. 1991; Barbin 2000, this Vol.). 

New subjects could be investigated with CL techniques including allochthonous 
versus autochthonous soil, alterations during transportation, paleopermeability 
and paleoporosity reconstruction, automatic quantification of minerals, paleoen
vironnemental studies, etc. 
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CHAPTER 2 

Physical Parameters for the Identification 
of Luminescence Centres in Minerals 

GRAHAME WALKER 

1 
Introduction 

Cathodoluminescence (CL) has proved to be an invaluable technique in petrology, 
particularly for determining the diagenesis of sediments and for ascertaining prove
nance (Barker and Kopp 1991), but a knowledge of the causes of CL in minerals is 
essential if CL is to be more than a fingerprinting or fabric-revealing technique. The 
determination of the nature of the luminescence centres responsible is not, howev
er, in general a trivial task. Correlation of the observation of specific luminescence 
bands with particular impurity concentrations may give an indication of the source 
of the emission but it is not proof of origin, and can sometimes be misleading. Fur
thermore, it does not give any details about the precise nature of the centre. 

Spectroscopic studies are often much more diagnostic, particularly in the case 
of transition-metal ion or rare-earth centres, and a number of important param
eters which aid identification can be determined from the measurement of lumi
nescence spectra. In some cases it is difficult to really know precisely how many 
different luminescence centres are present in a particular mineral specimen let 
alone what they are! In order to provide a clear idea of what the luminescence 
spectra of known luminescence impurity centres might look like in particular 
minerals, synthetic samples doped with specific impurities have often been used. 
The evidence provided by such samples, however, depends crucially on the puri
ty of the starting materials and the preparation techniques used. 

The purpose of this chapter is to examine how such problems may be resolved 
and, in particular, what information concerning the nature of the luminescence 
centres can be revealed. A number of specific examples will be discussed in order 
to illustrate what can be achieved using various spectroscopic techniques, and the 
advantages of using a pulsed rather than continuous electron beam for CL excita
tion will be demonstrated. 

The theory of luminescence as applied to minerals has been expounded else
where (Henderson and Imbusch 1989; Marfunin 1979; Walker 1985) and will not 
be repeated in detail here. Some theoretical concepts will, however, be discussed 
in the context of understanding the importance of certain experimentally deter
mined parameters. We shall discuss the various types of luminescence measure
ments that can be performed on mineral samples and analyse what information 
each of these yield. 

2 
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2 
Cathodoluminescence Emission Spectra 

Firstly we shall consider the various forms of conventionally determined spectra, 
as distinct from time-resolved spectra (see later), which can be obtained using 
either continuous or pulsed electron or laser excitation. Pulsed or chopped exci
tation, however, allows lock-in amplification techniques (or gated photon count
ing) to be employed which eliminate any background light and improve the sig
nal-to-noise ratio. 

The measurement of emission spectra enables parameters such as the spectral 
position, spectral width, and spectral intensity to be determined; moreover, the 
variation of these parameters with temperature is also important in deciding the 
origin of spectral bands. Quite often the luminescence from single crystals is 
polarised and this can also give information as to the nature of the centre; care 
must be exercised, however, when using spectrometers to ensure that the light 
entering the spectrometer is unpolarised otherwise erroneous spectral intensities 
may be recorded. 

If sharp lines are apparent at room temperature, these can be indicative of the 
presence of trivalent rare-earth ions such as Eu3+, Dy3+ or Sm3+, etc., even at the 
level of a few ppm; these ions almost invariably substitute for Ca (or sometimes 
Ba, Sr or Zr) in natural minerals and usually give rise to well-spaced multiple 
lines. Sharp line emission in the region of 680-700 nm, however, may be due to 
Cr3+ commonly substituting in octahedral AI-sites. Because of strong crystal-field 
effects, Cr3+ is not found in tetrahedral sites. Nevertheless, in general, most CL 
emission is broad-band rather than line spectra and frequently the spectrum con
sists of overlapping bands although band separation can often be achieved using 
time-resolved techniques (see below). Figures 1-3 show various types of spectra 
and the way in which these vary with temperature. 

18200 18000 17800 

18000 16000 14000 
INavenumber (an -1) 

Fig. 1. Luminescence emission spectrum of spodumene (Brazil; BM1967,14) at very low temper
ature (12 K) showing a broad-band emission due to Mn2+ in Li-sites and sharp-line emission with 
a weak single-phonon side-band due to Cr3+ in AI-sites. Note the hint of structure on the high 
energy edge of the Mn2+ band (see inset) showing what is probably the zero-phonon line and a 
first phonon "replica" which is due to one phonon being created of energy equal to its separation 
from the zero-phonon line (Le. about 220 em-I). (Walker et aI. 1997; see Acknowledgements) 
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Fig. 2. Luminescence emission 
spectrum of a chromium-rich 
spodumene (hiddenite, N. Car
olina; BM53913) at room tem
perature and at 55 K. Cr3+ in 
AI-sites is again responsible. 
For a detailed discussion of 
this spectrum see Sect. 4.l. 
(Adapted from Walker et al. 
1997; see Acknowledgements) 

Fig. 3. Cathodoluminescence 
(CL) emission spectrum of 
Mn2+ in a calcite (Derbyshire) 
again showing very weak 
phonon structure at 77 K. Note 
also the narrowing of the band 
on cooling and slight shift of 
the peak position. Calculation 
of the Huang-Rhys factor from 
the low temperature band
width indicates a value of 
between 7 and 8! 
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At low temperatures some emission bands, which are broad and featureless at 
room temperature, begin to narrow and to show sharp lines or broader secondary 
peaks on the short wavelength (higher energy) edge. Sometimes such features 
may be very weak and perhaps only one or two peaks are discernible. These fea
tures are due to the resolution at low temperatures of transitions in which one, 
two, or more, phonons of a particular vibrational mode are created. The strongest 
and sharpest line, however, at the shortest wavelength in emission is usually the 
transition in which no phonons are created at all. This zero-phonon line (ZPL) is 
therefore a purely electronic transition and its spectral position gives us the pre
cise separation of the emitting state and the final state (usually the ground state). 
Sometimes the zero-phonon line is the dominant feature in the spectrum and can 
even be seen at room temperature in certain cases, e.g. the Cr3+ R-lines or triva
lent rare-earth emission lines. There is in fact a parameter which describes the 
degree to which a centre exhibits a zero-phonon line which is called the Huang
Rhys factor S. This parameter can be defined as the number of phonons of a par
ticular mode which are created in emission (or absorption) (Walker 1985) and is 
a measure of the differing interaction of the emitting electronic state and the final 
state of the luminescence centre with the vibrating lattice in which it finds itself. 
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If S>6 or 7, then the interaction with the lattice is so strong that a zero
phonon line cannot usually be detected even at 4 K. If on the other hand S<I, 
then the spectrum is dominated by the zero-phonon line although a weak sin
gle-phonon sideband may be also be present at longer wavelengths, as often 
occurs in Cr3+ spectra. This sideband is merely a spectrum of the various vibra
tional or phonon modes associated with the luminescent ion and its immedi
ate environment. 

Spectra of Mn2+ emission at very low temperature often, but not always, show 
a zero-phonon line with up to five or six phonon "replicas" (that is transitions in 
which up to six identical phonons may be created) superimposed on a broad mul
ti-phonon sideband and therefore have S=5 or 6 (see Fig. 4). 

Many CL emission bands do not show any structure at all even at low temper
atures and we may therefore conclude that in such emission centres there is a 
strong interaction with the vibrating lattice, e.g. in quartz. In some cases, howev
er, the absence of a zero-phonon line (ZPL) may be due to what is known as inho
mogeneous broadening; in other words the centres are not all identical but have 
a statistical size distribution which smears out the ZPL. Clearly any disorder in 
the crystal structure may result in such broadening and will be particularly criti
cal in cases in which the Huang-Rhys factor is around the limiting value for a ZPL 
to be seen (S-7). For example, the ZPL is often difficult to detect for MnZ+ centres 
in carbonates such as calcite (see Fig. 3). 

To the author's knowledge, a ZPL has never been detected for the common Fe3+ 
emission band in feldspars although a ZPL has been observed in Fe3+ emission 
bands in other materials (Walker and Glynn 1992; O'Connor et al. 1991). 

Fig. 4. CL emission spectrum 
of MnZ+ in synthetic forsterite 
at 5 K showing very clear 
phonon structure with a ZPL 
and about five phonon repli
cas. Counting the number of 
replicas, which are equally 
spaced in energy (about 
180 cm-1 in this case), up to 
the peak of the band gives us 
an estimate of the Huang
Rhys factor if only one domi
nant mode is evident. Its val
ue is clearly between 5 and 6 
in this case 
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Whether a ZPL is observed or not, broad-band emission usually narrows 
appreciably when the specimen is cooled; the band width W is in fact propor
tional to the square root of the Huang-Rhys factor S or 

where om is the energy of the dominant phonon mode. 
If a ZPL and sideband are observed, then the proportion of the integrated 

intensity in the ZPL is given by 

This relation, however, has to be applied with care and not when the ZPL is of 
magnetic dipole character and the sideband is due to phonon-assisted electric
dipole transitions, a situation which can occur when a centre of inversion sym
metry is present, e.g. emission from Mn2+ in calcite (Walker et al. 1989) or Ni2+ in 
Ml sites in synthetic forsterite (Walker et al. 1994; see Fig. 5). 

3 
Luminescence Lifetime and Time-Resolved Spectra 

A very important parameter which gives further evidence of the nature of the 
centre is the luminescence lifetime or decay time which is a measure of the tran
sition probability from the emitting state; it is therefore a characteristic and 
unique property of the centre and no two luminescence emissions will have exact
ly the same decay time. 

If the excitation source (electron-beam or laser-beam) is pulsed or chopped 
then the luminescence lifetime can be measured relatively easily. In the simplest 
case the intensity of the emission decays exponentially with time after the 

Fig. 5. Luminescence emission 
spectrum of NiH in the infra
red in synthetic forsterite at 
20 K. Here there are at least 
two dominant phonon modes; 
in fact up to 6 first phonon 
replicas have been distin
guished. The Huang-Rhys fac
tor in this case is less than two 
whichever phonon mode is 
chosen 20K 

1300 1500 1700 
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removal of excitation; i.e. I=Ioexp(-t/'t) where 't is the decay time and is the time 
for the intensity I to fall to 37% of its initial value 10, 

The decay time depends on the probability of two processes - radiative decay 
which gives rise to luminescence and non-radiative decay in which the excitation 
energy is dissipated solely into lattice vibrations (i.e. the production of phonons). 
Clearly, if the latter process dominates then the luminescence will be weak or 
absent. 

The probability of radiative decay is determined by the oscillator strength of 
the transition which in turn depends on the transition dipole moment. (For a def
inition and discussion of the transition electric dipole moment, see Walker 1985). 
Suffice it to say that this latter parameter should be non-zero for a transition to 
be allowed and the "allowedness" of the transition is reflected in the radiative part 
of the decay time. A short decay time is therefore more allowed than a longer one. 
Curiously, many of the most common types of luminescence centres have very 
long decay times and therefore low radiative transition probabilities. The fact that 
these centres are strongly luminescent indicates that the non-radiative probabili
ties must be even smaller. 

A very long luminescence lifetime of several tens of milliseconds is indicative 
of a strongly "forbidden" transition as occurs in, for example, Mn2+ centres (see 
Walker 1985 for a discussion of "forbidden" and "allowed" transitions). On the 
other hand, a relatively short lifetime, in the microsecond regime, would indicate 
that the emission is not likely to be due to d5 ions (Mn2+, Fe3+), line emission from 
d3 ions (Cr3+) nor most trivalent rare-earth ions (excepting Ce3+), all of which 
involve what are known as "spin-forbidden" transitions, but rather to "spin
allowed" transitions in other ion-impurity or intrinsic defect centres. 

Even Mn2+ emission centres, although always "spin-forbidden", have different 
decay times in different minerals and indeed in different substitutional cation 
sites in the same mineral - e.g. in Mg and Ca sites in dolomite or diopside. This is 
because the radiative transition probability is sensitive to the symmetry of the 
centre (Walker 1985). Moreover, the lifetime may even be different for the same 
centre in different specimens of the same mineral if, for example, one specimen 
contained more quenching centres such as Fe2+ than the other, but this would be 
accompanied by a reduction in luminescence intensity. Perhaps a brief explana
tion of the role of such quenching centres may be useful at this point. If such cen
tres are present in sufficient concentrations then the transfer of excitation energy 
from an excited state of a luminescence centre to an excited state of the quencher 
may occur by resonance transfer provided that the states are of similar energy 
and the distance between the two centres is not too large. The quenching centre 
then rapidly de-activates usually by non-radiative transitions down a ladder of 
closely-spaced energy states (although it is also possible for emission to occur at 
a lower energy, for example in the infra-red). Such processes deplete the popula
tion of excited states of the emitting centres and hence reduce the lifetime of these 
states. For example, strong Mn2+emission in synthetic forsterite can be drastical
ly reduced in intensity if the forsterite contains 2% Ni. In this case the decay time 
of the Mn2+ emission is reduced from 30 ms (in samples with minimal Ni) to 4 ms. 

A combination of the spectral and temporal nature of the emission can be 
determined by time-resolved spectra. Such techniques can often separate over-
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lapping features which have different origins and therefore different lumines
cence lifetimes. There are several ways of achieving time resolution: the "stan
dard" method involves recording the intensity in a specific time "window" at a 
given delay after the excitation pulse for which both the delay and the gate width 
(or "window") have to be carefully chosen. A cruder but simpler method of vary
ing the modulation frequency of the excitation relies on the reduction and even
tual disappearance of spectral features which have longer decay times as the 
modulation frequency is increased. The more sensitive method of phase-tuning, 
however, can been used to null out bands with a particular decay time and has 
proved to be very useful in separating overlapping bands in mineral CL. This 
method will therefore be discussed in more detail with some examples from 
recent CL work. 

3.1 
Phase-Tuned Spectra 

In all time-resolved luminescence techniques it is necessary to use pulsed or 
chopped excitation and, for this particular technique, also a phase-sensitive 
detector or lock-in amplifier. Usually, for conventional measurements using lock
in techniques, the phase of the reference voltage which is derived from the exci
tation beam modulation is adjusted for maximum output signal, i.e. for zero 
phase difference between the reference and the detected luminescence signal. In 
phase-tuned spectra, however, the phase is adjusted so that a particular lumines
cence emission intensity is nulled out at a particular wavelength, i.e. the phase dif
ference between the reference and the luminescence signal is 90°. Any residual 
signal then present at any other wavelength has a different phase and therefore 
has a different decay time. Depending on the phase difference, residual bands may 
appear as positive or negative signals. If, for example, after tuning out one partic
ular band there are two residual bands it is possible that the intensity of these 
bands may have opposite signs (see Fig. 6). With a modern dual-phase lock-in 
amplifier, it is not necessary to carry out phase-nulling during the experimental 
measurement since such instruments can record both the magnitude and phase 
of the luminescence signal during a spectral scan. The data can then be placed on 
a spreadsheet and any phase angle added or subtracted to give a 90° phase differ
ence between reference and signal at any chosen wavelength. Any number of dif
ferent phase-tuned spectra can therefore be obtained from one set of experimen
tal data. As in all forms of time-resolved spectra the choice of modulation fre
quency is critical for good results. It is clearly not sensible to use a low modulation 
frequency to separate two bands with fast decay times. 

Figure 6 shows how phase-tuned spectra have been used to separate lumines
cence bands in a jadeite sample. In particular, it was possible to show that there 
were two bands of different but similarly long decay times and two of much short
er decay times. Combined with luminescence excitation spectra (see later) it was 
possible to demonstrate that Mn2+ was present in both Na and Al sites giving two 
emission bands and to show that the Mn2+ emission in the red was overlapping 
with another emission band with a much shorter decay time which has been 
ascribed to broad-band Cr3+ emission. 
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Fig. 6. Cathodoluminescence (CL) emission spectra of jadeite (BM1912, 525). The top spectrum 
is a conventional emission spectrum measured at 100 K which apparently shows two main 
bands although the band on the edge of the infra-red does appear as though it might be a com
posite one. The middle spectrum is a phase-tuned spectrum where the emission intensity has 
been nulled at 750 nm. It reveals that there are two emission bands of similar decay times (which 
are later shown to be due to Mn2+ in two different sites) and shows that the long wavelength 
band in the conventional spectrum is indeed composite. The lower spectrum is again a phase
tuned one but this time nulled at 660 nm. One of the two bands in the spectrum nulled at 750 nm 
disappears completely and another is drastically reduced in intensity. However, two other bands 
appear with negative intensity at opposite ends of the spectrum; (we could invert this spectrum 
by introducing a 1800 phase shift). There are therefore four emission bands present in total and 
the components of the composite long-wavelength band have been separated. The wavelengths 
at which the spectra were nulled are not arbitrary but chosen so that one component of the com
posite band was unlikely to contribute much to the intensity at that wavelength 

Dolomites usually exhibit a strong red luminescence due to Mn2+ in Mg sites. 
However, there is both visual and spectral evidence that the emission band broad
ens and shifts to shorter wavelengths in some dolomites (Walker et a1. 1989). 
Indeed spectral studies have shown that Mn2+ can also populate the Ca-site in cer
tain conditions and the broad emission band, particularly at low temperature, 
shows evidence of being two overlapping bands. Using phase-tuned spectra an 



Physical Parameters for the Identification of Luminescence Centres in Minerals 31 

almost complete separation of these components (again due to Mn2+ in two dif
ferent cation sites) can be achieved. 

One of the most difficult problems in the CL of minerals is the elucidation of 
the luminescence properties of quartz, particularly authigenic quartz. The litera
ture abounds with conflicting reports and a plethora of suggestions of the origins 
of CL emission bands (see, for example, Stevens-Kalceff and Phillips 1995 and this 
book for a review). 

It was suggested sometime ago (Alonso et al. 1983) that, on the basis of the 
intensity variations with temperature, the "blue" emission in quartz actually con
sisted of three overlapping bands and, although they were not able to resolve 
them spectrally, Gaussian de-convolution techniques were used to show that the 
band could be a summation of three bands which had different quenching tem
peratures. Recently phase-tuning techniques have been used on the CL emission 
of orientated synthetic high-purity hydrothermal quartz crystals, where it has 
been possible to obtain direct experimental evidence that the "blue" CL emission 
band consists of at least four overlapping bands which have different but very 
similar decay times (Gorton et al. 1997). The band at the shortest wavelength in 
the near ultra-violet is the one which has been associated with alkali-compensat
ed aluminium centres but the others are probably due to intrinsic defect centres 
which may be transient in nature. One, centred around 450-470 nm, is most com-
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Fig. 7a,b. Polarised cathodoluminescence (CL) emission spectra of an ultra high-purity (i.e. 
<0.1 ppm AI) synthetic quartz crystal, a polarised perpendicular to the c-axis and b polarised 
parallel to the c-axis. There is evidence from the shape of the broad emission that it is a com
posite band and the fact that the band narrows with increasing temperature rather than the usu
al broadening suggests that some of the component bands are quenching faster than others as 
the temperature is raised. (Gorton et al. 1997; see Acknowledgements) 
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Fig. 8. Phase-tuned spectra cathodoluminescence (eL) spectra of the same quartz crystal as in 
Fig. 7 measured at 100 K with the intensity nulled-out at two different wavelengths as indicated. 
The polarisation with respect to the c-axis is also indicated. If the band was a single one then the 
spectrum would reduce to the zero intensity line but its variations above and below this line 
show that there are several component bands present. An obvious one, which has been linked 
with compensated Al centres, shows up at around 390 nm in both polarisations while others at 
about 420 and 500 nm appear to be particularly noticeable in the spectra polarised parallel to 
the c-axis. The spectra are rather noisy since the phase differences involved are no more than 2 
or 3 degrees because of the small differences in decay times of the component bands. (Gorton et 
a1. 1997; see Acknowledgements) 

monly ascribed to the recombination of a self-trapped exciton (STE) (Trukhin 
1992, 1994). Although there is still much debate about the origins of these com
ponent bands, there is for the first time unequivocal experimental evidence of 
their existence (see Figs. 7, 8). Clearly, the relative intensities of these component 
bands will decide the visual colour or shade of the CL observed. These are, of 
course, in addition to the red CL band which is actually created by electron irra
diation and is particularly noticeable at room temperature. 

Such intrinsic defect luminescence centres are much more difficult to charac
terise and identify than transition-metal-ion centres and will almost certainly 
require additional evidence and information from other experimental techniques 
for their elucidation. They are characterised in general by having a large Huang
Rhys factor and consequentially having broad and structureless emission bands 
even at very low temperatures. Decay times at room temperature are invariably 
short (-1 ~s) but can be very much longer at low temperatures, where the inten
sity may also be considerably enhanced (lO-lOOOx). 
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4 
Luminescence Excitation Spectra 

The problem in general with emission spectra is that only information about the 
electronic states involved in the luminescence transition is revealed. Lumines
cence excitation spectra of a particular emission (which is a photo-luminescence 
technique) can reveal the absorption profile of the centre and therefore the posi
tion of all excited states which are directly or indirectly connected with the emit
ting state, not just those responsible for the emission (Walker 1985). In practice, 
the wavelength of the excitation is scanned and the integrated intensity of a par
ticular luminescence emission band is monitored by a suitable detector. In gener
al, the more light that is absorbed by the luminescence centre, the more light is 
emitted as luminescence. (Absorption by non-luminescent species can of course 
also take place but in practice is not usually important unless it is either very 
strong or very structured in the region of interest.) Experimental details can be 
found elsewhere (Walker 1985). It is a technique which, in the weak absorption 
limit, yields the absorption spectrum of the luminescent species under investiga
tion in circumstances where measurement of conventional absorption spectra 
may be practically impossible; for example, the sample may be in microcrystalline 
powder form or the impurity or defect may only be present in extremely low con
centrations. The technique also enables absorption bands due to different centres 
to be spectrally separated in a way that would not be possible using conventional 
absorption measurements. For transition-metal ion centres in particular, the 
absorption profile is very characteristic and enables the ligand-field parameters 
lODq, Band C, to be determined (Marfunin 1979; Walker 1985). These parameters 
give information about the environment of the ion, i.e. the site in which it resides. 
For example, as we have already seen, Mn2+ emission can arise due to the ion sub
stituting in more than one type of metal-cation site. 

If single crystals are available then polarised excitation spectra can be deter
mined in many cases and the band intensities in differing polarisations can be 
analysed in terms of the selection rules governing the transitions by considering 
an appropriate pseudo symmetry for the suspected centre and its orientation with 
respect to the crystallographic or indictrix axes (see, for example, Green and 
Walker 1985). 

The separation in energy between the maximum of the emission band and that 
of the corresponding absorption band (due to a transition between the same elec
tronic states) is known as the Stokes shift, which can be shown to be equal to 
2SoO), where 00) is the energy of the dominant phonons created during the tran
sition (Walker 1985). This quantity can clearly be determined from measure
ments of emission and excitation spectra and gives an immediate indication of 
the strength of the interaction between luminescence centre and the vibrating lat
tice. 
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4.1 
Ligand-Field Parameters 

It is perhaps instructive to look briefly at the application of ligand-field theory to 
two very common types of lumit:lescence centre, namely 3d5 ions such as Mn2+ 
and Fe3+, and 3d3 ions such as Cr3+. Ligand-field diagrams can be constructed 
from measurements taken from luminescence excitation spectra and a "best fit" 
of the ligand-field strength 10Dq made. This parameter gives a very strong indi
cation of the size of the site which the ion is occupying and enables us to distin
guish between different sites. The measurement of the electron repulsion param
eter B (Racah parameter) also gives some indication of how cramped the site is 

Fig. 9. Excitation spectra of 
Mn2+ in the Ml and M2 sites 
in jadeite. Note the clear dif
ference between the spectra 
for a low-field (i.e. large) M2 
site (upper spectrum) and a 
high-field (i.e. small) Ml site 
(lower spectrum). The Racah 
parameters Band Care 
determined from the position 
of the 4E(G) and 4E(D) states. 
The energy difference 
between the 4T1(G) state and 
the 4E(G) state gives an indi
cation of the ligand-field 
strength 
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Fig. 10. Ligand-field diagrams 
for Mn2+ in the Ml and M2 
sites in jadeite. The upper 
diagram is drawn for the M2 
site with Racah parameters 
B=850 cm-I and C=3200 em-I, 
A best fit value to the band 
positions gives 
10Dq=5500 em-I, The lower 
diagram is drawn for the M 1 
site with B=670 cm- I and 
C=3465 em-I. Here the best fit 
value for lODq is 9500 em-I, 
Note the large difference in 
the size of the ligand-field 
parameter for the two sites, 
The luminescence transition 
is from the 4TI(G) state to the 
6AI ground state (not shown 
but which is parallel to the 
horizontal axis) 
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for a particular ion; a large reduction from the free-ion value indicates consider
able orbital overlap between the ion and the coordinating ligands which would 
result from a smaller than optimum site size. 

As an example, we will look at Mn2+ in two different sites in jadeite where the 
Ml metal-cation site (usually occupied by Al but occasionally also by Mg or Fe) is 
much smaller than optimum and the M2 site (usually occupied by Na but occa
sionally also by Ca) much larger than optimum. (The optimum size of site for a 
Mn2+ ion is around 2.21 A for the average cation-ligand distance such as exists in 
Mn minerals such as rhodochrosite or rhodonite.) For the Ml site we would 
expect the ligand-field parameter 10Dq to be large and the Racah parameter B to 
be noticeably smaller than the free-ion value Bo' For the M2 site, on the other 
hand, we expect a much lower lODq value but a higher B-value closer to that of 
the free-ion. We find that this is indeed the case (see Figs. 9, 10). The same argu
ment applies to the two different metal-cation sites (Mg and Ca) in dolomite or 
diopside. In dolomite the partitioning of Mn between the two metal-cation sites 
varies from sample to sample and is probably indicative of differing conditions of 
formation or subsequent history. For example, high pressure should favour 
increased population of the Ca site by Mn in dolomites (Walker et al. 1989). 

Chromium emission occurs in many minerals where Cr3+ in octahedral coor
dination usually but not always substitutes for aluminium, for example in grossu-
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Fig.H. A partial ligand-field diagram for Cr3+ in octahedral co-ordination. The dashed line rep
resents the energy-level spacings for spodumene (see text for discussion). Note that unlike Mn2+, 

in which the quartet excited states are all derived from different states of the free ion to that of 
the sextet ground state, spin-allowed transitions are possible between quartet states derived 
from the same free-ion state as the ground state. The transition responsible for the R-line emis
sion, however, is the spin-forbidden 2E-4A2 transition 

lar garnets (Mazurak 1994), emerald, and, as we have already seen, in spodumene. 
A simplified strong-field ligand-field diagram for 3d3 ions is shown in Fig. 11. The 
crucial region of the diagram is where the ZE and 4T z(F) levels cross. If the value 
of 10Dq/B (i.e. the ligand-field strength divided by the Racah parameter B) is to 
the right of the cross-over point then the emission will be RI-line emission at least 
at low temperature. When the value of 1 ODq/B is smaller and lies to the left of the 
cross-over point the emission will be broad-band and due to the 4Tz-4Az transi
tion. Quite often, however, for Cr3+ octahedrally coordinated by oxygen ions, 
lODq/B is such that it is very close to the cross-over point but slightly to the right 
of it. In this case, at low temperature we see the RI-line (from the ZE state) in emis
sion but at higher temperatures the 4T z state becomes thermally populated result
ing in the appearance of broad-band emission from this state in addition to the 
R-lines. At higher temperatures there are usually two R-lines since the ZE state is 
often split because of non-cubic components of the ligand field (i.e. the site may 
not be a perfect octahedron) and the Rz-line at higher energy is the result of ther
mal population of the upper split component of the doublet E state. The emission 
spectrum of a chromium-rich spodumene (hiddenite) in Fig. 2 demonstrates this 
behaviour, and the excitation spectrum of the chromium emission (Fig. 12) shows 
all the states of this ion up to 25,000 cm-I. In the case of Cr3+, the position of the 
peak of the 4Tz(F) band in absorption or excitation gives the ligand-field param
eter lODq directly (usually measured in cm-I). 

Another interesting point is the fact that emission from the ZE state (i.e. the R
lines) is spin-forbidden and therefore has a long luminescence decay time (usual
ly ms) whereas emission from the 4Tz state to the 4Az ground state is spin-allowed 
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Fig. 12. Luminescence excitation spectra of Mn2+ and Cr3+ in spodumene. Note that the Mn2+ 
spectrum is that of a low-field site (i.e. the Li site rather than the Al site). With Racah parame
ters of B=857 cm-1 and C=3210 em-I, the ligand-field strength 1ODq=6000±300 cm-1 (see the 
values for the M2 site in jadeite; see Fig. 10) The Cr3+ spectrum is very characteristic with sharp 
R-lines due to transitions to the 2E state, which being ZPLs are in the same spectral position as 
in the emission spectrum. The broad bands due to absorption transitions to the 4T2 and 4Tl 
states from the 4A2 ground state are spin-allowed and therefore much stronger than the spin-for
bidden R-line transitions. The position of the 4T 2 band gives the value of 10Dq directly and is 
16,600±200 em-I. (Walker et al. 1997; see Acknowledgements) 

and therefore has a very much shorter decay time. When the two states are popu
lated in thermal equilibrium, however, the decay time will necessarily be the same 
for both states and at higher temperatures will approach that of the spin-allowed 
transition, for example, Cr3+ in synthetic forsterite (Glynn et a1. 1991) and in 
kyanite (Czaja et a1. 1995). 

In this case it would not be possible to separate the R-line emission from the 
broad-band by time-resolved techniques. 

5 
Summary and Conclusions 

The luminescence emission spectrum and the way it varies with temperature 
can give useful clues as to its origin. The luminescence decay time is a very 
important parameter in the determination of the nature of the centre and the 
fact that luminescence from different centres have different decay times enables 
us to separate spectrally overlapping bands using time-resolved spectral tech
niques and indeed to determine exactly how many different bands are actually 
present. Such measurements are, however, only possible if the excitation is 
pulsed or modulated. 

Luminescence excitation spectra can be very diagnostic for transition-metal 
ions and allow ligand-field parameters to be determined which can give a strong 
indication of the site occupation. Polarised excitation spectra of single crystals 
can also give information concerning the site symmetry. 
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If both emission and excitation spectra are measured then the Stokes shift and 
the Huang-Rhys factor can be determined although the latter can also be esti
mated from the emission spectrum alone and is a crucial indicator of the nature 
of the centre. 
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CHAPTER 3 

Information Encoded 
in Cathodoluminescence Emission Spectra 

P.D. TOWNSEND, A.P. ROWLANDS 

1 
Introduction 

The development of cathodoluminescence (CL) phosphors for television and 
computer screens has been extremely successful in terms of colour quality and 
long-term stability of the screens but these achievements have been made in a 
semi-empirical fashion and do not imply the same degree of maturity for analyt
ical uses of CL. This is unfortunately the case even though CL has more than a 
century of history, with numerous routine applications in geological and mineral 
studies. Indeed the first cited example was excitation of a natural crystal, diamond 
(Crookes 1879). Current mineralogical usage is often qualitative, with visual, or 
photographic, inspection of the luminescence. Information is provided by varia
tions in intensity and colour which can be helpful in separating mineral compos
ites, and certainly will dearly indicate the presence of zoning and the diversity of 
component minerals in a particular sample. One bonus of the CL equipment is 
that the electron beams generate characteristic X-rays from the target elements 
and thus from the complementary X-ray analyses it is possible to map some of the 
compositional variations within a sample and relate these to the emission pat
terns. CL is also compatible with electron microscopy imaging and can in princi
ple be followed down to the micron grain size level. Thus for mineralogical stud
ies the combination of techniques is dearly valuable (Yacobi and Holt 1986, 1990; 
Marshall 1988; Ozawa 1990; Walker and Burley 1991; Remond et al. 1992). 

Despite the photogenic appearance of many CL images it is essential to decide 
what quantitative information is desirable, if it is actually possible to gain such 
data, and to assess if the problems associated with sample preparation influence 
the signal. In addition, there are changes introduced by the electron beam bom
bardment and it is essential to apply signal corrections associated with the 
recording equipment. Some of the problems are immediately obvious as for 
example even the photographic colour images vary greatly as a result of different 
electron beam intensities, exposure and developing conditions. Finally, one would 
like to know if the luminescence signals can be directly correlated with specific 
and detailed models of the lattice distortions or the impurity structures which 
provide the luminescence sites. Whilst this is a fundamental objective, the histor
ical precedents are not totally encouraging, in that whilst there is often a broad 
understanding of the mechanisms and lattice imperfections which control the 

3 
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Table 1. Examples 
Example Year Basic concept Details of of current understanding 

for optical technologies process (%) 

Thermoluminescence 1663 Yes 60 

Photographic process 1830 Yes 70 

Cathodoluminescence 1879 Yes 40 

Fluorescent lamps 1910 Yes 50 

Photocathodes 1930 Yes 40 

Solid state lasers 1960 Yes 80 

Optical fibres 1965 Yes 80 

luminescence emission, progress to detailed lattice site structures is extremely 
rare, and examples of reliable prediction of the effects of change, are negligible. 
This is not specifically a problem of CL but of all imperfection controlled pro
cesses (i.e. all modern materials technology!). Even for the few textbook classic 
examples of successful structural identification of colour centres in alkali halides 
the process has taken 60 years and perhaps as much as 5,000 research years per 
detailed defect model. It is thus abundantly clear that, for most studies, progress 
and interpretation are based on a compromise situation between a broad 
overview and a working model of the processes for a specific example. Rather 
than appear critical of progress with CL analyses one can place this approach in 
context by considering the historical developments and the degree of confidence 
available at present from a range of industrially important optical processes or 
analytical technologies and techniques. Table 1 indicates a personal estimate of 
the situation. The table gives approximate dates when the examples were first 
reported or used, and it underlines that even though some techniques have been 
mentioned in the literature for a considerable period of time, and are widely used, 
there is rarely a profound understanding of the detailed mechanisms, despite hav
ing some confidence in the broad concepts. 

2 
Essential Experimental Considerations 

Before discussing any specific examples of the benefits to be gained from knowl
edge of the CL emission spectra it is worth first noting some inherent problems 
associated with the collection of the signals. These considerations are particular
ly relevant for the mineralogical and geological applications since for historical 
reasons CL in these areas often involves unfortunate practices which, whilst not 
serious for earlier simplistic intercomparisons of signals, will be severely limiting 
and/or misleading on attempting to extract quantitative and more detailed infor
mation. These difficulties will become increasingly apparent as the full power of 
the technique using spectrally resolved CL is exploited. A list of factors which 
need consideration is first given, and subsequently some more detailed examples 
will be provided. 
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1. The preparation of the CL geological slices involves sectioning and polish
ing methods which change the surface CL emission relative to the bulk 
material. 

2. The electron beam is not a passive probe of the surface and it can generate 
colour centres, cause ionic diffusion, compositional changes, or even decom
position (e.g. Agullo Lopez et al. 1988). 

3. As the result of electron beam driven damage and charge redistribution with
in the trapping and luminescence centres in insulating materials, the CL 
intensities, spectra and excited state lifetimes will be a function of the current 
density, electron beam energy, sample temperature and, where used, the mod
ulation frequency (Yacobi and Holt 1986, 1990; Marshall 1988; Ozawa 1990; 
Walker and Burley 1991; Remond et al. 1992). Since these variations are 
strongly dependent on the impurity content of the samples, they will differ 
between specimens of the same material, and between different zones of the 
same sample (Krbetschek et al. 1998). 

4. Rather than merely record panchromatic signals via broadly filtered spectral 
zones, as for colour photographs, the use of wavelength dispersive systems 
invariably requires longer signal collection times, or higher beam currents, 
hence damage and changes are exacerbated. In scanning monochromator 
equipment spectral resolution into 100 channels implies an increase in irradi
ation time by at least 100-fold. Wavelength multiplexed systems, which avoid 
this problem, can be used for CL, but they are much more expensive than scan
ning systems. 

5. A serious experimental problem is that diffraction gratings and photomulti
pliers vary considerably in efficiency as a function of wavelength. Diffraction 
gratings typically fall to about 10% of their maximum efficiency by about 50% 
and 200% of their optimum wavelength, which is controlled by the "blaze" or 
"apodisation" applied during manufacture of the grating. This wavelength per
formance is polarisation sensitive which can cause further spectral distortions 
when examining single crystals. Similarly, photomultiplier tubes are strongly 
wavelength dependent, and are always relatively inefficient in the red end of 
the spectrum. Consequently, the recorded wavelength dependence of the sig
nal differs greatly from that of the original emission at the sample. For exam
ple in one Sussex scanning monochromator system, (with a grating blazed 
near 350 nm and an S20 red sensitive PM tube) the overall sensitivity falls by 
200 times from the maximum near 400 nm to detection at 800 nm. All too 
often the first attempts at spectrally resolved CL fail to correct for such 
changes and hence the data are valueless except for trivial purposes. The only 
excusable exception could be for detection of rare earth impurities where the 
identification is made by the position of the characteristic narrow line fea
tures, as in this case corrected intensity data will only be needed for quantita
tive estimates. 

6. Even when data are processed to correct for the system response, there has 
been a historic tendency to plot luminescence spectra as a function of wave
length, rather than on a physically more meaningful energy axis. Two facts 
should be noted, firstly the conversion of the wavelength to energy scale is sim
ply by using E=1239.6/A. (in eV and nm), secondly with a grating monochro-
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mator the intensity axis is I(A)dA, but on conversion this must be transposed 
to I(E)dE by scaling by A2/hc, (e.g. signals of equal intensity at 400 and 800 nm 
on the wavelength presentation differ in intensity by a factor of 4 on the ener
gy plot, with the red signal being the stronger one). 

7. Having applied systematic corrections and produced energy related spectra, it 
is possible to attempt deconvolution of broad band emission spectra into com
ponent bands. This process can be greatly assisted if the electron beam can be 
spatially modulated and the signals recorded in a time resolved mode or via a 
lock-in amplifier. Since in general different emission bands will have different 
lifetimes the intercomparison of spectra taken at various times after excitation, 
or at different modulation frequencies, will aid deconvolution and allow sepa
ration of component features (Townsend et al. 1999). 

8. Deconvolution of the spectra will require assumptions about the shapes of the 
emission bands and Gaussian or Lorentzian band shapes are normally the first 
guesses to try for the features which involve multi-phonon processes, and 
hence have full widths at half maximum of at least 0.5 eV. Such bands will nor
mally become narrower at low temperature and cooling may change the pat
tern from broad bands to reveal the presence of zero-phonon lines (Agullo 
Lopez et al. 1988). The presence of narrow line features can be valuable for 
identifying the presence of rare earth ions or for observing localised transi
tions between energy states of specific impurities, as will be described below. 

9. Although it may seem obvious, it is essential to correct for filament light which 
is scattered into the spectral analyser. Unfortunately one can readily cite exam
ples where an error has been made, and the mistake is not limited to detection 
of weak signals, but can equally occur when part of the spectrum contains a 
strong emission band but detection extends over a wide range. The problem 
can effectively be avoided when using lock-in detection. 

3 
Spectral Information 

3.1 
Manganese in Carbonates 

Clues as to composition or distribution of impurities are fairly clear since varia
tions in intensity or colour may correlate with changes in impurity distributions. 
A frequently cited classic example of an impurity signature colouration is the 
orange emission recorded from manganese impurities in the carbonates, such as 
calcite (Walker et al. 1989; Calderon et al. 1996). It should be immediately recog
nised that the luminescence intensity of phosphors are rarely, if ever, a simple lin
ear function of the concentration of the impurity ions. Mn in CaC03 is no excep
tion and Fig. 1 describes a typical pattern of Mn luminescence intensity as a 
function of impurity concentration (Calderon et al. 1996). This figure, although 
based on thermoluminescence data, is particularly instructive as it shows that the 
maximum in the output intensity is a function of the total impurity content, not 
just the Mn which provides the signal. However, the pattern of luminescence 
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Fig.!. The thermolumines
cence emission intensity for 
the glow peak recorded near 
120°C for Mn doped calcite as a 
function of total impurity con
tent (Mn, Fe, etc.). Note the 
orange emission is primarily 
the result of the Mn impurities 
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quenching at high dopant concentrations, greater than -0.1 %, is typical. Most 
interpretations of such data propose that at higher impurity concentrations the 
added ions are statistically so close that they interact and provide non-radiative 
energy transfer between the ions. This may be the result of the distortions the 
impurities impose on the lattice structure or, in order for the lattice to reach a 
minimum free energy, the growth process involved the formation of closely asso
ciated pairs, or clusters, of impurities. This model is consistent with many exam
ples of impurity inclusion during crystal growth, and at higher concentrations not 
only pairs and clusters, but also phase precipitates develop, rather than a uniform 
dispersion of dopants throughout the lattice. Such variants in the way the impu
rities are incorporated will be reflected by changes in the luminescence proper
ties. Typically there will be shifts in the transitions energies, and so the emission 
bands or lines of the defect sites will differ in wavelength, width, lifetime, quan
tum efficiency and temperature dependence (Hallensleben et al. 1999). 

In addition to the visual information, more detailed spectral analysis of the 
peak wavelength of the impurity emission can indicate the type of lattice sites, 
host composition and the crystal phase. Examples for Mn in carbonates are well 
documented and show that the main Mn signals move to shorter wavelengths for 
carbonate lattices with larger metal-oxygen bond lengths. In cases such as 
dolomite where there are two alternative sites for the Mn, emission at both wave
lengths has been observed in intensity ratios appropriate to the site occupancy. 
The spectral information from recording broad band emission is often difficult to 
interpret, not least because the impurities themselves may not provide a clear sig
nature, rather, they change the relative intensities of emission sites intrinsic to the 
lattice, or merely modify the position of the bands. Figure 2 plots the wavelengths 
of thermo- and radio-luminescence (TL and RL) maxima for a set of carbonate 
minerals from which it is apparent that not only are the changes in metal-oxygen 
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Fig. 2. The wavelength depen
dence of the Mn emission 
bands in different carbonates 
as a function of the metal
oxygen bond spacing. Note 
the effect of different lattice 
structures. These data are for 
RL and TL, and careful analy
sis of the CL reveals a similar 
pattern 
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bond length shifting the spectra, but also the changes depend on the crystal struc
ture. The pattern of movement for the rhombohedral and orthorhombic crystals 
are clearly different (Calderon et al. 1996). 

It is not immediately obvious if the same patterns of wavelength shift with lat
tice dimensions exist in CL of these minerals as the trends do not emerge with the 
same clarity. The basic problem is that in the CL examples the relative intensities 
of competing emission processes rrtake it difficult to immediately recognise which 
peaks relate to the same transitioQs. The CL excitation favours a wider range of 
allowed luminescence transitions ~han are recorded from TL or RL and it is sen
sitive to distortions and defects within the near surface layers. This problem is 
shown rather clearly in Fig. 3 whic~ presents the CL spectra from two samples of 
aragonite. Even for one mineral, the highest peak intensities do not always occur 
at the same wavelengths as the spectrally resolved signals comprise a mixture of 
narrow line features and broader emission bands corresponding to transitions 
between discrete Mn levels, relaxed states and lattice defects. In attempting just a 
simple visual intercomparison, for construction of a plot of the types shown in 
Fig. 2, the use of values from just the most intense bands, leads to scattered data 
and poorly defined patterns. Indeed an early CL attempt had suggested an inverse 
sense to the wavelength shifts from that shown in Fig. 2. In hindsight this can be 
seen to be the result of a confusion between different components and/or sample 
heating. More importantly one must separate out the component features, as is 
done for the examples of Fig. 3. The precise fit may depend on the starting 
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(a) (b) 

1.5 3.5 1.5 
Energy (eV) 

Fig. 3. Cathodoluminescence (CL) of two aragonite samples which show a combination of nar
row line and broader band emission features. These have been computer resolved as Gaussian 
shaped emission bands. The upper lines of both figures display the original data and the sum of 
the component bands 

assumptions, and in the examples shown the free running computer fits arrive at 
different solutions in terms of the component peaks. Nevertheless, it is clear that 
the analysis of such spectra involves a mixture of narrow line and broad band 
emissions and, after deconvolution, the visually obvious line features may in fact 
be among the smaller luminescence signals. 

As a final example of the complexity involved in the apparently simple CL of 
Mn doped carbonates, Fig. 4 shows a set of spectra obtained using a lock-in 
amplifier detector. These data were obtained with a logarithmically increasing 
sequence of modulation frequencies from 9 Hz to 90 kHz. At low frequencies all 
the orange (Mn related) signals appear to respond to the modulated excitation 
but at progressively higher frequencies the signals from transitions with long 
excited state lifetimes are rejected by the lock-in detection. The spectra therefore 
change with increasing modulation frequency. A long wavelength signal has fre
quently been attributed to the presence of iron. In wavelength uncorrected data 
values are cited from 700 to 780 nm in various minerals for Fe3+ CL emission 
(Marshall 1988). In a recent example of CL studies of glass, where iron is includ
ed to make green glass, the spectral corrections place the peak near 780 nm 
(1.59 eV) (Townsend et al. 1997). 

This brief selection of carbonate examples underlines the facts that not only do 
various ways of recording luminescence offer different facets of the information, 
but in addition the CL technique can benefit by reference to other types of lumi
nescence data. Even having separated the number of component processes, there 
still remains the much more difficult stage of identifying the specific processes, 
and providing a detailed model of the lattice structures. This step requires input 
from as many other different techniques as possible. Unfortunately very few 
methods are available which can uniquely provide detailed defect structures, vir
tually the only common exceptions are electron paramagnetic resonance (EPR) 
and electron nuclear double resonance (ENDOR), and these have a weakness that 
they do not separate spatially separated changes in the samples, which are a char
acteristic feature of the zoning seen by CL of minerals. 



48 P.D. TOWNSEND, A.P. ROWLANDS 

0 
0 
0 
If) -. ..... 

~ 0 

~ 0 
0 

~ 
0 ..... 

'en 0 c: 0 

~ 
0 
If) -
~ 
~ 
~ 0:::;. <3' 

~ -- a> 

~ 
~ 
~ 

-= 

Fig. 4. Lock-in amplifier recorded CL spectra from Mn and Fe doped aragonite as a function of 
modulation frequency. The modulation frequencies are in logarithmic steps from (9 Hz to 
90kHz 

3,2 
Rare Earth Impurity Ions 

In the case of rare earth ion emission sites, where there are transitions between 
inner electron shell energy levels, the levels are often relatively well shielded 
from the host lattice, hence the spectra display "free ion like" very narrow line 
luminescence (Cesbron et a1. 1993; Yang et a1. 1992). Because the lines are nar
row and well defined, small changes in the local crystal fields can be sensed by 
high resolution spectroscopic detection of the line movements. In principle CL 
should be an efficient method of detecting and identifying the presence of rare 
earth ions since the signals have unique wavelength signatures, and so separa
tion of different rare earths is possible. A common feature of rare earth doped 
insulators is that the rare earth sites provide a large capture cross section for 
emission and so may suppress emission from other types of luminescence site. 
Detection of the presence of rare earth ions via their CL spectra is frequently 
cited, but quantitative determinations of their relative concentrations is 
extremely difficult. Not least because the various rare earth ions in the same 
host lattice can differ greatly in luminescence efficiency, and further, where the 
total polychromatic light intensity is recorded via a photomultiplier tube the 
variations in spectral distribution distort the apparent luminescence efficiencies 
in favour of those emitting in the blue region, where the PM tubes are most effi
cient. It must be recognised that, except for the lowest impurity concentrations 
of a few ppm, the rare earth ions preferentially form in pairs or clusters, and 
these more complex defect sites frequently inhibit radiative decay. Hence, whilst 
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detection of a rare earth line emission signature is evidence for the presence of 
a dopant, failure to detect a signals is not proof that it is absent. There are 
numerous photoluminescence (PL) and TL articles which show that the radia
tive efficiency changes between equal quantities of rare earth ions results in sig
nals differing by factors of up to 106• For example in a recent study of TL in bis
muth germanate (Raymond et al. 1994) the rare earth dopants: (a) totally 
suppress the intrinsic emission bands above about 100 K, (b) the TL peak tem
peratures move with the size of the rare earth ion and (c) in multiply doped 
material there were no signals from the heavily doped constituents (0.4% Nd 
and Er), but clear signals from Eu which was only present at the level of -3 ppm. 
This pattern of behaviour must be recognised in the interpretation of CL spec
tra. An intuitive feeling is that it is perhaps less of a problem with CL than other 
luminescence methods, since the electron beam provides a very high excitation 
density which stimulates normally forbidden decay routes. CL signals thus con
tain components not only from "normal" luminescence processes, but also from 
those which may be selection rule forbidden. Less helpfully, there is a greater 
wealth of CL signals compared with many other luminescence methods, since 
CL responds to transient defects, and structures formed during the radiation 
damage created by the electron beam itself (as mentioned later). 

3.3 
CL from Surface Relaxations and Electron Damage 

Cathodoluminescence is both a probe and a source of surface damage (Heider
hoff et al. 1994; Peto et al. 1997). This poses problems since the electron beam can 
both redistribute electrons between existing trapping and luminescence sites, and 
generate new transient defects. In this dynamic situation the transient defects 
may interact with the more stable entities to modify the emission spectra. As an 
example of the power of the CL as a surface probe of defects in relatively stable 
materials CL has recently been used to probe the damage and dislocation density 
in the surface of Nd:YAG crystals used for the fabrication of waveguide lasers 
(Peto et al. 1997). Preparation of laser crystals requires careful cutting and pol
ishing, with the inherent problems of generation of surface dislocations and pol
ishing stresses in the outer few microns of the surface layer. Such defects are not 
always visible, and the laser crystal surface may optically appear excellent. How
ever the presence of dislocations can quench luminescence and, for sensitive lat
tice probes such as the internal transitions of rare earth ions, be reflected by 
movement of the emission wavelengths. The polishing problems do not always 
attract much attention for bulk laser crystals, but for waveguide lasers, these prob
lems are disastrous. The polishing damage often extends several microns in depth 
below the surface, which is precisely the depth scale used for the laser waveguides. 
In order to probe the surface damage, CL spectra have been recorded as a func
tion of energy in conventionally polished N d:YAG, and material free from the pol
ishing induced dislocations has been generated by use of an amorphisation and 
enhanced chemical etching technique. Figure 5 indicates the scale of the spectral 
shifts which develop. Some depth dependent information was revealed by varying 
the electron energy to excite only near surface material or a greater spread in 
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Fig. 5, A comparison of cathodoluminescence (eL) spectra from Nd:YAG obtained from a heav
ily damaged and an undamaged surface 

depth. Confirmation that the CL was giving signals typical of the bulk material 
was made by noting an agreement in the emission wavelengths between radiolu
minescence and the dislocation free surfaces. 

In the Nd:YAG example the luminescence intensity is reduced by the presence 
of damage, which offers non-radiative decay of the excitation energy. Such lumi
nescence quenching is relatively common and the CL beam can be used to reveal 
grain boundaries and dislocation lines, Intrinsic defects, such as dislocation lines, 
frequently appear as dark lines on a brighter CL background. However, as is typ
ical of defect processes, this is not a universal rule, and in some materials impu
rity ions are displaced from the lattice and accumulate as a decoration of the dis
location lines. Where such impurities offer a characteristic CL emission they may 
offer the inverse situation of strongest emission along the lines. In either case the 
CL will reveal details of the surface quality and, with the benefit of spectral anal
ysis, may indicate how impurities migrate throughout the crystallites. 

Whilst many oxides and silicates, such as garnets, quartz or sapphire, are 
assumed to be relatively stable to electron beam bombardment, virtually all 
oxides dissociate to some extent and lose oxygen ions from the outermost layers 
(Agullo Lopez et al. 1988). Thus the outer tens of atomic layers may be oxygen 
deficient or relaxed into new structures, but these depth scales are normally small 
compared with the depths excited during CL. The situation is however very dif
ferent for most of the halide materials, such as the alkali halides, where the elec
tron energy powers mechanisms which allow halogen ions to relax, restructure, 
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Fig. 6. The intensity normalised CL spectra of a sapphire sample obtained at two different elec
tron beam currents. Note curve (a) was 40 times more intense but the current density was only 
increased by - 20 times 

and move from their lattice sites and so form intrinsic defects in the lattice struc
ture. Intrinsic defects can be relatively stable, as in alkali halides, or have a tran
sient lifetime before restructuring into the original lattice geometry. Some oxides, 
such as amorphous silica, are similarly permanently damaged by the ionisation 
from the electron beam and not only form oxygen defects but also alter the den
sity (Le. a compaction of several % in this case). In the dynamic situation of CL 
production both types of process contribute to the complexity of the emission. 
This adds considerably to the list of processes which can generate the light, even 
if the atomic displacements and transient defects are thermally unstable. In all 
cases the signals result from a competition between radiative and non-radiative 
processes as the electrons and holes are stimulated from their stable locations. 
Unfortunately these same excitations generate electronic conversions between 
different charge states of the imperfections and modification of existing defects, 
coupled with production of new defects and interactions between the new (albeit 
transient) defects and those pre-existing in the material. Cathodoluminescence is 
therefore a very powerful probe of the multitude of ensuing defect sites, but it is 
not a passive tool, and the signals can change considerably as a result of electron 
beam conditions. This will be demonstrated by reference to Figs. 6-8. The CL data 
of Fig. 6 were obtained for a stable oxide, sapphire (AI20 3), which shows two 
strong blue/UV emission bands from the presence of intrinsic oxygen vacancy 
centres. These are the F and P+ centres which represent oxygen vacancies con
taining either two or one electrons respectively. Natural sapphire contains many 
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Fig. 7. Cathodoluminescence (CL) spectra obtained from a sapphire sample with a constant 
beam current but recorded at very low frequency (DC) and with phase detection for a modulat
ed beam 

trace impurities and in this example the spectra also show some red line emission 
from Cr3+ impurities (i.e. as in ruby) and broader red bands from Ti3+ ions in the 
lattice (i.e. as in blue sapphire). Whilst the CL spectra clearly detect all four types 
of defect sites it is extremely difficult to make any quantitative judgement as to 
the defect concentrations. The relative intensities of the component bands differ 
as a function of electron current density and Fig. 6 records spectra from the same 
sample but for two different electron beam currents. This clearly shows changes 
in the dynamic balance of the signals from the F and F+ sites. There is also a dif
ference between the relative intensity of signals from the Ti and Cr dopants. The 
two sites also differ in their excited state lifetimes, hence the use of phase sensi
tive signal detection (with a lock-in amplifier) can be used to suppress signals 
from the longer lived site. The CL spectra of a sapphire samples are shown in 
Fig. 7 for identical beam currents but contrasted between DC and modulated 
detection. 

For the more complex situation of CL obtained from a material such as NaCl, 
which readily damages and forms transient halogen vacancy type defects during 
bombardment, great care must be made in specifying the irradiation conditions. 
In one such study (Aguilar et al.1979) the variants included changing the electron 
beam energy, sample temperature, beam current, square wave modulating of the 
beam for lock-in amplifier detection, and using variations in the duration of the 
on to off times to alter the density of transient defects. The spectra obtained from 
the NaCI in all these cases had a similarity in that there are two main emission 
regions broadly centred around 2.4 and 3 to 3.5 eV. Photoluminescence studies 
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Fig. 8. Cathodoluminescence (CL) spectra of NaCI obtained at room temperature using 2.5 keY 
electrons. The main figure records data from 100 Hz modulation with duty cycles of 50 and 5%. 
The inset shows intensity dependence on modulation frequency for these two duty cycles for the 
signal at 425 nm (2.92 eV) 

indicate emission from the decay of the 0' and 1t states of the intrinsic excitons is 
near 3.4 and 5.4 e V respectively. Emission nearer the low energy 2.4 e V region had 
been ascribed to variants of transitions between (Vk+e-) levels (Aguilar et al. 
1979; Song and Williams 1993). However, these exciton-like emissions are 
extremely sensitive monitors of the lattice perfection and therefore the spectra 
show a multitude of perturbed emission bands corresponding to the presence, 
and decay, of other defects. Consequently the detailed spectra changed for each of 
the CL variations mentioned above. Figure 8 gives some examples which include 
the movement of the emission peaks near 2.5 eV, and major changes in the rela
tive intensities of the lower and higher photon energy peaks. The inset in Fig. 8 
also indicates how the lock-in amplifier signal varies with modulation frequency. 
This is indirectly related to excited state lifetimes and clearly shows a shift defined 
by the duration of the excitation duty cycle. This was intrepreted as evidence for 
transient defect effects which modify the CL spectra. 

As exemplified by the sapphire and NaCI examples, the emission from elec
tron-hole recombination can occur by the formation of an exciton (an electron
hole bound pair), or as a variant with one of the charges localised at a defect site. 
These tend to have relatively long lifetimes, and so can respond to small relax
ations in the local environment. Despite this site sensitivity the primary energy of 
the emission of the relaxed energy is not strongly dependent on the lattice and 
therefore most commonly studied materials, including quartz, feldspars, zircon, 
fluorides and oxides etc, always emit near 400 nm in the blue region. The more 
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detailed spectral analyses can reveal, as for NaCI, the smaller shifts associated 
with changes in impurity sites, or inbuilt stresses from different growth process
es. The presence of impurities will also influence the stability and transition prob
ability of intrinsic defect sites. Hence additions of impurities may enhance an 
emission band, but this does not automatically imply that the band is generated 
at the dopant site, only that the dopant has enhanced the process of emission. For 
example in float glass the presence of tin, which diffuses into the surface during 
production, strongly raises the CL intensity of the emission peaks near 575 nm. 
These bands also occur in "pure" glass, quartz and silica, and probably relate to an 
oxygen vacancy site with modified Si-O bonds (Stevens-Kalceff and Phillips 
1995). The Sn2+ dopants perturb the normal bonding and so enhance the number 
of broken Si-O bonds. This gives an indirect correlation of Sn concentration with 
the emission intensity (Townsend et al. 1998). 

4 
The Scale of Cathodoluminescence 
Radiation Dosage 

Materials which are sensitive to radiation damage pose particular problems for 
CL studies. The list of materials is not limited to organics or alkali halides, but is 
considerably greater since the electron beam of a few tens of keV energy is often 
tightly focused in order to give detailed spatial imaging. However, in order to gen
erate sufficient light intensity for easy recording, the tendency is to maintain a 
high beam current. Within the focused beam spot this means there is an extreme
ly high rate of ionisation and power delivered to the target. The scale of the radi
ation doses and local heating which occurs within the beam area are easily over
looked, since the total beam current may be only measured in tens of nanoamps 
and, if the beam is rastered across the sample as in a TV screen or CL imaging 
mode, the average power delivered per unit area will be thousands of times less 
than the peak power density. Estimates of the radiation dose rate are precise since 
this is merely a definition of power density per unit mass of material, however 
estimates of the heating excursions as the beam spot is focused or rastered over 
the sample are complicated since they involve many poorly known parameters. 
The thermal conductivity of the surface layer may be altered by the electron beam 
and the generation of free carriers, and the conductivity will be temperature 
dependent. In principle the heat flow problems have been considered for some 
considerable time (Marshall 1988; Ozawa 1990; Carslaw and Jaeger 1959) and one 
expression used to estimate the heating excursion caused by the beam (in units of 
watts, cm, K) is 

Temperature rise=Powerx( 4.27xradiusxthermal conductivity)-l 

The effects of this simple estimate for steady state continuous beam conditions 
for the temperature increases expected, together with the radiation dose rates, 
are given in the following Table 2, for a variety of typical electron beam condi
tions. The table clearly demonstrates that imaging and focus to a small area, gives 
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Table 2. Examples of ionisation and heating effects for a 30 keY beam into quartz or silica 

Spot size Current Current Power Temperature rise Radiation 
(jlm) (A) density density (OC) dose 

(A/cm2) (W/cm2) (Gy/s) 

Quartz Silica 
3xlO-2 10-11 140 4.2x106 3.6 14.4 -1010 

3 10-6 14 4.2x105 360 1,440 -109 

104 10-5 -10-5 -0.13 4.3 -300 

local heating and intense ionisation levels. Rapid passage of a scanned beam does 
not reduce the transient radiation levels even though the integrated dosage will 
be reduced for larger scan sizes. The influence of the thermal conductivity is 
demonstrated in the table by comparing values for crystalline quartz with those 
for the lower conductivity amorphous silica. The scale of these beam effects is 
frequently overlooked since many CL systems use a scanning spot at micro amp 
current levels and the average power over the scanned area is extremely small. 
Nevertheless, at each point in the scan the beam will reside on a microsecond, or 
longer, timescale and so a key question is to estimate the temperature rise with
in this first microsecond, rather than calculate the average beam heating. Since 
the beam induced temperature pulsing effects in CL scanning are somewhat con
tentious and the values cited are difficult to measure, it may be helpful to con
sider the data from the rather similar, but better documented, situation of pulse 
laser annealing and pulse laser ablation. In this field there is considerable 
unequivocal evidence of heat pulse induced changes (Miller 1994; Can et al. 1995; 
Townsend and Olivares 1997). The laser pulses are normally shorter, at around 
10 ns, than the power pulses from a scanning electron beam but nevertheless at 
pulse energies of say 100 mJ/cm2 they can clearly result in localised heating 
equivalent to temperature rises of -1 ,OOO°C in silica (Can et al. 1995). This power 
density is comparable to that for the middle example in the Table 2, where the 
steady state estimate for silica yields a similar temperature rise. The key feature 
to note from the laser examples is that the thin surface layers reach the predict
ed temperatures on time scales measured in tens of nanoseconds, which supports 
the relevance of the heat conductivity calculations for CL. Cooling may be equal
ly rapid, hence long range thermal diffusion may not appear too significant. Nev
ertheless, many features, notably changes in the CL luminescence efficiency with 
temperature, are altered dramatically by the heating caused by the passage of the 
electron beam. 
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5 
Conclusion 

P.D. TOWNSEND,A.P. ROWLANDS 

The preceding examples have been selected to emphasise that cathodolumines
cence is an extremely powerful tool for analysis of impurity and mineral compo
sition, but it is a technique which requires considerable appreciation of not only 
the potential strengths of the method, but also the very real difficulties in terms 
of CL generated artefacts. It is equally evident that CL analysis made in isolation 
from other techniques would provide little information, except to note differences 
or non-uniformity in the minerals under study. However, when combined with 
other methods of analysis, it provides an extremely simple, effective and highly 
sensitive method of investigating composition, dopants and the state of perfec
tion of surface layers. This chapter has assumed throughout that the objectives 
are to gain maximum information on the targets and thus it is essential to collect 
quantitative information on the emission spectra and to benefit from the possi
bilities of electron beam modulation to obtain lifetime and temperature resolved 
data. Many of these options have not yet been incorporated into routine CL imag
ing, but undoubtedly they will become standard features of future CL systems. 
Cathodoluminescence has already a history of more than a century and plays a 
major role in daily life via TV and computer screens. One can therefore confi
dently predict a very intense and continuing development in exploiting the ana
lytical roles which it can provide. 
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CHAPTER 4 

Importance of Instrumental and Experimental 4 
Factors on the Interpretation of Cathodolumines-
cence Data from Wide Band Gap Materials 

GUY REMOND, MATTHEW R. PHILLIPS, 
CLAUDE ROQUES-CARMES 

1 
Introduction 

Electron beam excited optical photons (Ehy=6-0.7 eV) can be detected and used 
for cathodoluminescence (CL) microscopy and spatially resolved CL spec
troscopy by attaching a light collector and monochromator to an electron probe
micro-analyser (EPMA) or a scanning electron microscope (SEM). Colour CL 
images measured using an EPMA were first reported by Long and Agrell (1965) 
when the EMPA technique was originally applied to mineralogy. In this initial 
approach the CL emission was excited with a stationary beam and recorded on a 
colour photographic plate through the eyepiece of the optical microscope 
attached to the EPMA. Over the past 30 years, there have been significant 
improvements in CL measurement instrumentation and analysis techniques. 
High resolution CL spectra as well as CL digital images with submicron spatial 
resolution are now measured using high sensitivity UV-VIS-NIR photon detec
tors and a scanned electron probe with a well defined energy, diameter and cur
rent. As a result of these developments CL microscopy and microanalysis are now 
routinely used for the analysis of structural defects and impurities in a wide range 
of materials. 

Geoscientists regularly use a crude electron source, a flood gun, attached to an 
optical microscope to reveal contrast not normally visible with conventional light 
optics. This CL contrast is often related to the concentration and spatial distribu
tion of luminescent impurities. Throughout the evolution of the CL microanaly
sis technique in mineralogical studies, there have been many comparative studies 
between CL image contrast and trace element distribution obtained via X-ray or 
ion mass spectrometry (Remond et al. 1970, 1992 and references therein; Remond 
1977). From these investigations, it was apparent that CL could complement 
EPMA for studying the localisation and the distribution of trace elements in min
erals. However, the interpretation of CL data from wide band gap minerals is com
plex and requires a deeper understanding of the CL generation and emission 
mechanisms. 

CL microscopy provides a rapid method for revealing the spatial distribution 
of structural defects and impurities. Unfortunately, in many cases CL spectral 
analysis does not provide a direct identification of the luminescence (recombina
tion) centres. No unique relationship exists between the energy of the emitted CL 
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photons and the chemical state of a luminescent impurity as exists for X-ray emis
sion (Moseley's Law where the Ex.ray oc Z2). Electronic transitions involving core 
(or inner) shell electronic states of an element leads to the generation of a char
acteristic set of mono-energetic X-ray lines which are generally independent of 
the element's chemical environment. CL emission on the other hand results from 
electronic transitions involving valence (or bonding) electrons and so this signal 
provides information about the chemical state of the emitter. It is important to 
note that CL generation via a recombination process is a competitive process. The 
generated CL intensity is dependent on both the recombination efficiency and 
concentration of all radiative and non-radiative recombination centres. Therefore 
the intensity of the CL emission band may not be proportional to the concentra
tion of the emitter as in X-ray emission. 

As the CL emission is dependent on the electronic band structure of the solid, 
assignment of CL peaks to particular defect centres or impurities is often diffi
cult. In many cases synthetic crystals doped with one or several impurities must 
be prepared as standards so that their CL properties can be compared with those 
of the unknown specimen. To illustrate this procedure a set of synthetic zircons 
doped with a single REE was prepared by Cesbron et al. (1995) in an attempt to 
generate a data bank of reference spectra. This study clearly demonstrated that 
the shape and intensity of the CL bands critically depend on both 
collection/measurement system and experimental factors such as slit width and 
electron beam excitation conditions. The CL intensity, the band shape and the 
band position in a CL spectrum are determined by the wavelength response 
function of each component in the CL measurement system; the optical mirror 
collector, the monochromator (grating or prism), the photosensitive detector and 
all optical components such as focusing lenses, mirrors and fibre bundles. Each 
of these components has a non-linear response as a function of wavelength 
(energy). Therefore it is not possible to directly compare CL spectra acquired 
with different CL spectrometer systems as shown by a round-robin CL measure
ment reliability test between fourteen laboratories (Marshall and Kopp 1999, this 
Vol.). 

The electron beam dose (beam currentxtime/interaction volume) used to gen
erate the CL signal is another important parameter in CL microscopy and micro
analysis. In some specimens prolonged, high dose, electron beam irradiation may 
cause significant changes in the CL spectra due to saturation effects, radiolytic 
processes and/or electron beam induced phenomena such as electromigration or 
electron stimulated desorption of some species. The magnitude of each of these 
processes also depends on the specimen (physical properties, crystal structure 
and defect structure) and the specimen preparation method. 

Reliable interpretation of CL data can only be achieved when CL spectra are 
corrected for system response, and when detailed information on the experimen
tal (excitation and measurement settings) as well as specimen preparation condi
tions is readily available. To date most CL studies have not provided the excita
tion/measurement conditions and the data presented have not been corrected for 
the detection response of the CL measurement system. Therefore extreme care 
must be exercised when referring to the current CL "data base" available in the CL 
literature to interpret CL spectra and images. 
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In this chapter the importance of the instrumental and experimental factors on 
the reliability of CL data measurement is discussed in terms of qualitative inter
pretation of CL microanalysis data. The role of the CL excitation conditions and 
the effect of each component in the CL measurement process are described in 
detail and illustrated using CL data collected from natural and synthetic speci
mens. An experimental procedure is provided to: (1) generate a system response 
curve for the CL detection and measurement system, and (2) carry out routine 
wavelength calibration of the spectrometer. In addition a comprehensive section 
on CL generation mechanisms in insulators is provided to assist in the CL quali
tative analysis of geomaterials. A fundamental understanding of the physical pro
cesses which produce CL in specimens with low electrical conductivity is essen
tial to confidently interpret CL images and spectra measured from this type of 
material.lt is hoped that this chapter will inspire other workers in CL microscopy 
and microanalysis to publish CL data with details of the excitation conditions 
used in the analysis and corrected for system response. In this way a reliable CL 
spectral data base can be established in the scientific literature. 

2 
Electron-Solid Interactions 

2.1 
Elastic Scattering and Inelastic Scattering 

When an energetic electron impinges on a specimen its energy is dissipated by a 
variety of electron solid interactions. The emission signals that result from these 
processes are used by electron microscopists and microanalysts to image and 
analyse a specimen at high spatial resolution. The interaction between mono
energetic electrons and a solid results in elastic and inelastic scattering phenom
ena. During an elastic scattering event, the trajectory of the electron is changed 
without significant loss of energy causing the beam to: (1) diverge as it a pene
trates into the specimen or (2) backscatter out of the specimen producing 
backscattered electrons (BSE). Therefore when a stationary electron beam with 
energy Eo is incident on the surface of a specimen, an interaction volume exists as 
each electron straggles in the specimen due to elastic scattering processes. The 
electron range, RKO' is the depth below the surface of the specimen at which an 
incident electron has lost all of its kinetic energy (Fig. 1). 

As reported by Kanaya and Okyama (1972), the electron range RKO can be 
expressed according to 

(1) 

where Eo is the primary electron beam energy in ke V, A is the atomic weight of 
the specimen in g mol-I, p is the density in g cm-3 and Z is the mean atomic num
ber. 

During an inelastic scattering event the energy of the incident electron is 
transferred to the solid. A number of inelastic scattering processes are possible 
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Fig. 1. The spatial distribu
tion of the CL and X-ray pho
ton signal intensity as a func
tion of depth where Ee is the 
X-ray critical edge, Eg the 
bandgap, Eel the formation 
energy, RKa X-ray production 
range, RCL CL generation 
range, RKO electron range and 
Rxf secondary photon gener
ation range 
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each with its own cross section (probability of occurrence) producing emission 
signals such as: (1) fast (EFSE>50 eV, following core shell excitation) and slow sec
ondaryelectrons (ESSE 50 eV, following outer shell excitation), (2) X-rays (charac
teristic and continuum), (3) phonons, i.e., quantised lattice vibrations (heat), (4) 
CL (in semiconductors and insulators) and (5) pI as mons (delocalised oscillations 
of specimen electrons). For a comprehensive review of electron solid interactions, 
see Goldstein et al. (1992). 

2.2 
Analytical Electron Microscopy 

The emission signals which result from the inelastic scattering processes can be 
used to image and analyse the specimen. Variation in the emission signal intensi
tyas an electron beam with a constant probe current is scanned over the speci
men produces image contrast. Magnification is simply achieved by reducing the 
scan area and displaying the image on a viewing screen of fixed dimensions. The 
relative intensity of each emission signal depends on the specimen (Z, A and p), 
signal generation/escape depth and the surface topography. Each of the emission 
signals, produced via energy loss, carries different information about the speci
men. The variation of signal intensity as a function of depth up to RKO (see Fig. 1) 
results from: (1) the dependence of each inelastic scattering event cross section on 
the energy of the primary electron, i.e. excitation depth, (2) signal loss via matrix 
absorption and (3) signal gain by secondary processes. 

2.2.1 
Secondary and BSE Emission 
The short mean free path «5 nm) and low energy of slow secondary electrons 
(SEs) makes this emission signal ideal for high spatial resolution imaging of sur
face topography as only SE produced within 10 nm of the surface can escape for 
detection. 

BSE are primary beam electrons that leave the specimen as a result of a single 
large angle scattering or multiple small angle scattering processes. The fraction of 
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the primary beam electrons which leave the specimen, ll=IBSE/IB, increases with 
the mean atomic number of the specimen, where IB is the beam current entering 
the sample and IBSE is the BSE current leaving the specimen. This dependence of 
backscatter yield on mean atomic number allows for compositional imaging of 
flat surfaces with submicron resolution. 

2.2.2 
X-ray Emission 
X-ray emission signals can be used to provide high spatial resolution, quantitative 
information about the elemental composition of the specimen. Core shell elec
trons can be removed (ionised) from an atom when the primary electron beam 
energy is above the critical edge energy, Ec' the core shell electron's binding ener
gy to the nucleus. In this process, the energy is absorbed by the atom producing a 
fast secondary electron and a hole ("missing electron") state at the core shell 
energy level. The atom relaxes from this excited state either radiatively by emit
ting a unique set of X-ray photon emission bands or non-radiatively via a rear
rangement of the atomic levels producing characteristic Auger electrons. 

2.3 
Cathodoluminescence Emission Primary Processes 

Chemical information about impurities and structural defects in semiconductor 
and insulator specimens can be obtained from the CL emission signal. Specimen 
electrons involved in the chemical bonding, (i.e. valence band electrons), can be 
excited to higher energy non-bonding states (i.e. the conduction band electrons). 
The energy difference between the conduction and valence band is known as the 
band gap, Eg. The generation of a slow secondary electron and a valence band hole 
occurs when a loosely bound electron at the top of the valence band is promoted 
to the conduction band during an inelastic electron scattering event. In some 
materials (generally at low temperature in semiconductors), the electron and hole 
pair can bind via coulomb interaction to form an exciton, a charge neutral crys
tal excitation. In semiconductors, excitons generally form at low temperature 
(5 K) but in some wide band gap materials excitons can be observed at room tem
perature (especially in materials in which significant lattice dilatation accompa
nies the excitation). The spatial dimensions of excitons are determined by the 
dielectric constant, c, of the material which also determines the binding energy of 
the exciton, EB oc c -2. For materials with a small dielectric constant, the exciton 
will be strongly bound and highly localised. Alternatively, the electron and hole 
can move independently (diffuse) in the conduction and valence band, respec
tively, until captured by a charge trap centre. Recombination of the electron and 
hole states can then occur either: (1) radiatively with the emission of optical pho
tons (CL) or (2) non-radiatively with the emission of phonons (heat) or Auger 
electrons via a cascade process. 

The CL photon emission can be either intrinsic, characteristic of the specimen 
with Ehv ~ Eg, or extrinsic, in which the CL emission band parameters (energy 
and half-width) are characteristic of the radiative recombination centre (e.g., a 
structural defect or an impurity). Impurities and structural defects can either be 
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Fig. 2. Radiative recombination mechanisms in wide band gap materials 

super-, sub- or iso-valent with their host. Supervalent impurities are called donors 
as they contribute electrons to the conduction band while subvalent impurities, 
which supply holes to the valence band, are known as acceptors. Extrinsic CL 
emission can either relate to the energy position of the charge trap in the band 
gap or the electronic structure of the recombination centre, e.g. first and second 
order transition metals with incomplete d and f shells, respectively. In the later 
process the energy released during recombination is transferred to the centre, 
exciting the 3d (or 4f) electrons from ground to excited states with deexcitation 
producing characteristic luminescence. The degeneracy of the 3d and 4f levels is 
removed through the influence of the ligand field produced by the coordination 
symmetry and interatomic distance of surrounding atoms. The radiative recom
bination mechanisms are summarised in Fig. 2. A primary beam electron nor
mally has an energy three orders of magnitude above Eg and so can excite all pos
sible CL processes. Therefore, in wide band gap materials the energy of the CL 
emission can range from the ultraviolet for intrinsic emission to the infrared for 
recombination at near band edge states. 

3 
Cathodoluminescence Generation 
and Emission Mechanisms 

3.1 
Electron-Hole Pair Generation Rate 

As there are a number of possible inelastic scattering energy loss mechanisms, the 
average energy required to produce an electron/hole pair is 

(2) 

where M is a constant O<M<1 eV (Yacobi and Holt 1990). The generation factor, 
G, the number of electron/hole pairs generated per incident beam electron is 
defined by 
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(3) 

where R is the fractional energy loss due to the electron backscattering, 

1-R = 
actual E deposited in sample 

(4) 
total E deposited in sample if no backscattering 

In the first approximation, the energy loss is proportional to the number of BSE, 
therefore it can be assumed that R=(1-11), where 11 is the backscattered electron 
coefficient, and the generation factor becomes G=Eo(1-11)/Eeh. Therefore a single 
energetic (keV) electron is capable of producing thousands of electron/hole pairs 
within the interaction volume. For example, a single electron with Eo=30 keY will 
produce approximately 1,300 electron/hole pairs in zircon where Eg=5.4 eV 
(Fielding 1970) and fi = 0.27. 

The number of electron/hole pairs varies as a function of depth as the prima
ry beam losses energy as it travels in the specimen. The depth distribution of elec
tron/hole pairs can then be expressed as 

(5) 

where g(z) is the normalised depth dose function, G is the generation factor and 
ne is the number of incident electrons, ne=IB/e, IB is the electron beam current and 
e is the electron charge, e=1.6xlO-19 coulomb. 

The shape and dimensions of the interaction volume in which the electron 
energy is dissipated has been investigated by Everhart and Hoff (1971) and Ever
hart et al. (1972). According to Koyama (1980), the normalised depth dose func
tion, g(z), can be approximated by the Gaussian form of the normalised Everhart
Hoff universal depth-dose function, 

( )_ [1 (Z/RKo )-0.318)2j g z -exp --
2 0.322 

(6) 

where the maximum energy loss occurs at a 0.318RKO (Koyama 1980). 

3.2 
Recombination Mechanisms 

Recombination of electron and hole pairs is a competitive process. Each radiative 
and non-radiative recombination centre has a characteristic capture cross sec
tion, 0', for electron or holes. The magnitude of 0' depends on the charge state of 
the recombination centre (RC), i.e. whether the RC attracts or repels the electron 
or hole. The lifetime, 't, for the electron or hole before capture is given by 

(7) 
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where NRC is the RC concentration, 0' the capture cross section and Vth the ther
mal velocity of the electron (or hole). The recombination rate RR is 

(8) 

The maximum distance that an electron (or hole) can diffuse before recombina
tion is known as the recombination length, L, with U='tD, where D is the diffusion 
coefficient of the electron or hole. 

When a number of competitive recombination centres are present the recom
bination rate is given by 

(9) 

where 'tP 't2' .... are the lifetimes for radiative RC l,2, .... ,N and 'tNR is the lifetime for 
a non-radiative centre. The radiative recombination efficiency, y, is given by 

r 1 
y=-=----

r RR I + r RR / r NR (10) 

where PNR and PRR are the non-radiative and radiative transition probabilities, 
respectively. The dependence of PNR (and so y) on temperature 

(ll) 

accounts for quenching of CL with increasing temperature where Ea is the activa
tion energy required to cause a non-radiative transition between excited and 
ground vibronic states, kb is Boltzmann's constant and T is temperature. 

This competitive nature of the recombination process has a number of impor
tant consequences relating to both the qualitative interpretation of CL images and 
spectra as well the optimisation of CL excitation conditions: 
1. The CL intensity may not be proportional to the concentration of the lumines

cence centre but may depend on the concentration of other more efficient 
radiative or non-radiative RCs. 

2. Non-radiative centres (pre-existing or created by the electron beam and/or 
specimen preparation) can significantly reduce the CL emission efficiency. 

3. Minimum detection limit for each radiative RC can be dependent on the rela
tive concentration of other radiative and non-radiative centres. 

4. At low accelerating voltages (small RKO) surface states (disruption of the three
dimensional bulk electronic band structure due to the presence of a two
dimensional surface and surface defects induced by specimen preparation) 
may have a significant impact on the observed CL spectra. The incident beam 
must have sufficient energy, (Eo>eVo) to penetrate the deadlayer produce by 
the surface states to generate CL emission 

(12) 
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where V is the accelerating voltage, Vo is the "dead voltage", t is time, dp is the 
beam diameter and l~m~2. For insulators, internal electric fields may change the 
Vo value as a function of the density of charge trapping centres. 

The position, intensity and shape of CL emission peaks are strongly dependent 
on the temperature of the specimen during electron irradiation. At low tempera
ture, the intrinsic CL peak: (1) shifts to higher energy as the crystal contracts 
which increases Eg and (2) increases in intensity (with an associated decrease in 
extrinsic CL) due to a reduction in the electron (or hole) diffusivity and an 
increase in y (see Eq. 10). In addition, the CL emission peaks become sharper as 
the temperature is lowered due to the decrease in the number of phonons 
involved in the electronic transition. 

3.3 
Cathodoluminescence Emission at the Specimen 
Surface - Generation and Matrix Effects 

An expression for the measured CL intensity can be derived by assuming: 
1. The total number of CL photons produced in the specimen is the sum of pho

tons induced by electrons (primary, backscattered and fast secondary) and 
photons excited by all other forms of energy released in the solid (CL exciting 
photoluminescence, X-rays exciting radioluminescence, phonons causing ther
moluminescence or quenching) 

I =Jye/eclN e/eCl( )dV +Jyx-raYN x-ray( )dV +JG dV 
gen eh Z z eh Z z PL z (13) 

V V V 

where y is the radiative recombination efficiency, Neh(z)=g(z)Gne, G is the gen
eration factor, ne is the number of incident electrons, g(z) is the normalised 
depth dose function, and GpL is the photoluminescence excited by cathodolu
minescence. 

2. All CL photons generated at different depths below the specimen surface inter
act with the matrix before they escape into the vacuum for analysis (Fig. 3). The 
measured CL intensity, lcu the number of photons emitted at the specimen sur
face per unit time, can be expressed by the following equation 

I CL = L(Q/4n)F~F~FJ~e" (14) 
i 

where i refers to each separate CL generation process (electron, X-ray and opti
cal photon), Q/41t is solid angle of collection in which the fraction of emitted 
photons actually entering the detector, Fp is a factor accounting for instrumental 
parameters (collection and transmission efficiency of the detection system), FA is 
a factor to account for optical absorption along the escape path length and FR is 
a factor which corrects for internal reflection and refraction at the specimen sur
face. 



68 

Fig. 3. Relationship between 
the CL intensity (dIgen) generat
ed within a layer of thickness 
dz at depth z below the speci
men surface, the intensity lost 
due to internal total reflection 
(dI+), the intensity emitted 
(dIem) at the specimen surface 
and the intensity measured 
(dIeL) at the outpout of the 
detection unit 

z 
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dIem = dlgcn (z = 0) 

= dlgen (z) FA FR 

The FA Term. The term FiA is the absorption correction factor accounting for the 
decrease in CL intensity due to optical absorption along the photon escape path 
length. Optical absorption obeys Beer's law and so 

(15) 

where a. is the effective absorption coefficient of the matrix at each A and Zi is the 
path length of the photon generated at depth z, with zmax=RKO for CL. In wide 
band gap materials, CL absorption by the matrix is generally negligible as a. is 
small and the average exit path length is on a micron scale. However, CL absorp
tion by optical centres within a large bangap matrix can be significant in cases in 
which the CL overlaps with the centre's characteristic optical absorption bands. 
In semiconductors, a. is large due to the small band gap and optical absorption 
can have a pronounced effect on the CL spectra especially when excited using 
high Eo (i.e. large RKO). 

The FR Term. The FR factor accounts for refraction and reflection losses at the 
specimen surface. Although the CL is generated isotropic ally, only a small fraction 
(a few percent!) inside a cone of semi-angle, ec' escapes into the vacuum. The 
angle, ec' is known as the critical angle, and is defined by 

(16) 

where n is the refractive index of the material. According to Reimer (1985), the FR 
factor can be approximated by: 

[ ( )2] 9,. [()2] ~ n-I 1 n-I n-vn--I 
FR = 1- -- --J2nsined8= 1- --

n + 1 4n 0 n + 1 2n (17) 

See Table 1 for ec and FR values for quartz, sapphire, zircon and GaAs. 

The FI Term. The FI term takes into account the CL intensity losses due to the col
lection, transmission and detection properties of the CL measurement system. 
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Table 1. Refractive index, 
Crystal 8c (degrees) FR% critical angle and the n 

reflectance factor (see 
Quartz 1.55 40.2 10.0 Sect. 3.3.1) for a variety 

of materials Sapphire 1.76 34.6 8.2 

Zircon 1.96 30.1 6.3 

GaAs 3.40 17.0 1.6 

The two main components of the FJ term are the collection solid angle of the light 
collector and the wavelength detection efficiency of all components (collector, 
diffraction grating, mirrors and photon detectors) in the CL measurement sys
tem. The FJ term can be determined using a system response curve using a cali
brated light source (see instrumentation section). 

3.4 
Cathodoluminescence Emission Peak Shape 

A number of parameters determine the natural peak shape of the CL emission 
band; the nature of the RC, the degree of electron-phonon coupling with the lat
tice (a measure of the number of phonons emitted during the electronic transi
tion), the specimen temperature and electron beam excitation conditions. 
Knowledge of the influence of each of these parameters on the peak shape great
ly assists in the assignment of the CL emission peaks to particular luminescent 
centres. In addition, simple experiments can be undertaken to confirm or refute 
the identification of the RC. In practice, CL identification requires spectra to be 
measured over a wide range of temperature and electron probe excitation con
ditions. 

3.4.1 
Sharp Lines 

3.4.1.1 
Rare Earth Element Impurities and R-line Emission 
Trivalent, rare earth element (REE) radiative recombination centres are charac
terised by sharp visible and NIR luminescence. The luminescence results from 
electronic transitions between the partially filled 4f shells which are well shield
ed (screened) from the lattice by outer shell electrons. The CL emission spectrum 
from each trivalent REE has a characteristic set of CL peaks (Dicke 1968; Mar
funin 1979) which can be used to identify the REE. CL emission spectra from 
divalent REE have fewer peaks with broader half-widths. 

First order transition metals, in particular Cr3+ in octahedral coordination, can 
give rise to sharp emission peaks (R-line emission) in the red end of the optical 
spectrum. For example, for Cr3+ in Alz03, the sharp R-line doublet emission 
occurs at 694 nm. These peaks are often surrounded by satellite lines due to elec
tron-phonon coupling (see Sect. 3.4.1.2) or concentration pairing effects. 
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3.4.1.2 
Zero Phonon Lines 
Zero phonon lines (ZPL) result from radiative electronic transitions without the 
participation of phonons. The observation of this type of emission depends on 
the temperature and degree of electron-phonon coupling between the vibrating 
lattice and the electronic states of the luminescence centre. ZPL emission is 
observed at low temperature for moderate and weak electron phonon coupling 
and not at all with strong coupling. The ZPL is often superimposed on the high 
energy side of a broad emission band. The ZPL peak can be surrounded by sharp 
peaks where phonons are absorbed/emitted during the electronic transition. 
These satellite peaks are known as phonon replicas. The spacing between these 
peaks is equal to nhw where n=O,1,2, ..... ,n and (j) is generally the longitudinal 
optical phonon frequency. A well defined relationship exists between the relative 
intensity of the emission and the peak width of phonon replicas. The phonon 
replica peaks are less intense and broader with increasing n (Henderson and 
Imbush 1989). Another characteristic of this type of emission is that the intensi
ty of high energy side phonon replicas decrease at low temperature. 

3.4.1.3 
Donor-Acceptor Pairs 
Donor-acceptor pair (DAP) emission is observed when an electron captured by a 
donor recombines with a hole captured by an acceptor. The DAP emission ener
gy hv(r), is given by 

(18) 

where Eg is the band gap, EA and ED are the acceptor and donor gap energies, 
respectively, r is the distance between donor and acceptor and £ is the refractive 
index for small r or the static dielectric constant for large r. As r can only take 
specific values related to the crystal structure, the emission is often characterised 
by a series of sharp emission peaks. The DAP emission peaks are sharpest when 
r is small with discrete values. The peaks become broader when r is larger with a 
more diffuse value. A simple way to establish that the emission is due to a DAP 
centre is to vary the beam power. At high beam power the DAP emission shifts 
to higher energy as large r DAP centres saturate and small r DAP emission dom
inates. Saturation occurs because DAP transition probability decreases as r 
increases. 

3.4.1.4 
Exciton Lines 
At low temperature an electron in the conduction band can bind with a hole in the 
valence band (see Sect. 2.3). The correlation between the electron and hole can 
produce a series of sharp lines with Eem <Eg. The spacing between lines can be 
simply calculated, En=Eg-Es/n2, where Eg is the band gap, Es is the exciton bind
ing energy and n=1,2,3, .. n. The sharp line exciton emission spectra can be com
plicated due to coupling of phonons with the electronic states. Generally, exciton
ic emission is observed at low temperatures and results from excitons bound to 
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neutral donors/acceptors. Free exciton emission is rarely observed as crystal 
momentum must be conserved during the electronic transition. 

3.4.1.5 
Molecular Species 
Recombination on a molecular ion, e.g. 0;, S; can produced quasi-linear sharp 
vibrational structure superimposed on a broad luminescent band. The spacing 
between peaks results from intramolecular vibrations, nhw, coupling with the 
electronic states of the molecule. The intramolecular vibrations are generally 
smaller than free molecule vibration due to perturbation by the host crystal. The 
emission can look similar to DAP emission, but relative intensities and peak 
widths of the molecular species emission do not obey the expected DAP relation
ships. There is no general rule to describe the thermal behaviour of this type of 
emission as it depends on host material, type of molecule and the location of the 
molecule within the crystal structure. 

3.4.2 
Broad Peaks 
A broad natural peak width of the CL emission indicates that the excited and 
ground states of the electronic radiative transitions are strongly coupled with the 
vibrating lattice. Stronger coupling indicates that more phonons are emitted in the 
electronic transition. Broad featureless CL peaks can be difficult to interpret. The 
system response of the CL detection system can significantly affect the intensity, 
position and shape of broad peaks. Spectra must be corrected for system response 
and curve fitted so that accurate peak parameters, intensity, half-width and posi
tion are known for each measurement condition (see Sect. 5.3). Edge filters can be 
used to eliminate second order peaks that occur at 2XAem(nm) (see Sect. 4.2.3). 

3.4.2.1 
Broad Intrinsic Emission - Self Trapped Exciton 
Broad intrinsic emission generally results from self trapped exciton (STE) which 
are highly localised excitons trapped by their own self induced lattice distortion. 
STEs are generally produced in crystals with a deformable lattice (e.g. SiOz) which 
are characterised by strong electron-phonon coupling. The emission energy of 
the STE is generally much lower than the band gap of the material due to the ener
gy lost by phonon emission during the electronic transition. At room temperature 
the characteristic STE emission peak shape is asymmetric being Gaussian at the 
peak with exponential tails. At low temperature the peak intensity increases (as 
the STE diffusivity decreases) and peak shape becomes Lorentzian. STE emission 
is also characterised by long relaxation times which produce horizontal streaking 
at rapid scan speeds in a scanning CL system. 

3.4.2.2 
First Order Transition Metals 
Broad CL peaks can result from excitation of cations with partially filled 3d 
orbital (Ti to Cu) which are only weakly screened from the lattice by the outer 
shell 4s electrons. The peak position, half-width and intensity of the CL depends 
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on the element, oxidation state and coordination. The position can be calculated 
using ligand field theory applied to the atomic 3d levels of the cation perturbed 
by the symmetry and proximity of the surrounding atoms. The intensity of the 
emission relates to the standard spectroscopy parity and spin selection rules 
(Marfunin 1979). Complementary techniques such as photoluminescence excita
tion spectroscopy can be used to determine which energies excite emission peak. 
These values can be compared with theoretical absorption energies to confirm 
the CL assignment (Marfunin 1979). 

3.4.2.3 
Defect Centres 
Excitation of electrons or holes trapped (dangling bonds in covalent crystals) at 
point defects such as vacancies, interstitial and point defect clusters usually pro
duce broad structureless CL peaks at all temperatures. This type of emission is 
often difficult to identify and characterise as: (1) the featureless broad nature of 
the peak and (2) the peak position often shifts due to the presence of impurities 
which provide charge compensation. In general, other spectroscopic techniques 
must be used to assist in the assignment. 

3.S 
Electron Beam-Induced Effects 

3.5.1 
Radiolysis 
Structural defects such as vacancy-interstitial pairs can be created in wide band 
gap materials when irradiated by an electron beam with an energy well below the 
"knock on" energy (> 1000 ke V). In this process, known as radiolysis, the poten
tial energy of the charge neutral excitation created by the low energy beam is dis
sipated via atomic displacement. Radiolysis is generally observed in wide band 
gap materials as the stored energy in the excitation is large and the excitation can 
be highly localised. These defects created by the beam can act as charge traps and 
rapidly induce large electric fields about the irradiated region (Stevens Kalceff 
and Phillips 1995a,bj Stevens Kalceff et al. 1996, 1999). 

3.5.2 
Charge Trapping and Subsurface 
Electric Fields Generation 
When an electron beam is incident on the surface of a conductor in a vacuum, a 
flow of electrons, lABS' occurs either from or to ground potential to maintain 
charge balance. Therefore, for charge balance 

(19) 

However, if an insulator is bombarded with an incident beam current, IB, charge 
conservation leads to the following relationship 

(20) 
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where dQ/dt is the charge trapped per unit time and lABS is the absorbed current. 
Using the secondary electron emission coefficient, O=lsEIIB and the backscattered 
electron emission coefficient 11=lsSE/1s Eq. (20) can be rewritten as: 

(21) 

In a SEM or EPMA, the dQ/dt component produces an electric field within the 
specimen that induces charging phenomena such as image drift, image flicker 
and flashover. In addition the induced electric field can de-accelerate the pri
mary beam reducing RKO and distorting the interaction volume. A conductive 
coating can prevent the electric field penetrating into the vacuum and therefore 
eliminate the above surface charging phenomena (Cazaux 1986, 1996). Howev
er, it is important to note that conductive coating does not cancel the trapped 
charge induced subsurface electric field which can bring about migration of 
charged species and in severe charging cases mass loss Obara et al. 1996; 
Remond et al. 1979). 

Surface charging effects are minimal in an optical CL systems as surface charge 
is dissipated via charge leakage through the gas phase in the specimen area. In a 
conventional SEM, after coating the specimen with a conductive coating, Eq. (21) 
becomes 

(22) 

where O*, 11* are the secondary and backscattered electron emission coefficients 
under electron irradiation conditions, respectively, and I*ABS is the specimen cur
rent accounting for the contribution of the electron released by traps via the 
induced electric field (Cazaux 1996). Although trapping and detrapping are com
petitive processes, a steady state is attained after a certain irradiation time (Q;t:O 
but dQ/dt=O.). However, it is important to point out that the trapped charge den
sity is not equal to zero when this steady state condition is attained and subsur
face electric fields are still present. These internal electrical fields may be strong 
enough to ionise shallow donor levels located immediately below the conduction 
band. The electron released from the donor level can be accelerated in the con
duction band and depending on its diffusion length may recombine with a lumi
nescence centre with the production of a photon, a process similar to light gener
ation by electroluminescence. The internal electrical field may be strong enough 
to release a trapped electron well away (>100 11m) from the beam spot impinging 
the specimen surface. This effect leads to the secondary electron cascade in insu
lating materials as illustrated by Vigouroux et al. (1985). Similar effects have been 
reported by Remond et al. (1992), who observed bright luminescent streaks 
100 11m in length spreading out from the stationary electron beam at the surface 
of a ZnS surface. 
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4 
Instrumentation 

4.1 
Cathodoluminescence Optical Microscopy 
with a Stationary Unfocussed Beam 

GUY REMOND et al. 

Cathodoluminescence microscopy using an EPMA was first performed by Long 
and Agrell (1965) as well as Goni and Remond (1969) and Remond (1977). These 
EPMA CL images were measured by irradiating the specimen with a stationary 
defocussed electron beam and photographed through the EPMA optical micro
scope. However, the maximum diameter, 300-400 Ilm, of the unfocused beam in 
the EPMA placed severe limitations on the maximum dimensions of the CL image 
size. To overcome this field of view restriction, optical CL microscopes were con
structed to allow simultaneous large area (up to 3 mm) observation of geological 
thin sections using CL reflected and transmitted light. Commercial optical CL 
microscopes are now readily available for a wide range of mineralogical and 
petrological applications. The fundamental design of all the optical CL micro
scopes is based on the system initially designed by Sippel (1965). The optical CL 
microscope consists of a cold cathode electron gun (flood electron gun) attached 
to the specimen stage of an optical microscope. The CL image is observed and 
recorded on a photographic plate through the ocular of the microscope. Marshall 
(1988) provides a detailed description of the optical CL microscope instrumenta
tion as well as information on operation techniques and applications. 

Brighter electron sources such as thermoionic electron gun similar to those 
used in EPMA have been developed by Le Poole et al. (1968) and later by Ram
seyer et al. (1989). With these systems a stationary electron probe is focused onto 
the specimen increasing the CL signal. 

4.2 
Scanning Cathodoluminescence Microscopy 
and Microanalysis 

Scanned CL microscopy can be simply performed by attaching a light detector to 
an EPMA or SEM. The output from the photon sensor can be then used to mod
ulate the brightness on a cathode ray tube (CRT) viewing screen to produce a high 
spatial resolution CL image. 

With scanning CL microscopy, CL excitation conditions can be well defined as 
the electron probe diameter (nm to Ilm), energy (5-40 keY), and beam dwell time 
per picture point (seconds to microseconds) can be precisely controlled. Further
more, complementary analytical information using secondary and backscattered 
electrons as well as characteristic X-rays can be obtained concurrently greatly 
assisting with interpretation of CL images. 

Panchromatic CL images (unresolved wavelength CL emission) were first 
obtained using a photomultiplier tube (PMT) as a detector attached to the elec
tron column of the SEM. The PMT can be mounted on the electron column of the 
SEM so that the entrance window of the detector is placed directly inside the vac-
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Fig.4a,b. Simple CL collections 
systems for panchromatic CL 
imaging with the SEM. Note 
that the front window of the 
PMT placed in vacuum (a) or 
the intermediate glass lens (b) 
may emit spurious CL emis
sion induced by BSE as dis
cussed by Remond et al. (1972) 

Vacuum 
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Vacuum 
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uum. This can be simply done by removing the scintillator positioned in front of 
the PMT in the Everhart-Thornley SE detector. Alternatively, the PMT can be 
placed outside the electron column with an intermediate silica or glass lens for 
improving the collection efficiency and isolate the PMT from the vacuum (Fig. 4). 
The PMT output signal modulates the SEM CRT brightness providing a panchro
matic CL image. It should be noted that contrast in these panchromatic images 
reflects variations in the intensity of the CL emission over all wavelengths convo
luted with response function of the collector-detector assembly. 

In either of the above PMT arrangements, CL image resolution is compromised 
as a large component of the measured CL signal is generated by X-ray and BSE far 
from the electron beam irradiation point. These spurious luminescence signals 
arise from excitation by BSE of luminescent components within the specimen 
chamber such as the front window of the PMT, glass focusing lenses and optical 
wave guide (Remond et al. 1972). With a homogenous polished specimen, the BSE 
emission is uniform and the BSE induced CL provides a constant DC offset to the 
total CL signal. However, for high atomic number multi phase specimens variation 
in the total CL signal will reflect changes in the BSE emission coefficient as the 
beam scans over the specimen. Consequently, non-luminescent materials of high 
mean atomic number may appear more luminescent than luminescent materials 
of lower atomic numbers. Therefore it is essential for qualitative interpretation of 
CL images to ensure that the front surface of the PMT does not emit CL when 
exposed to BSE. 

Solid state (SS) photo diode detectors have been used for panchromatic CL 
imaging in a SEM. The type of SS sensor (Si, Ge, PbS or InAs) used is determined 
by desired CL emission wavelength detection range. The SS detector is mounted 
below the pole piece of the objective lens to improve the solid angle of collection. 
In order to prevent BSE induced artefacts the SS detector is embedded in a glass 
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mounting and the surface is coated with an optically transparent metallic film to 
remove surface charge generated by BSE. It is important to note that when a SS 
detector is used for BSE imaging of luminescent materials, image contrast can 
also be produced by the CL signal leading to false BSE contrast (Bresse et al. 1996). 

4.2.1 
Cathodoluminescence Collectors Used 
in Scanning Cathodoluminescence Microscopy 
An EPMA has a built-in optical device. Usually the optical microscope is equipped 
with a Cassegrain objective type consisting of two spherical mirrors. No such 
device has been designed for a SEM, and in order to improve the collection effi
ciency of the emitted CL several types light collectors have been installed in the 
SEM chamber. 

An optical lens collector was developed by Semo (1974). However, the most fre
quently used optical collectors are ellipsoidal or parabolic metallic mirrors placed 
immediately above the specimen surface as discussed by Steyn et al. (1976), Hod 
and Roschger(1980), Trigg (1985) and Yaccobi and Holt (1990). A hole in the mir
ror permits the incident electron beam to reach the specimen surface. A set of 
external manipulators allows the adjustment of the mirror position (x, y and z) 
which allows optimum alignment of the mirror for signal detection and full 
retraction to enable concurrent detection of BSE and SE. 

When using an ellipsoidal mirror, the beam spot (the point CL source) is 
placed at one of the focusing points of the mirror. The CL light is collected at the 
second focusing point and directed towards the detector through the exit window 
by means of either a light pipe or a second inverted ellipsoidal mirror. 

When using a parabolic mirror, the CL source is placed at the focal point of the 
mirror and the parallel reflected light is directed towards the exit window for 
measurement (Bond et al. 1974). The most common arrangements of optical col
lectors within the SEM chamber for panchromatic (spectrally unresolved) CL 
microscopy are shown in Fig. 5. The light output from the parabolic mirror is 
highly dependent on the specimen being exactly positioned at the mirror focal 
plane. There is a rapid decrease in the measured light intensity as the CL point 
source is moved away (x, y or z) from the mirror focal position. This is similar to 
the X-ray signal intensity decrease observed when specimen moves off the focus
ing circle of a wavelength dispersive spectrometer. 

Fig. 5. Common arrangement 
of optical collectors using 
a paraboloidal mirror 
in the SEM chamber 

Retractable 
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Mirror 
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4.2.2 
Polarisation Resulting from Reflections 
on Metallic Surfaces 

77 

Both the parabolic mirror attached to a SEM and the two spherical mirrors 
assembly in the EPMA collect the CL via an optical reflection process. Therefore 
the optical properties, absorption and reflectance, of the metallic coating deter
mines the wavelength transmission efficiency of the CL collector. 

For a metal, the refractive index n is a complex number which can be expressed 
using Cauchy's notations as: 

n=v-jx (23) 

where v is the real part of the refractive index, n, and X is the extinction coeffi
cient. 

For a p polarised incident wave (electrical vector parallel to the incident plane, 
E,,), the reflectance coefficient for the amplitude r" is: 

r,,= -[tan(ei-er)/tan(ei+er)] (24) 

where ei and er are the incident and the refractive angle, respectively. 
For a 5 polarised incident wave (electrical vector perpendicular to the incident 

plane, Kl), the reflectance coefficient for the amplitude is: 

d= -[sin(ei-er)/sin(ei+er)] (25) 

As the refractive index of a metal is complex, the reflectance coefficient, r, for the 
amplitude of a wave incident onto a metallic surface is also a complex number 
with r=pei'P and results in a phase change of <p between the incident and the 
reflected waves. 

The reflectance coefficients for the intensity of a 5 and p polarised incident 
waves R" and RJ..., respectively, are thus given by R,,=rwr,,* and R-L=r-L.r-L * where 
r,,*and r-L * are the complex conjugates of the reflectance coefficients for the 
amplitudes of the incident wave. 

For an unpolarised incident light the reflection coefficient for the intensity is 
given by 

R=ll2(RJ...+R,,) (26) 

R = l[coi8J-~n2- sin 2(8J ]' +l[n2coi8i )-~n2-sin2(8, )]' 
2 coi8J+~nLsin2(8J 2 n2coi8J+~nLsin2(8,) (27) 

where the first term corresponds to the reflection of the incident wave with the 
electrical vector being perpendicular (RJ...) to the incident plane, the second term 
corresponding to the reflection for the electrical vector parallel (R,,) to that plane. 

Let us first consider that the incident wave has a constant angle of incidence, 
e j=45° with respect to the normal to the metallic plane surface. The intensity of the 
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specularly reflected light is a function of the incident wavelength. The reflectance 
curves for both silver and aluminium, for a fully p polarised wave, RII(A.), for a fully 
s polarised incident wave, IU(A), and an unpolarised light, R(A) are shown in Fig. 6. 
Due to the variations of the optical constants, the v and X indices, as a function of 
the incident wavelength, discontinuities are present in the Ag and Al reflectance 
curves. A sharp drop is observed around 400 nm in Ag and a broad dip around 
800 nm is characteristic of Al. Note that the relative difference in reflectance between 
the 5 and p polarised waves is higher for the aluminium than for the silver. 

The reflectance coefficient for the intensity of a monochromatic incident wave
length is also a function of the incident angle on the reflecting surface (see 
Eq. 27). The reflection coefficients R.l(8), RII (8) and R(8) where (R(8)=1I2 
(Rl(8)+RII(8)) as a function of the incident angle for a plane aluminium mirror 
are shown in Fig. 7 for incident wavelengths at 300 and 700 nm. 

Fig. 6. Reflectance curves 
for aluminium and silver 
with s, p and unpolarised 
light 

Fig. 7. Reflectance from 
aluminium as a function of 
angle of incidence for 5, p 
and unpolarised light with 
300 and 700 nm light 
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Fig. 8. Optical reflectance 
on a metallic surface and range of 
angles of incidence 
from a parabolic mirror 
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As shown in Fig. 7, the reflectance coefficient RII(8) (and consequently the aver
age coefficient R) passes through a minimum value at incidence angle 8p, the 
principal angle of incidence. The position of the principal angle of incidence, 8p, 
depends on the incident wavelength. For the aluminium mirror, the principal 
angle of incidence shifts from 75° to 82° as the incident wavelength increases from 
300 to 700 nm. At 8p, the reflectance coefficient, Rl, remains approximately con
stant (0.98) as a function of wavelength and the reflectance coefficient ratio 
Rl(8p) fRII (8p) is equal to 1.15, 1.31, and 1.53 for the 300,550 and 700 nm, 
respectively. 

For a parabolic mirror, the situation is slightly more complicated since the 
reflectance coefficient at each wavelength must be determined by integrating over 
all angles of incidence on the mirror surface. The range of angles of incidence is 
determined by the geometrical parameters of the paraboloid (see Fig. 8). 

A paraboloidal mirror will therefore reflect s polarised light more efficiently 
than p polarised light with RII> Ri. The magnitude of the reflectance anisotropy 
will depend on: (1) the wavelength of the incident light and (2) the range of angles 
of incidence at the mirror surface which is determined by the dimensions of the 
paraboloid. The degree of polarisation, Rpo1' can be calculated using: 

(28) 

CL contrast in polycrystalline specimens can therefore result from polarised 
emission from grains with different crystallographic orientation with respect to 
the mirror axis. The observation of variation in CL intensity as the specimen is 
rotated with respect to the mirror confirms the presence of polarised CL emission 
(Cesbron et al. 1995; Stevens Kalceff et al. 1999 in this book). 

4.2.3 
The Diffraction Grating 
A prism, or more frequently a reflection diffraction grating, is used to spatially 
separate panchromatic light. The grating consists of a surface with a large num-
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ber of equally spaced rulings coated with aluminium to improve the reflectivi
ty. When parallel light is incident on the surface, light is scattered according to 
the grating equation: 

mA=2dsinesin<1> (29) 

where A is the wavelength, m specifies the order of the reflection with m=O,±I, 
±2, .... , d is the spacing between the rulings, e is half the angle between the inci
dent and reflected ray at the grating and <1> is the grating angle relative to the zero 
order position. (see Fig. 9). In CL spectroscopy the first (m=l) order is generally 
used for spectral measurement. However as the second order overlaps with the 
first, second order spurious CL peaks can be observed at twice the wavelength of 
the primary emission band. Edge filters can be used to confirm the presence of 
second order peaks (Fig. 10). 

When the grating is rotated to the zeroth order (m=O) specular reflection 
occurs and the grating acts as a mirror. Due to the large light throughput at m=O, 
the zeroth order position is generally used for initial lateral alignment of the 
paraboloidal mirror and height adjustment of the specimen, especially when the 
CL peak positions are unknown. 

The transmission efficiency of the grating is non-linear with wavelength due to 
light scattering and absorption processes. The position of maximum reflectivity 
is known as the blaze wavelength and its location is determined by shape and 
depth of the rulings. Peaks and/or dips in the transmission curve result from grat
ing artefacts known as Wood's anomalies due to grazing angle light scattering in 
and out of the various orders (Fig. 11). These artefacts can produce spurious 
peaks in CL spectra that have not been corrected for system response. The trans
mission efficiency and magnitude of the Wood's anomalies are highly dependent 
on the polarisation state of the incident light, both being more pronounced when 
the electric vector is perpendicular (s polarised) to the rulings. The position of 
the Wood's anomalies can be determined for s-polarised light using equations 
given in Stewart and Gallaway (1962). 

Fig. 9. The sign convention 
for the angle of incidence, 
angle of diffraction and grat
ing angle 
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Fig. 10. CL spectra from ZnS 
with and without an edge fil-
ter confirming the presence 
of second-order peaks 
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The angular dispersion of the incident light can be simply determined by differ
entiating the grating equation, 

d(fJ-¢) n 1 

dA dcos(fJ-¢) g02 

- -A 
n2 (30) 

d(O-C/» I 
For the first order, n=l and d2>A, dA = d . 

Therefore for a larger number of rulings per mm, d decreases and the angular dis
persion increases. The dispersion of a grating is generally given as the reciprocal 
linear dispersion, RLD, where, 

RLD= dA =~ dA =!!... 
dw f d(O-C/» f 

(31) 

where f is the focal length of the monochromator and dw is the width of the exit 
slit. The bandpass is the width of spectrum passed by the monochromator. The 
smallest bandpass of the monochromator defines its spectral resolving capabili
ties or resolution. The bandpass of the monochromator is given by the product of 
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Fig. 11. Wood's anomalies in the transmission response of a 1200 lines/mm diffraction grating. 
The dark Wood's anomaly can be removed using a system response correction. The magnitude 
of the bright Wood's anomaly in the blue is dependent on the intensity in the red. Both strength 
of both anomalies is highly polarisation dependent 

the RLD and the slit width. Therefore for a fIxed exit slit width and focal length 
the resolution of the monochromator improves as the number of rulings per mm 
increases (as d decreases). 

4.2.4 
Sequential and Parallel Cathodoluminescence 
Spectroscopy Measurement 
There are two basic parts to the CL spectrometer, the dispersive unit (grating or 
prism monochromator) used to produce a monochromatic light output from a 
panchromatic input, and the photon detector to measure the CL intensity at each 
wavelength. CL spectra can be measured either sequentially (as with a wavelength 
dispersive X-ray spectrometer, WDS) or in parallel detection mode (as with an 
energy dispersive X-ray spectrometer, EDS). 

4.2.4.1 
Serial Data Measurement 
A sequential CL spectrometer consists of the dispersive device with a single chan
nel detector placed behind the exit slit of the monochromator. The system devel
oped by Semo (1974) consists of a flint prism, a condenser lens and a PMT as a 
detector. The analysed wavelength is sequentially selected by moving a slit in the 
focal plane of the optical condenser placed behind the monochromator. The 
prism has a very high transmission effIciency. However a non-linear relationship 
exists between the slit position and the measured wavelength which leads to inac
curate spectral analysis in the long wavelength, NIR region (Fig. 12). 
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Fig. 12. Transmission response for a flint prism as a function of wavelength 
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Fig. l3. Czerny-Turner monochromator arrangement used with the equipment at VTS 
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For high spectral resolution CL spectroscopy, diffraction grating monochroma
tors are generally preferred to a prism based spectrometer system. The Czerny
Turner monochromator arrangement (shown in Fig. 13) is the most popular 
monochromator design. The wavelength is scanned by simply rotating a reflection 
diffraction grating on its axis. The grating is rotated using a sine drive to provide 
a linear scan in wavelength space. Alternatively, a cosecant drive will provide a lin
ear scan in energy space, E(eV)=1239/A(nm). The CL signal at the exit of the CL 
collector can either be focused on the entrance slit of the grating monochromator 
or be directed to the spectrometer by means of an optical fibre bundle. 

CL is measured with a light sensitive, single channel detector positioned behind 
the exit slit. The choice of photon detector will ultimately determine both the spec
tral and spatial resolution of CL spectra and images, respectively. Higher sensitiv-
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ity detectors enable the use of narrow exit slit widths for high resolution spec
troscopy and low beam powers (EoIB) for high resolution CL microscopy. PMT 
detectors have a rapid response time and high sensitivity in the visible making 
these detectors an ideal choice for CL microscopy and microanalysis. The wave
length detection range of the PMT depends on: (I) the type of photocathode mate
rial which sets the long wavelength (NIR) limit and (2) the optical transmission 
characteristics of the PMT front window which determines the short wavelength 
(UV) cut off. Cooling the PMT to -30°C via a Peltier device can significantly reduce 
the thermal noise in the detector improving the sensitivity and detection range. 

In the NIR region, SS detectors are more efficient than PMTs. With SS detec
tors, the incident light is chopped and measured in phase in order to reduce mea
surement noise (phase sensitive detection method). The optical chopping speed 
is determined by the peak frequency response of the detector, but multiples of the 
local power supply frequency should be avoided (50 or 60 Hz). 

At low CL light levels individual photons can be measured using photon count
ing techniques. The main advantage of this technique is that noise pulses can be 
eliminated by using a pulse height discriminator. 

4.2.4.2 
Parallel Data Measurement 
A parallel CL spectrometer utilises an optical multichannel analyser (OMA) as 
described by Lohnert et al. (1979). The exit slit of the grating spectrometer is 
removed and replaced by a multichannel solid state detector to analyse the CL 
emission in parallel over a wavelength range of 300-1100 nm. The multichannel 
detector used is either an intensified linear photo diode array (ILPDA) or a charge 
coupled device (CCD) camera. 

Fig. 14a,b. Intensified linear 
photo-diode array consisting 
of a the intensifier and b the 
photodiode array 

a Photocathode 

Quartz 
window 

Channel 
plate 

b 

P-Si 'icon~m 
#1 +£ ( 
~~' Si licon 

p-sili,on~ 
# 512 

Phosphor 



Importance of Instrumental and Experimental Factors 85 

The ILPDA (Fig. 14) consists of the light intensifier and of the linear photodi
ode array (LPDA) with lO24 or 512 silicon photodiodes. All diodes are simultane
ously illuminated and each diode is read sequentially leading to a simultaneous 
detection mode of the emitted photons. Wavelength information is determined by 
the position of the diode within the array. The height of the charge pulse collect
ed at each diode is proportional to the amount of light absorbed. An intensifier 
(proximity focused image intensifier type) consists of a quartz window placed in 
front of a photocathode, an accelerating grid, a micro-channel plate and a lumi
nescent screen. The electrons released from the photocathode by the incident 
photons are accelerated and directed towards the micro-channel plate providing 
a gain in the number of electrons. These electrons interact with a phosphor screen 
producing luminous photons, which are measured by the LPDA. 

A CCD camera consists of an array, lO24 columnsx256 rows of 27x27 flm 
square, silicon photo diodes positioned at the exit focal point of the monochro
mator. The CCD is positioned so that the long axis of the array is aligned to the 
dispersion direction of the grating (i.e. long axis perpendicular to the rulings). 
The charge stored in all 256 pixels in each column is summed and measured (ver
tical binning) sequentially giving the CCD sensitivity equivalent to a PMT. When 
the CCD is cooled to liquid nitrogen temperatures the read noise per column is 
less than a few electrons making the CCD ideal for measuring low light levels. In 
addition, the CCD is a perfect detector for CL kinetics studies using parallel spec
troscopy with moderate light levels in short (>50 ms) acquisition times. 

4.3 
Comparison of Optical (Stationary Beam) 
and Scanning Cathodoluminescence Microscopy 

Optical CL microscopy has a number of advantages over scanning CL 
microscopy: 
1. CL images can be measured from an insulating specimen without the need for 

a conductive coating which is generally required in EPMA or SEM CL analy
sis performed under high vacuum «10-5 Torr). The absence of this coating 
significantly increases the CL signal emitted from the surface. Cold cathode 
electron guns require a low vacuum (10-2 Torr) to operate efficiently. Leakage 
of surface trapped charge through the gas phase eliminates the electric field 
at the surface of the specimen. It should be mentioned that the neutralisation 
of electrostatic charge in the flood gun optical CL microscope provides simi
lar operating conditions to the environmental scanning electron microscope 
(ESEM). 

2. Large field of view CL images can be measured with low magnification optics 
and 

3. Real colour images can be viewed and recorded using colour photographic 
film. 

However there are a number of disadvantages with flood gun optical CL 
microscopy when compared with scanning CL microscopy on an EPMA or SEM: 
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1. A conventional flood gun bathes the specimen with electrons and so is not 
capable of providing laterally resolved CL spectroscopy. 

2. The intensity versus wavelength response of colour photographic film mimics 
the human eye response and so is highly non-linear with limited wavelength 
sensitivity range, 400-700 nm. 

3. The long working distance glass optics used in flood gun CL systems strongly 
absorbs short wavelength CL emission and in addition limits the image spatial 
resolution to the micron scale. 

4. The poor vacuum of the flood gun can lead to: (a) iono-Iuminescence via high 
energy negative ions impinging on the specimen and (b) the deposition of a 
thin surface film of light absorbing hydrocarbon contamination. 

5. Variation in colour film processing, optical microscope lens system and the 
poorly defined energy of the electron irradiation of the conventional flood 
electron gun makes it difficult to compare CL images measured on different 
flood CL systems. 

6. The poor vacuum used in optical CL systems rules out CL imaging at low tem
peratures. 

7. The low current density of the flood electron gun makes it difficult, if not 
impossible, to investigate materials exhibiting weak CL emission. Long expo
sure times can compensate to some extent but will decrease spatial resolution 
(vibration) and exclude investigations where the emission signal intensity 
varies rapidly as a function of irradiation time, for example quartz (Stevens 
Kalceff and Phillips 1995a,b; Stevens Kalceff et al. 1996, 1999). High brightness 
electron guns have been developed (Ramseyer 1989) but are not generally used 
in optical CL microscopy. 

Many of the above problems could be resolved by replacing the colour film plate 
with a high sensitivity colour CCD camera with digital image store capabilities. 
Alternatively, for low light and UV or NIR applications a Si photodiode 
(1024X 1024), liquid nitrogen cooled, CCD with the appropriate optical edge filters 
could be utilised to provide CL images which could be then corrected for system 
response. 

4.4 
Cathodoluminescence Lateral Spatial Resolution 
in Wide Band Gap Materials 

4.4.1 
Scanning Cathodoluminescence Microscopy 
The CL spatial resolution in scanning CL microscopy of wide bandgap materials 
is determined by the CL generation volume (Fig. 15). The diameter of this volume 
depends on the two factors, the electron probe diameter and the spatial dimen
sions of the electron/hole pair distribution. In wide bandgap materials, the con
tribution to the emission spot size via electron / hole pair diffusion is negligible, 
and so the recombination length, L, is small (U='tD). Note that this is not the case 
in semiconductors in which the magnitude of Land D can be significant. Howev
er, the spatial contribution to dClvol as a result of diffusion is small in semicon-
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ductors as the electron/hole pair concentration [Nehl decreases rapidly with dis
tance, r, from the generation point (Yacobi and Holt 1990) as 

(32) 

Therefore, for most minerals where D and L are small, the CL generation volume 
is determined by g(r), g(z) and dp 

dCLgen vol=f(g(r ),g(z),dp) (33) 

where the lateral g(r) and depth g(z) components arise from the spatial distribu
tion of electron-hole pairs, and dp is the probe diameter (Holt and Napchan 1994). 

The depth component g(z) is given by Eq. (6) (Sect. 3.1). According to Shea et 
al. (1978), the lateral, r, electron-hole pair distribution can be estimated using 

g(r)=exp[ -4r/RKOl (34) 

Laterally, the effective CL probe diameter can be estimated to be approximately 
0.5RKO when the probe diameter is small compared with dCLgenvol' With large beam 
currents the CL probe diameter can be estimated by 

(35) 

In scanning CL microscopy, the spatial resolution improves with decreasing Eo (as 
RKOocEo) and iprobe (as iprobeoc d~~~be)' However, a trade off exists between image res
olution and image quality (resulting from signal to noise ratio, SIN) as 
ICLocEolprobe" Decreasing Eo to improve resolution is accompanied by a corre
sponding decrease in ICL and the CL image SIN level. In order to offset the ICL 
decrease at low Eo there must be an equivalent increase in either: (1) the dwell 
time per pixel which increases the dose and may cause beam damage in irradia
tion sensitive material or (2) the probe current, lprobe' with an increase in dprobe 
which decreases the spectral resolution. Therefore, for best CL resolution there is 
an optimum Eo incident energy, probe current and dwell time per pixel. It is 

Fig. 15. CL emission volume 
del vol' where RKO is the elec
tron range, e, is the critical 
angle (see text) and dp is the 
probe diameter. The shaded 
region represents the CL 
generation volume 
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important to note that for specimens with long decay time fluorescence or phos
phorescence the spatial resolution can be significantly reduced with fast scan 
speeds. If the excited state lifetime is longer than the dwell time per pixel then 
smearing in the direction of scan will be observed in the CL image. The length of 
the left to right streak can be used to estimate the lifetime of the emission as the 
line scan speed is well defined. 

Scanned CL images are generated by scanning a beam of electrons with a well
defined energy, probe size, beam current and dwell time per measurement point 
(pixel) over the surface of the specimen. Longer dwell times will increase the sig
nal to noise ratio (SIN) and eliminate image smearing when measuring CL from 
long lifetime emission centres. One disadvantage of using a large current density, 
stationary (long dwell time) electron probe to excite CL is that under these con
ditions phenomena such as specimen heating, electro migration and mass loss can 
occur. However, short dwell times combined with frame store recursive image 
capture techniques can be used to minimise these effects yet maintain the CL 
image quality (SIN). 

4.4.2 
Optical Cathodoluminescence Microscopy 
With optical CL microscopy the spatial resolution is limited by the use of light 
optics which record the CL image directly on the photographic plate. Refraction 
at the specimen vacuum interface and total internal reflection of the CL emission 
further reduce the measured spatial resolution. 

A detailed discussion and illustration on CL images as a function of the exper
imental conditions with a flood gun attached to an optical microscope is found in 
Marshall (1988). 

5 
Data Acquisition and Processing 

5.1 
Instrumental Characteristics 
of the Cathodoluminescence Spectrometers 
Used in This Work 

A variety of photon detectors, diffraction gratings and light collectors are cur
rently available to construct specific attachments to EPMA or SEM and optical 
microscopes for the detection and the analysis of CL emission. Two CL systems, 
one located at Microstructural Analysis Unit in University Technology Sydney 
(UTS), Australia, and the other at the Ecole Nationale de Mecanique et des 
Microtechniques (ENSMM) in Besan~on (France), are used to illustrate the mer
its, limitations and measurement artefacts of a number of components in the CL 
analysis system. 
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5.1.1 
Scanning Cathodoluminescence Microscopy 
and Microanalysis System Located at UTS 
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At UTS, an Oxford Instruments MONOCL system (see Fig. 13) has been attached 
to a JEOL JSM 35 C type SEM. An optical paraboloidal mirror is used as the pho
ton collector providing a parallel CL beam output incident on a quartz lens at the 
exit window. Initially a silver plated mirror, manufactured by depositing a thin 
Ag film on a paraboloidal shaped substrate, was used to collect CL. The Ag mir
ror was later replaced by an Al paraboloidal mirror, constructed by precision dia
mond machining of a bulk piece of aluminium to improve the light throughput 
and wavelength transmission efficiency. A front surface plane mirror allows the 
CL beam to be directed towards the PMT detector in order to obtain a panchro
matic CL image or to be focused on the entrance slit of a grating spectrometer 
for spectral analysis. This system provides spectral analysis and imaging from 
250 to 1800 nm with a Hamamatsu R2228 red extended PMT (300-900 nm), a 
Hamamatsu R943-02 Peltier cooled high sensitivity PMT and a North Coast 
Optical liquid nitrogen cooled Germanium detector (700-1800 nm). Oxford 
Instruments liquid nitrogen and liquid helium stages allow analysis over a tem
perature range of -268 to 500°C. CL is collected with a diamond machined 
paraboloidal collection mirror which provides a large solid angle of collection 
and is retractable for BSE and SE imaging as well as wavelength dispersive X-ray 
microanalysis. A liquid nitrogen cooled, Photometrix UV enhanced, 1024x256, 
ultra-fast CCD plate connected to the MONOCL system via a silica fiber optic 
cable enables parallel collection of CL spectra for kinetics studies. A monochro
mator with 600 and 1200 lines/mm diffraction gratings disperses the CL for spec
troscopy and monochromatic imaging. A series of mirrors and shutters within 
the MONOCL allows for panchromatic imaging for studying specimens with 
weak CL. 

5.1.2 
Scanning Cathodoluminescence Microscopy 
and Microanalysis System Located at ENSMM 
The CL system located at ENSMM consists of a CL detection system attached to a 
CAMECA MS46 type EPMA. The CL emission was observed and measured at the 
ocular lens of the optical microscope equipped with a Cassegrain type objective. 
The ocular is linked to a spectrometer system by means of an optical fibre bun
dle. The optical spectrometer manufactured by the Tracor Northern company 
consists of a grating monochromator with three diffraction gratings 150,300 and 
600 grooves/mm and an ILPDA with 512 photodiodes. The wavelength transmis
sion efficiency of the spectrometer and the silica fibre bundle allows for detection 
of CL emission within a 250-900 nm interval. However, in practice, UV absorp
tion by glass components in the EPMA optical microscope reduces the CL mea
surement range to 400-900 nm. 
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S.2 
Spectral Calibration 
and System Response Correction 

5.2.1 
Wavelength Calibration 
Wavelength calibration must be carried out on a routine basis to ensure accurate 
measurement of the CL peak position. Measuring emission spectra from well 
characterised standard emission sources such a Hg lamp or a HeNe laser 
(632.8 nm) provides the most reliable wavelength calibration procedure. The 
high intensity of the laser source enables high spectral resolution (0.1 nm) data 
acquisition and accurate calibration. The slit width should be set to provide a 
0.1 nm resolution and the CL data collected from 635 to 640 nm with a 0.1 nm 
step size. Laser light should only enter the monochromator system via: (1) a dif
fuse reflectance target and (2) narrow slits to minimise possible PMT damage. 
Calibration is achieved by either software or hardware spectral tuning to obtain 
an exact agreement between the measured and expected emission peak posi
tions. 

Luminescent centres such as REE ions in crystalline hosts do not provide reli
able standards for wavelength calibration. The trivalent REE peak position in 
these specimens can vary significantly due to: (1) concentration pairing effects, 
(2) clustering with charge compensating defects, (3) temperature and (4) strain 
(Henderson and Imbush 1989). In many synthetic REE doped crystals the REE 
concentration and distribution is not homogenous and the peak position of the 
sharp REE CL emission will shift according to the REE concentration and local 
strain (see Sect. 6). 

5.2.2 
Correction of Cathodoluminescence Spectra 
for System Response 
The ability of the CL collector, monochromator and detection system to measure 
the intensity of the CL emission as a function of wavelength is known as the sys
tem response. In order to measure the true CL intensity at each wavelength the 
spectral data must be corrected for the system response. Once the CL spectra have 
been corrected for system response, the CL peak parameters position, half-width 
and intensity can be accurately measured and then compared with corrected CL 
data published in the literature. 

Data are corrected for system response at each measurement wavelength using 
the following expression: 

(I -I ) ~ + 1 I = mewiUred dark counts + V I measured dark counts 

corrected F - F 
system response system response 

(36) 

where Imeasured is the intensity measured by the CL system, Idark counts is the intensi
ty measured with no light entering the CL measurement system and F system response 
is the normalised system response. 
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The system response curve is measured from 200 to 2500 nm using deuterium 
(ultra-violet) and quartz halogen (visible and near infrared) 30 W standard light 
sources of spectral radiance. These calibrated lamps can be purchased from a 
number of optics suppliers. Tables of spectral irradiance (jlW cm-2 nm-I) as a 
function of wavelength at a distance of 50 cm are provided with each lamp. PMT 
detectors measure the number of photons per second per wavelength measure
ment interval but not spectral irradiance. The number of photons per jlW (jlJ S-I) 
of monochromatic light can be simply calculated as the energy in each photon is 
given by E=hc/A where h is Planck's constant (6.626xlO-34 J S-I), C is the speed of 
light in a vacuum (2.998x108 ms- I) and A is the wavelength. Therefore the num
ber of photons per second per cm2 emitted at each wavelength, Nphoton(A), can be 
calculated from the spectral irradiance data using 

Nphoton(A)=5.03X 1015XA (nm)xspectral irradiance (37) 

where the wavelength unit is nm and the spectral irradiance is expressed in 
jl W cm-2 nm-I. Note that there is no need to calculate the absolute number of pho
tons entering the monochromator system. 

The system response curve for each detector/grating combination can be mea
sured using the following procedure: (1) set up the supply voltage and source to 
collector distance of the spectral irradiance source following the manufacturer's 
instructions, (2) place a 1 mm diameter aperture at the focal plane of the light col
lector, (3) illuminate the aperture with the calibrated source at a distance greater 
than 50 cm to prevent a thermal contribution to the measurement, (4) set PMT 
gain (high voltage) at the standard working value, (5) adjust collector to achieve 
a maximum count rate, (6) adjust slits to give 1 nm spectral resolution, (7) mea
sure emission spectrum, 1m' over the full detection wavelength range with a 1 nm 
step, and (8) calculate response curve, Fresp' using: 

F resp = Im/N photon (38) 

The system response curve for a the paraboloidal mirror, Hamamatsu R2228 PMT 
and 1200 lines/mm 550 blaze diffraction grating is shown in Fig. 16. Notes: 
1. Measurement errors can be significant at the low sensitivity tails of the 

response curve. In practice do not use Fresp <0.01. 
2. The system response curve is measured using unpolarised light. F resp cannot be 

used to correct polarised CL emission, which can be observed when irradiat
ing highly oriented single crystals. A variation in CL signal intensity as the 
specimen is rotated with respect to the collector indicates that CL emission is 
polarised (see Sect. 4.2.1.1; Stevens Kalceff et al., this Vol.). 

3. Any contribution due to scattering with the monochromator of NIR emission 
must be eliminated when measuring blue tail end emission of the quartz-halo
gen lamp. 

4. Intensity data measured around the bright Wood's anomaly is dependent on 
the intensity and polarisation of the calibration source. 
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Fig. 16. System response curve for the CL measurement system at vrs 

S.3 
Spectral Resolution 
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Spectral resolution is a measure of peak sharpness, the ability of the spectrome
ter to separate two or more spectral lines that are close together. Resolving CL 
spectral fine structure greatly assists in unravelling the origin of emission (see 
Sect. 3.4). In both serial and parallel measurement systems, the natural CL peak 
width and spectral measurement conditions, assuming adequate CL intensity, 
determine the spectral resolution. 

5.3.1 
Serial Spectral Measurement 
The spectral resolution of serially collected CL data is determined by the signal 
intensity (RC concentration, Eo, IB, specimen temperature and system response) 
and the monochromator slit width. The resolution is often expressed in terms of 
band-pass, which is the width spectrum passed by the spectrometer. Decreasing 
the slit width increases the spectral resolution but lowers the signal throughput 
(see Fig. 17). CL signal loss with reduced slit width can be offset by increasing the 
excitation power (IBxEO)' However high power density focused electron probes 
can produce heating materials with a low thermal conductivity, phase separation 
and strong subsurface electric fields which induce defect diffusion as well as mass 
loss in some cases. For homogeneous specimens high spectral resolution data 
«0.1 nm) can be measured using the minimum slit width (the instrument reso
lution) with a defocused probe in order to increase signal and minimise electron 
beam induced damage. Measuring spectral data at low temperature can also 
improve the resolution by reducing the natural peak width (see Sect. 3.2.1). 
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Fig. 17. CL spectral resolution 
as a function of slit width with 
serial collection 
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The spectral resolution of CL data measured with an optical multichannel anal
yser (OMA) is determined by the number of pixels (ILPDA) or rows (CCD) and 
the spectral coverage of the OMA: 

wavelength resolution(nm)=spectral coverage(nm)lnumber of diodes (39) 

and the spectral coverage is given by 

spectral coverage(nm)=grating dispersion (nmlmm)xlength of OMA(mm). (40) 

In practice, the spectral resolution is a function of the diffraction grating disper
sion as the number of pixels and the length of the OMA [pixel sizexpixel (or row) 
number]. Therefore the spectral resolution can be improved by increasing the 
number of rulings per mm (Fig. 18) or using higher diffraction orders (see 
Sect. 4.2.3). 

6 
Case Study - Identification of Cathodoluminescence 
Peaks in Natural and Synthetic Zircons 

6.1 
Peak Identification 

A panchromatic CL image of a natural zircon grain obtained with the CL scan
ning microscope is shown in Fig. 19a. The specimen was rotated by 90° around the 
electron beam direction in order to verify a possible contrast change related to 
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Fig. 18a,b. CL spectral resolu
tion as a function of spectral 
coverage with parallel collec
tion using a 150 lines/mm 
grating and b a 300 lines/mm 
grating (synthetic Dy3+ doped 
zircon specimen) 
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Fig.19a,b. Panchromatic scanning CL image of a a natural zircon and b after the specimen was 
rotated 90° 

polarisation effect as previously mentioned (see Sect. 4.2.1.1). The panchromatic 
image in Fig. 19b did not reveal significant changes in contrast with respect to 
Fig. 19a. Three areas (l00XI00 11m) were selected for spectral analyses and are 
labelled A, Band C as indicated on the CL image presented in Fig. 19a. From these 
three locations, the CL spectra shown in Fig. 20 were measured with the serial 
spectrometer (equipment at UTS). The accelerating voltage was 15 kV, the resolu
tion was 2 nm with a 5 nm step. 
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All spectra are characterised by narrow emission lines superimposed on top of 
broad emission bands centred at about 300,380 and 550 nm with a long tail on the 
long wavelength side. 

The broad emission bands are probably associated with defect centres, while 
the narrow lines are characteristic of rare earth ions that are frequently present in 
most of the natural zircon crystals. There is still considerable debate over the 
nature of the recombination centres associated with the broad emission bands. 
Based on CL and TL studies of natural zircons (Iacconi and Caruba 1984; Iacconi 
et al. 1980; Kirsh and Townsend 1987) the band near 430 nm results from bond 
breaking of the SiO 4 4- groups. According to Nicholas (1967), the broad band cen
tred near 600 nm in the photoluminescence (PL) spectrum of natural zircons is 
associated with lattice defects resulting from radioactive decay of the uranium 
present at trace levels. 

Natural zircon often contains REE impurities at a trace (part per million) lev
el. CL spectra measured from natural zircon are characterised by sharp line REE 
emission peaks (see Sect. 3.4.1.1) in the visible and a broad emission band in the 
ultraviolet. 

The REE peak position and relative intensity data presented by Dicke (1968) 
were measured from REE doped fluorites (CaF2) and at best can only be used as 
a guide to the REE peak position in zircon. From these data, the CL lines shown 
on the CL spectra of the natural zircon (Fig. 20) can be tentatively assigned to Dy 
and Er CL emission lines. A more rigorous approach is to measure the REE peak 
parameters from a set of flux grown REE doped zircon standards (Cesbron et al. 
1995) with identical excitation and measurement conditions. 
The synthetic Dy3+ and Er3+ doped zircons were analysed with the same instru
mental and experimental conditions as those used for recording the natural zir
con spectra shown in Fig. 20, i.e. 15 keY incident energy, a 2 nm spectrometer res
olution and a 5 nm step size. The data for the synthetic Dy or Er doped zircons in 
Fig. 21 are in good agreement with the wavelength positions of the narrow lumi
nescent lines measured at the surface of the reference materials and the natural 
zircon specimen. However in the wavelength domain around 485 nm high over
lap exists between the characteristic lines of Er and those of Dy. 

All REE peaks in an unknown natural zircon specimen can be confidently 
assigned to REE impurities using CL spectra collected from the synthetic doped 
zircon crystals. This simple qualitative CL analysis confirms that small amounts 
of Dy and Er are present as impurities in the natural zircon specimen. However, 
the changes in the relative REE CL intensity may depend on the relative concen
tration of other radiative and non-radiative recombination centres rather than 
variations in the REE concentrations. 

CL spectra were measured with a higher magnification (20x20 !Jm) and a 
25 keY incident energy inside the areas A, Band C (Fig. 19a). The spectra (1 nm 
resolution,S nm step) are shown in Fig. 22. The intensity of the narrow peaks rel
ative to that of the broad emission bands strongly decreased with respect to spec
tra measured at lower magnification (Fig. 20). The differences between spectra in 
Figs. 20 and 22 may indicate either an inhomogeneity in the spatial distribution 
of the recombination centres or preferential excitation via saturation effects of 
these centres associated with the narrow and broad emission features as a func-
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tion of the incident electron dose. These results indicate that reliable qualitative 
identification of all spectral components can only be obtained from several CL 
spectra measured under different excitation conditions. 

6.2 
Spatial Distribution of the Dy and Er Impurities 
Within the Natural Zircon Specimen 

In order to relate the changes in contrast in the panchromatic CL images in Fig. 19 
with the local variations of the Dy and Er concentrations, CL images at several 
wavelengths with a 10 nm band-pass were recorded. 

For each selected wavelength associated with the Dy or Er impurity, the mea
sured intensity (i.e. the brightness of the CRT used for imaging) is the sum of the 

Fig. 20. CL emission spectra 
(corrected for instrumental 
response) measured 
(Ep=15 keY) with a serial 
spectrometer from regions 
(lOOx100 Ilm) in a natural 
zircon marked A, Band C in 
Fig. 19 

Fig. 21. CL emission spectra 
(corrected for instrumental 
response) measured with a 
serial spectrometer from Dy 
and Er doped synthetic zir
con 
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Fig. 22. CL emission spectra 
(corrected for instrumental 
response) measured 
(Ep=25 keY) with a serial 
spectrometer at high mag
nification inside the regions 
(20x20 jlm) marked A, B 
and C in Fig. 19 
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intensity of the luminescent ion and that of the underlying broad emission band. 
In order to evaluate the relative contribution of both intensities to the contrast of 
the CL images, two images were recorded successively, the first one correspond
ing to the characteristic wavelength').., of the luminescent ion, the second one cor
responding to the wavelength ')..,-/),,')..,. 

For the Dy impurity, the CL images were measured at ')..,=575 nm (Dy line) and 
at ')..,=540 nm (emission band) successively. For the Er impurity, the CL images 
were measured at ')..,=350 nm (Er emission line) and ')..,=330 nm (broad emission 
band) successively. 

The selected wavelength CL images are shown in Fig. 23. The image at 
')..,=540 nm (Fig. 23a2) was subtracted from that at ')..,=575 nm (Fig. 23a1) in order 
to illustrate the spatial distribution of the Dy intensity corrected for the underly
ing broad emission band. The resulting image labelled (575-540 nm) in Fig. 23a3 

shows that the highest concentration of Dy recombination centres are present in 
some of the bright spots and within the central area (area B in Fig. 19). The image 
at ')..,=330 nm, corresponding to a defect related emission band, showed similar 
contrast to that measured at ')..,=350 nm corresponding to an Er3+ emission line 
(Fig. 23b1). The image at ')..,=330 nm was subtracted from that at ')..,=350 nm in 
order to image the spatial distribution of the Er recombination centres. The 
resulting image labelled (350-330 nm) in Fig. 23b2 shows a preferentiallocalisa
tion of Er in the bright areas shown in Fig. 19. 
Even after subtracting the images measured from a characteristic REE CL emis
sion line and those measured from the underlying broad emission band, it is still 
difficult to accurately relate the resulting contrast only to the presence or not of 
the REE impurity. These examples demonstrate that the contrast in a monochro
matic CL image can only be confidently interpreted when these images are sup
plemented with CL spectral data. 

Spectra (I nm resolution, 2 nm step) were measured at high magnification 
within a bright CL area (area A) and outside the bright patch (area B) shown in 
Fig. 24. Spectra in Fig. 25 show that the two areas are characterised by a large dif-
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Fig. 23a,b. Scanning CL images from the natural zircon specimen measured at selected wave
length (all "-=575 nm corresponding to a Dy3+ emission line, (a2l "-=540 nm associated with a 
defect related emission band, (a3l distribution of the Dy3+ centres after subtracting the image 
(a2l from image (all, (bll "-=350 nm corresponding to a weak Er3+ emission line and (b2l result
ing image after subtracting the image measured at "-=330 nm associated with a defect recombi
nation centre 

ference in the intensity of the broad emission bands and these variations proba
bly dominate the contrast of the CL images. However, as also shown in the spec
tra in Fig. 25, both areas exhibit a group of lines occurring near 485 and 580 nm 
which are consistent with those measured from the Dy3+ doped zircon standard. 
It is difficult to determine in which area the Dy signal is the strongest because the 
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intense broad emission band on the spectra of area A does not allow an estimate 
of the relative height of the Dy CL lines in both analysed areas. Characteristic ErH 
CL peaks are more clearly shown on the spectrum measured from the bright 
region than that measured outside the bright area. As a consequence, the contrast 
in the panchromatic CL image which is dominated by the intensity of the broad 
emission band also reveals the distribution of the Er ions which are preferential
ly located within the bright CL spot. However, no change in the Dy concentration 
can be derived from these analyses. 

When areas A and B on the Fig.24 were analysed under identical excitation 
conditions and measured with an equivalent band-pass, a large difference in the 
CL yield was observed (Fig. 25). In order to study the fine structure of the Dy3+ 
and Er3+ whose lines near 485 nm partly overlap, the electron beam power must 
be increased as the band-pass (slit width) is reduced. However the beam intensi
ty must remain below a certain threshold level to minimise beam induced dam
age. In practice, with serial collection of CL spectra, it is often difficult to use iden
tical CL excitation and collection conditions when analysing specimens where 
there are large differences in CL emission intensity. 

The CL collection problems can be resolved by measuring the CL data using 
a parallel spectrometer equipped with an intensified LPDA detector. Such a pos
sibility is illustrated in Fig. 26, showing part of the spectra around 485 nm mea
sured at areas A and B (Fig. 24) at the surface of the natural zircon. The differ
ence in the CL yield between the two regions is accounted for by increasing the 
gain of the intensifier while maintaining constant the excitation conditions 
(25 keY beam energy and a 50 nA beam current). By only adjusting the gain of 
the ILPDA without changing the beam excitation conditions, spectral data can be 
measured with the same spatial resolution. In addition, the same gain setting can 
be used with all available gratings enabling an improvement in the wavelength 
resolution by increasing the number of grooves per mm while maintaining a con
stant electron dose. 

While the presence of characteristic Er emission lines (partly interfering with 
some lines of the Dy CL emission lines) is confirmed in the spectrum in Fig. 27a, 
the presence or absence of Er at area B can only be established by comparing the 
relative intensity of the CL emission lines measured at area B (Fig. 27b) with the 
relative intensity of the same lines measured from the synthetic Dy doped zircon 
in Fig. 27c. It is important to note that the width of the CL multiplets for the Dy 
ions differs for the natural (Fig. 27a,b) and the synthetic (Fig. 27c) zircon speci
mens and that such a difference must be accounted for when measuring the CL 
line intensities (see next section). 

Contrast of CL images, either panchromatic or at selected wavelengths, can 
only be associated with a particular recombination centre when CL spectra are 
measured from a number of areas exhibiting different brightness. In addition, 
CL images only reflect the local variations in the number of emitted photons 
and not the variations of the number of generated photons. From a selected 
wavelength image it is thus possible to illustrate the spatial distribution of a 
given recombination centre, but in order to relate the change in intensity with a 
change in the density of recombination centres, quantitative analyses must be 
performed. 



Importance of Instrumental and Experimental Factors 101 

Fig. 24a,b. Scanning CL images measured with a 5 keY (a) and 15 keY (b) incident energy from 
an area exhibiting bright luminescent spots at the surface of the natural zircon. Note the change 
in the spatial resolution as a function of the accelerating voltage (see Sect. 4.4) 
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Fig. 25. CL spectra (corrected 
for instrumental response) 
measured with a serial spec
trometer from the bright 
region in natural zircon 
marked (a) in Fig. 24 and 
outside the bright spot (b) in 
Fig. 24 
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Fig. 26a,b. CL spectra (not corrected for instrumental response) measured with a parallel spec
trometer from the bright region in natural zircon marked (a) in Fig. 24 and outside the bright 
spot (b) in Fig. 24. Note that adjusting the gain of the intensifier of the photodiode array (ILP
DA) allows us the measurement of the CL spectra from areas A and B exhibiting very different 
signal levels without changing the excitation conditions 
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Fig. 27a-c. High resolution spectra (not corrected for instrumental response) measured with the 
parallel spectrometer equipped with a 300 g/mm, within the 460-500 nm interval from a a 
bright area CL area (area A in Fig. 24), b outside the bright spot (area B in Fig. 24) at the surface 
of the natural zicon and, c from Dy doped synthetic zircon. Note the difference in the line shape 
for the 483 and 488 nm Dy lines as a function of the analysed specimens 
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6.3 
The Quantitative Procedure 

The aim of quantitative CL analysis is to establish a relationship between the 
intensity of the signal and the concentration of the photon emitters. In order to 
achieve this goal, it is necessary to consider both the primary excitation of the 
luminescent centres by the incident electrons and the secondary excitation result
ing from the absorption of all energies produced in the specimen (see Sect. 3.3.1). 

Since the primary and secondary emissions originate from different depths 
below the specimen surface, the intensity emitted at the specimen surface is in the 
form: 

(41) 

where C is the concentration of recombination centres, Ip and If are the intensities 
produced in the specimen by the direct and the fluorescence mechanisms, respec
tively, and f(X)p and f(X)f are the corresponding correction factors for absorption 
of the generated photons by the matrix along the CL escape path length. 

Only a fraction of the total emitted intensity, Imea' will be measured by the spec
trometer with a solid angle Q of capture and a response function fD• Therefore 
Imea can be expressed as 

(42) 

The concentration of radiative recombination centres involved in the analysed CL 
peak can be derived from the comparison of the measured intensity with a theoret
ical calculation of the CL intensity. In practice, in order to reduce the uncertainty in 
the calculation of the instrumental factor, fD, a standards based approach can be 
used similar to the quantitative X-ray analysis procedure with the EPMA. The inten
sity ratio (k-ratio) between the CL intensity measured at the surface of the speci
men and a reference compound gives a first approximation of the concentration of 
recombination centres. The exact concentration being obtained by applying to the 
experimentally measured concentration a set of correction factors accounting for 
the photon generation and emission in the unknown and reference materials. 

(43) 

where k is the intensity measured at the specimen surface relative to that mea
sured from the reference material, fz expresses the differences in the number of 
generated photons in the analysed and reference specimens, fA is the absorption 
correction factor and fp the fluorescence correction term. 

6.3.1 
Cathodoluminescence Intensity Measurement: 
Curve Fitting 
Identification of the REE elements in a wide band gap host is often difficult espe
cially when a number of different REE impurities are present due to peak overlap, 
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polarisation artefacts and REE coordination effects (peak shift and broadening as 
well as intensity variations). The CL emission spectrum of a luminescent rare 
earth ion exhibits several lines of different energies each of these lines consisting 
of multiplets. Comparison of the relative peak height of the CL emission lines is a 
sufficient approximation for a qualitative analysis as illustrated above for Er and 
Dy impurities in zircon. However these overlaps cannot be neglected with a quan
titative interpretation of the CL data and spectral decomposition must be applied 
using curve fitting techniques. 

The observed line shape as a function of the energy, peE), of any spectroscop
ic feature is given by the convolution product of the physical width of the anal
ysed phenomenon L(E) with the instrumental broadening function G(E) accord
ing to 

p(E)=fL(E-E') G(E)dE (44) 

which assumes that both the physical energy width of the emitted lines and the 
response function of the equipment over the full analysis energy range must be 
known. 

In practice, a least squares fitting technique of the observed data to an analyt
ical description of the spectroscopic features is more often applied rather than a 
rigorous mathematical deconvolution procedure. Such least squares fitting tech
niques are used on a routine basis for EDS X-ray spectra and have been applied 
by Remond et a1. (1993, 1996) to WDS X-ray spectra. 

The Gaussian peak parameters of a CL emission band can be determined 
using 

() I" )e [ ((Ep,"k - E; ))2] ICL E; =Ipeak \F peak xp -2.773 FWHM (45) 

where ICt is the intensity at energy Ej , Ipeak is the intensity at the Gaussian peak, 
and FWHM is the energy width of the peak at half the peak height. 

Spectral peak fitting should only proceed: (1) once the data has been correct
ed for the system, and (2) after the spectral data have been converted from wave
length space into energy space using 

I(E)=I(A)).,z and E(eV)= 1239 
A(nm) (46) 

This conversion is required as CL intensity is conventionally measured as photons 
per wavelength interval, !lA, not energy interval, 

M = h~ M (which is obtained by differentiating E = he ). 
X A 
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In many cases CL emission peaks overlap and fitting procedures are required to 
determine the Gaussian peak parameters for each CL emission peak. The "good
ness of fit" is generally given in terms ofaX2 value 

(47) 

where 1m is the measured CL intensity and for N peaks 

(48) 

Equation (48) may not yield a unique solution due to the large number of fitting 
parameters (3xN) when Gaussian peaks are fitted to a single CL spectrum. How
ever, a unique solution can often be obtained by tying peak parameters together 
and simultaneously fitting a number of CL spectra measured with a range of 
beam currents giving different integrated peak intensities. 

Depending on the resolution of the spectrometer and the physical width of the 
CL emission, the CL peak proflie may be intermediate between a Gaussian and a 
Lorentzian distribution. Rather than a pure Gaussian profile (Eq. 48) the use of a 
pseudo-Voigt distribution as a fitting function should be preferred, i.e., a linear 
combination of a Gaussian and a Lorentzian in proportion CG and CL successively. 

P (E)=CG G(E)+CL L(E) (49) 

where G(E) and L(E) are Gaussian and Lorentzian distributions centred at the 
same position and having the same width. 

The CL emission spectra from the REE doped zircon standards can be used to 
generate REE peak parameters (position, FWHM and relative intensities of the 
complex lines) and enable accurate REE peak deconvolution in natural specimens 
with a number of REE present. It is tempting to develop a data base of these 
parameters derived from the spectral analysis of the synthetic doped zircon crys
tals, as shown in Fig. 28, for a high resolution CL spectrum from a synthetic Dy 
doped zircon. The parameters can be used in the fitting function (Eq. 48 or Eq. 49) 
when applying the least squares fitting technique to the CL spectrum of an 
unknown specimen. However, there are a number of practical limitations if gen
erating such a data bank: 
1. The reference peak parameters can only be used with spectral data measured 

under identical spectral resolution conditions, slit width, as the REE peaks are 
generally a multiplet comprised a number highly overlapped narrow emission 
peaks. Therefore, the unknown specimen must have a CL emission yield with 
the same order of magnitude compared to that of the reference materials. 
Unfortunately this situation is not generally the case when analysing natural 
and synthetic standard specimens. 

2. In the fitting procedure, all spectroscopic features present in the CL spectrum 
to be processed must have a corresponding fitting function. Spectral analysis 
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of synthetic REE doped crystals show that a Gaussian peak profile is a suffi
cient approximation for describing the CL peak shape. However it is often dif
ficult to obtain CL peak parameters either theoretically or experimentally. The
oretical models require a detailed knowledge of: (1) the vibrational properties 
of the matrix, and (2) the degree of electron-phonon coupling between the 
electronic states of the luminescent centre and the vibrating lattice. Experi
mental peak values require well-characterised synthetic crystals with a pre
determined defect structure. High temperature crystal growth using controlled 
atmosphere furnaces can be used to produce synthetic crystal. However, crys
tal fabrication procedures are often experimentally demanding and time con
suming. For these reasons, curve fitting broad CL emission by adding a num
ber of Gaussian (Eq. 45) or pseudo-Voigt profiles (Eq. 46) can produce erro
neous results. 

3. A large numbers of parameters are involved in the analytical description of all 
features present in a complex experimental spectrum. In order to reduce the 
number of variables in the fitting procedure, some of the variables must be 
coupled together, as discussed by Remond et al. (1993, 1996) for processing X
ray spectra. However, in order to use such constraints in the fit, it is essential 
that the parameters that are coupled together remain independent of the 
experimental conditions used. However, this condition is difficult to maintain. 
In REE doped zircon for example, the use of constraints is not possible as the 
CL lines consist of complex multiplets with different polarisation characteris
tics peak width and relative intensities in natural and synthetic crystals 
(Fig. 27). There is little doubt that the type of structural defect and/or impuri
ties, which provide charge compensation for the Dy3+, leads to the observed 
differences in the Dy3+ emission characteristics. 

Fig. 28. Gaussian peak fit 
for the sharp CL emission 
from a Dy doped zircon 
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For the reasons mentioned above, no attempt has been made to process the CL 
spectra measured from the natural zircon specimen using the results derived 
from the spectral analysis of the synthetic doped zircon crystals. In addition, the 
relative intensities are expected to also depend on instrumental factors such as 
the polarisation effect induced by optical reflection from the metallic light collec
tor (see Sect. 4.2.2). 

6.3.2 
K-Ratio Determination: 
Choice of Reference Materials 
There is often a number of suitable reference compounds for quantitative X-ray 
analysis using high energy X-ray photons involving transitions on core levels. 
There is less choice for the case of soft X-ray emission bands involving valence 
electrons, as the shape of the X-ray bands is dependent on the chemical envi
ronment. As also reported by Bastin and Heijlinger (1991a) for the case of the B 
Ka emission band the intensity of the emission depends on the polarisation 
effect induced by the monochromator. Furthermore, the intensity of soft X-ray 
emission bands measured from strongly insulating materials depends on the 
internal electrical fields which develop within the material as a result of charge 
trapping mechanisms. In addition to the change in intensity due to the change in 
the ionisation distribution function compared to that occurring for an electrical 
conductive material, some additional features may appear on the X-ray peak, as 
reported by Fialin et al. (1994, 1995). These authors observed that high energy 
satellite lines were present in the 0 Ka emission spectrum of a synthetic a-alu
mina crystal but were absent in a natural sapphire crystal. The authors attribut
ed the satellite peak to transitions from discrete states located in the band gap to 
the 0 1 s vacancies. For quantitative analysis using soft X-ray emission band it is 
thus essential that both the analysed specimen and the reference materials have 
the same physical properties (defects) and not only similar composition. 

It is evident from the previous comparisons between CL properties of natural 
and synthetic zircons that the CL peak shape and the relatives intensities of the 
CL lines will vary as: (1) a function of the chemical environment and (2) the 
polarisation effect resulting from the CL generation mechanisms and from 
instrumental factors. In addition the CL emission of a particular trivalent rare 
earth ion depends on the host crystal lattice, as illustrated by Blanc et al. (this 
VoL). 

As a consequence, the same restrictions apply in the choice of reference mate
rials for CL quantitative analysis as those mentioned above for quantitative anal
yses using soft X-rays. 

Presently, quantifying CL emission spectra from crystals randomly orientated 
in a natural sample is impossible. Quantitative analysis from synthetic crystals 
grown under controlled conditions is still difficult as will be illustrated by the fol
lowing example. 

In order to investigate the feasibility of quantitative CL analysis, CL and X-ray 
spectra were measured from several areas within a single synthetic Dy doped zir
con. Phosphorous has been added to these crystals to provide charge compensa
tion (Cesbron 1995). 



Importance of Instrumental and Experimental Factors 109 

For these investigations the SEM installed at UTS equipped with both the CL 
spectrometer and a wavelength dispersive X-ray spectrometer was used. This 
combined CL and WDS spectrometer allowed the CL and WDS data to be rigor
ously measured from the same locations at the zircon surface. 

The analysed synthetic crystal exhibits spatial variations in its CL emission 
properties as shown on the panchromatic CL image in Fig. 29. The CL emission 
spectra measured from the three areas labelled 1,2 and 3 are given in Fig. 30 .The 
Dy LX X-ray peaks measured at the same three areas are shown in Fig. 31. 

From the CL emission spectra it appears that the intensity of the Dy lines at 485 
and 585 nm as a function of the analysis location is consistent with the brightness 
changes observed in the panchromatic image, i.e. the higher the intensity of the 
Dy line the higher the brightness of the CL emission. This result contrasts with the 
variations of the Dy La X-ray intensities indicating that: 
1. The Dy La intensity is the highest in area 3 which corresponds to an interme

diate brightness on the panchromatic CL image. 
2. Areas 1 and 2 which exhibit a large difference in CL yield on the panchromat

ic image do not show significant variations in the Dy La peak height. 

From the comparisons between CL and X-ray data acquired in the same instru
mental conditions, it becomes apparent that: 
1. The brightness variations on the panchromatic CL image are consistent with 

the variations in the CL intensity of the Dy CL lines. 

Fig. 29. Panchromatic CL image (700x700 flm) of a synthetic Dy doped zircon 
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Fig. 30. CL emission spectra (corrected for instrumental response) measured from areas marked 
1,2 and 3 in Fig_ 29 

2_ The contrast of the panchromatic CL image are dominated by the intensity 
variations of the characteristic lines rather than by the UV emission bands of 
lower intensity. 

3. Identical contrast should be obtained for the panchromatic and selected wave
length images corresponding to the Dy emission lines. 

4. The contrast of the CL images does not correspond to the variations in the 
mass concentrations of the Dy impurity incorporated in the synthetic zircon. 

In order to explain the discrepancies between CL and X-ray data, several tentative 
explanations can be proposed: 
1. The Dy La X-ray emission lines result from transitions on core levels and are 

not sensitive to the chemical environment as observed with the Dy CL emis
sion lines. Consequently, only a part of the total fraction of the Dy concentra
tion measured from X-ray data may contribute to the CL emission, depending 
upon the crystallographic localisation of the Dy ions. 

2. The role which the phosphorus plays in the CL emission process_ 
- Quenching of the CL due to the high concentration of Dy ions inducing the 

formation of Dy cation pairs. 
- An increase in defect related recombination centres as suggested by the 

change in the shape and intensity of the UV emission band (see Fig. 30). 
The higher the P concentration, the more intense the UV band near 330 nm 
with the presence of a new band near 370 nm. This defect centre could have 
a high probability of radiative recombination leading to a decrease in the 
CL intensity_ 
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Fig. 31. Dy Lo: X-ray peaks measured from areas 1,2 and 3 marked in Fig. 29 

A third possible explanation for the observed difference between CL and X-ray 
data could be a crystallographic effect between the three different analysed areas 
resulting in intensity variations due to polarisation effect or to a difference in 
internal reflections on differently orientated crystallographic planes. 
The polarisation effect was investigated by measuring the CL Dy lines for two suc
cessive positions of the specimen rotated by 90°. From the data in Fig. 32 it is 
shown that the emission measured from area 2 remained independent of the 
specimen orientation while spectra from areas 1 and 3 revealed relative intensity 
changes of some of the Dy multiplets around 585 nm. 

Based on these observations, the bright area in Fig. 29 may correspond to a 
crystal habit where the optical axis is parallel to the direction of the incident 
beam while areas 1 and 3 have different crystallographic orientations. 

As shown in Fig. 32 the highest polarisation effect occurs in area 1 which cor
responds to the highest density of structural defects. This may lower the symme
try of the recombination centre and consequently the increase of the magnitude 
of the polarisation effect. 

In summary, for Dy doped zircon, the intensities of the UV and blue emission 
bands are low compared to those of the characteristic lines. For this reason the 
contrast in the panchromatic image corresponds to the local changes in the inten
sity of the Dy CL emission lines which however do not correspond to the changes 
in the concentration of that ion. 

The interpretation of the contrast of a CL image in terms of the local variations 
of a particular trivalent rare earth ion is impossible when broad emission bands 
have a larger contribution to the contrast of the image than that of the character
istic line as is the case for natural zircons. 
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In addition, CL measurement and interpretation problems are also encoun
tered when comparing CL images obtained using an optical CL microscope with 
those collected with a scanning CL system. The wavelength response of these sys
tems is often significantly different especially in the UV region and CL images 
measured from the same region of a specimen can result in major differences in 
CL contrast. For example, Remond et al. (l995a) have reported contrast reversal 
around the perimeter and core of Ce-doped zircon crystals in panchromatic CL 
images measured with an optical and SEM CL system. This effect is due to the fact 
that the measured CL intensity results from the integrated CL emitted intensity 
convoluted with the response function of the CL equipment. With an optical CL 
system the photons are measured through a glass isolation plate which strongly 
absorbs in the UV region whereas the SEM system efficiently measures the UV CL 
emission. These effects are particularly important when investigating CL emis
sion from wide band gap materials. 

6.3.3 
The Matrix Effect 
According to Eq. (43), the concentration of the recombination centres can be 
derived from the experimental concentration by means of correction factors 
expressing the number of generated photons and the interactions between the 
generated photons and the matrix. The number of generated photons resulting 
from the primary excitation by the incident electrons is given by Eq. (5) (Sect. 3.1) 
which has been established for the case of semiconductors. The validity of such 
an equation for an insulating material will be discussed in Sect. 7 below. For wide 
band gap materials the absorption correction factor can, in a first approximation, 
be neglected. In optically transparent materials, the extinction coefficient is small 
relative to that for a semiconductor so the absorption effect over the optical path
length within the escape cone is small. For wide band gap materials, the direct 
recombination of charges through the band gap and the emission associated with 
deep level crystal lattice imperfections occurs in the UV. These short wavelength 
photons have a sufficient energy to produce a secondary photoluminescence 
emission and in certain circumstances can be dominant over the primary emis
sion in wide band gap materials. 

Photoluminescence excitation spectra for Dy3+ photo-emission in zircon, 
shown in Fig. 33, reveal that the UV CL around 300 nm overlaps with the Dy3+ 
optical absorption bands. Optical absorption by Dy3+ impurities reduces the UV 
CL signal increasing and delocalising the characteristic Dy3+ emission. The UV 
signal can be strongly attenuated when high Dy3+ concentrations are present. In 
addition, the UV induced Dy3+ luminescence increases the CL emission genera
tion volume reducing the CL spatial resolution. More investigation in the mecha
nisms of production of CL photons in wide band gap materials are required 
before any attempt at quantitative interpretation of CL spectra. 

In wide band gap insulating materials, thermal effect sand charging phenom
ena must also be accounted for, but it is impossible in the present state of the art 
to propose an experimental procedure allowing one to evaluate these effects. 
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Fig. 33. Excitation and emission photoluminescence spectra from a natural zircon 

7 
Future Developments: 
Combining Cathodoluminescence and X-ray Data 

7.1 
Analogies Between Cathodoluminescence 
and X-ray Photons 

There are a number of analogies between CL and X-ray emission even though 
there is a significant difference between the energy of the respective types of pho-
ton emission: 
1. Electron beam induced X-ray and CL photons result from the dissipation of 

the primary beam energy via the creation of electron-hole pairs followed by 
electronic rearrangement and emission of photons. For both types of emission, 
the energy of the emitted photon is dependent on the energy levels involved in 
the radiative transitions. 

2. Electronic transitions between electron-hole pairs on core levels lead to nar
row atomic X-ray lines whose energies are characteristic of the emitting atoms 
and whose intensities are proportional to the concentration of the atoms. Like
wise electron-hole pair recombination on energy levels of incompletely filled 
3d or 4f shells of a luminescent ion produces CL photons whose energy is char
acteristic of that ion (quasi-atomic emitting system). 
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3. Electronic transitions between electron-hole pairs involving valence electrons 
produces broad X-ray bands whose energy positions and shapes depend on the 
chemical environment and chemical state of the emitter, e.g., 0 Ku or the L X
ray emission series of first order transition elements. Similarly electronic rear
rangement involving valence electrons and holes on recombination centres 
leads to CL emission bands whose energy and shapes depend on the chemical 
state (oxidation state and coordination) of the emitter. 

These similarities between X-ray and CL emission strongly suggest that CL 
microscopy and microanalysis could complement X-ray microanalysis in: (1) 
trace element analysis of ions with incompletely filled subshells and (2) chemical 
environment studies. In addition, CL spectral analysis as a function of the excita
tion conditions and irradiation time should contribute to a better understanding 
of electrostatic charging phenomena resulting from charge trapping on point 
defects in wide band gap materials subjected to the electron irradiation. 

Quantitative X-ray microanalysis using electron probe techniques is widely 
recognised as a routine method for the microanalysis of minerals. Detailed ana
lytical models have been developed over the past 30 years which allow the mass 
concentrations of the analysed elements to be determined from the measured X
ray intensities. The versatility of these models permits the use of reference mate
rials with different composition and crystallographic properties from the anal
ysed specimens. However, there are still difficulties in obtaining accurate quanti
tative analysis when soft (low energy) X-ray emission bands are added in the 
analytical procedure. This situation is very similar to that encountered when 
studying the CL properties of wide band gap materials. For wide band gap min
erals CL microanalysis is not routine and the interpretation of spectra and images 
remains difficult. Therefore it is clear that improvement in the analytical models 
are required for both soft X-ray and CL microanalytical studies and that concur
rent CL and soft X-ray studies could provide a significant contribution to the 
progress of both analytical techniques. 

7.2 
Problems To Be Investigated 

7.2.1 
Strategy for Obtaining Reliable 
Cathodoluminescence Intensities 
There have been significant advances in both soft X-ray WDS and CL instrumen
tation over the past few years which both involve improved sensitivity ranges via 
detectors in CL and synthetic multilayer diffraction monochromators in WDS. 
However, it must be stressed that enhanced detection (i.e. measurement efficien
cy of the instrumentation) does not imply enhanced analysis and in both tech
niques reliable interpretation methods are still to be fully developed. A major dif
ficulty with both techniques is the accurate measurement of the absolute emitted 
photon intensity especially when the photon emission is polarised. In CL micro
analysis intensity measurement problems arise from paraboloidal mirror collec
tor due to: (1) difficulties in precise, reproducible collector alignment and (2) the 
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dependence of the reflectance efficiency on the polarisation state of the incident 
light. The magnitude of the polarisation effect depends on the emission wave
length and the type of diffraction grating (see Sect. 4.2.3). 

It is still difficult to derive accurate intensities from an experimental CL spec
trum. More frequently broad emission bands and narrow fine structures are 
simultaneously present. In order to measure the intensity of each feature by 
means of a least squares fitting techniques, the shape of the spectral component 
must be known to be described by an appropriate analytical function. Such a 
description must account for both the generation mechanism and the instru
mental factors. An emission line given by a grating monochromator is mostly 
Gaussian but the physical width of a CL emission component depends on many 
factors and varies as a function of the chemical environment so that the convolu
tion product of both effects may lead to complex peak shapes 

Warwick (1987) has suggested that an analysis procedure similar to the X-ray 
ZAF technique could be developed for CL analysis of semiconductors. The proce
dure is based on the assumption that the CL intensity associated with a given 
recombination centre in a semiconductor is approximately proportional to the 
product of the concentration of the luminescent centre and the minority carrier 
lifetime. However Warwick (1987) noted that it will be necessary to include a fac
tor related to the recombination time of the luminescent centre in order to apply 
a correction procedure similar to that used for X-ray spectrometry. 

7.2.2 
Prediction of the Number of Generated Photons 
The generated intensity per incident electron is proportional to the number of 
ionisations, nA, of a given energy level of an atom A, resulting from the interac
tions of an incident particles with the atoms A present. 

7.2.2.1 
X-ray Emission 
For X-ray emission, the number of generated photons resulting from the inelastic 
scattering events, nx' is 

(50) 

where co is the fluorescence yield and nA is the number of ionisations of a given 
energy level of atoms A present in weight concentration CA in the specimen giv
en by: 

(51) 

with N° Avogadro's number, Eo the incident energy, Q(E) the ionisation cross sec
tion of the energy level involved in the transition (probability per unit path length 
of an electron with a given energy causing ionisation of a particular inner shell) 
and with F given by: 

F=J<p(pz) dpz (52) 
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The function <p(pz) is the distribution of the number of generated photons as a 
function of depth, i.e. the ratio between the X-rays generated within a thin layer 
of thickness ~pz at mass depth pz in the specimen normalised to that generated 
within a free unsupported layer of equal thickness, ~pz. 

The emitted intensity at the specimen surface is thus given by: 

Iem = J<P (pz)exP-ll/ppzcosecedpz=f(X)Igen (53) 

and the absorption correction factor f(X) can be derived from the ionisation dis
tribution function. 

For X-rays, analytical expressions of <p(pz) have been proposed by Merlet 
(1992a,b), Packwood and Brown (1981) or by Pouchou and Pichoir (1984, 1991). 

Pouchou and Pi choir (1984, 1991) used a polynomial analytical description of 
the <p(pz) curve for describing the shape of the distribution of the ionisation as a 
function of depth due to the elastic and inelastic scattering of the incident elec
trons. The area, F, below the curve gives the number of ionisations (proportional 
to the number of generated photons) and is calculated theoretically by an evalu
ation of the atomic number correction 

F=(RIS)Q(E) (54) 

where R is the fractional energy loss due to BSE (i.e., the ratio between the total 
number of photons actually generated in the sample and the total number of pho
tons which should be generated in absence of back scattering effect) and 1/S is the 
stopping power 

S=( -l/p)( dE/dx) 1 (55) 

where dE/dpx is the energy loss per elementary electron trajectory dpx given by 
the Bethe's law 

(56) 

where Ex is the energy of the electron after traversing a path length, x, and J is the 
mean ionisation potential. 

Packwood and Brown (1981) proposed an analytical parametric description of 
the <p(pz) curve according to a model called modified surface Gaussian (MSG) 
expressed as: 

<p(pz)=)'Oe-(aPZ)2[ 1-{ ()'O-<p(O)e-~pz)/)'O} 1 (57) 

The coefficients included in the above relation have been discussed by Packwood 
and Brown (1981). These parameters reflect the electron-matrix interactions and 
depend on the electron energy, the absorption edge energy, the mean ionisation 
potential, the backscatter electron coefficient and the surface ionisation <p(0). 
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The advantage of the above expression is that numerical integration is straight
forward. which allowed the authors to propose a general formula for the gener
ated and emitted intensities from a homogeneous bulk specimen, a thin unsup
ported layer, a buried layer in the matrix or a gradient of composition as a 
function of depth (Packwood 1991; Packwood and Remond 1993; Remond et al. 
1995b). 

7.2.2.2 
Cathodoluminescence Emission 
For CL emission, the concept of expressing the intensity of the generated CL pho
tons within the excitation volume (see Eq. 5 in Sect. 3.1) is similar to that use for 
the X-ray emission, i.e., a term expressing the depth dependence of the CL emis
sion and a term expressing the proportionality between the number of generated 
photons and the number of ionisations. This proportionality is expressed by the 
fluorescence yield 0} for X-ray photons (Eq. 50) and by the recombination rate RR 
(Eq. 8) for the case of CL. 

For CL, most of the parameters are derived from experimental observations in 
contrast to those used for X-ray analysis, which are derived from theoretical stud
ies of the energy loss mechanisms for the incident electrons travelling into the 
solid. Future developments to improve the quantitative interpretation of CL data 
will depend on developing a theoretical model for CL generation as a function of 
depth. 

Measurements of light generation have been used to determine two-dimen
sional energy loss profiles in luminescent materials. The depth dependence of the 
CL emission is often expressed in terms of the universal Everhart-Hoff depth dose 
function g(z) which is normalised to the RKO depth penetration of the electrons 
(Eq. 6) and the area below the g(z) curve is equal to unity. 

The depth distribution of the CL emission results from empirical observations 
showing: (1) a correlation between the isocontours of energy dissipation (Evehart 
et al.1972) and, (2) the isocontour ofluminous intensity as revealed by the exper
iments in which the trace of the CL volume was photographed (Ehrenberg and 
Franks 1953; Ehrenberg and Kings 1963). The Gaussian form for the universal 
normalised depth dose function (Eq. 6 in Sect. 3.1) results from a curve fitting 
procedure and does not contain any physical parameters like those included in 
the <p(pz) function developed for X-ray photon emission. Consequently, the CL 
intensity given in Eq. (5) as the product of two independent terms, the generation 
factor term (G) and the energy (Eeh ) required to produce an electron/hole pair, 
should be merged into a single expression analogous to the <p(pz) expressions for 
X-ray spectrometry. 

Equation (5) in Sect. 3.1 expresses the CL intensity as the product of a depth 
function g(z) and a generation factor G. The generation factor, G, is equivalent to 
the term R/S (atomic number correction) in Eq. (54) for X-ray generation. How
ever, the generation factor includes the loss energy factor R due to backscattering. 
Note that the term (l-R) in the CL generation factor (Eq. 6) is often estimated as 
half of the backscatter coefficient (Holt and Yaccobi 1990; Leamy 1982.). A more 
rigorous estimation of the energy loss due to backscattering should be used, such 
as the expression for X-ray analysis with the EPMA derived by Duncumb and 
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Reed (1968) considering the energy distribution of backscattered electrons and 
not only the number of BSE. Another parameter to be optimised to model CL gen
eration is the ionisation cross section of the energy level involved in the CL tran
sition. In Eq. (2), the amount of energy required for the production of an elec
tron/hole pair is approximated as ",,3 Eg• This approximation is only valid for the 
intrinsic emission resulting from recombination of electrical charges across the 
band gap, Eg• A more accurate definition of this parameter is required when con
sidering the excitation of a luminescent ion. 

As for X-ray generation, the CL emission results from the recombination of 
the electrical charges created as a result of inelastic scattering interactions of the 
incident electrons with the solid. The creation of electron/hole pairs results from 
all mechanisms of dissipation of the energy of the incident electron beam. 
Bethe's formula for the stopping power expresses a continuous slowing down of 
the electron energy into the specimen and is the sum of theoretical stopping 
power for conduction electrons, plasmon formation, inner shell ionisation and 
valence electron excitation (Shimizu and Ding Ze Ju 1992; Ding Ze Ju and 
Shimizu 1996). 

A difficulty in modelling the depth distribution of the generated CL photons is 
to determine which of the energies produced in the specimen during the multiple 
inelastic scattering events contribute to the CL emission. The electron/hole pairs 
involved in the radiative CL transitions produced by the highly energetic elec
trons, which suffer only a few inelastic collisions with the atoms, by the low ener
gy secondary electrons, by the Auger electrons, plasmon decay and/or by the pho
toelectrons resulting from the interactions between the generated X-ray photons 
and the matrix. In order to develop a theoretical model for CL depth generation 
the relative contribution of each of these generation mechanisms must be deter
mined as each process has a different spatial distribution. 

Future improvement in the quantitative interpretation of CL data strongly 
depends on developing a physical description of the depth distribution of the CL 
photons generation. Experimental measurements using the tracer method and 
theoretical Monte-Carlo calculations must be carried out to develop a model sim
ilar to the q>(pz) curve for X-rays. A theoretical model for the X-ray depth distri
bution has been developed by using a known element embedded in a matrix at 
various depths emitting characteristic X-ray radiation. For CL, the use of a tracer 
approach is more complicated due to charge trapping at the embedded layer 
interface. In addition, the use of CL reference materials doped under controlled 
conditions with known impurities remains questionable. Intrinsic defects with 
short recombination times produced during fabrication may have a significant 
effect on the CL emission. Subsurface charging due to charge trapping at intrin
sic and extrinsic defects as well as dislocations and grain boundary can modify 
the depth distribution of electron/hole pairs. Monte-Carlo calculation accounting 
for charging effect leading to distortions in the spatial and energy distribution, as 
discussed by Jbara et al. (1997), should be extended to the case of CL production 
and emission. 
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7.2.3 
Effect of Charge Trapping on Cathodoluminescence 
and X-ray Spectra of Insulators 

GUY REMOND et al. 

Charge trapping mechanisms are responsible for the development of retarding 
potentials reducing the kinetic energy of the incident electrons as a function of 
the irradiation time leading to a time dependence of the number of generated 
events during the inelastic scattering processes. In addition, the presence of these 
electrical fields modifies the depth distribution of the electrons scattered into the 
solid during the inelastic scattering processes. 

In a study of the CL properties of natural ZnS crystals, Remond (1977) 
observed a change in the colour of the CL emission as a function of the electron 
beam diameter. A natural ZnS specimen containing Cu and Ga as impurities 
exhibited a red CL emission when the incident electron beam was a few hundred 
microns in diameter. However when the beam diameter was reduced a blue-green 
hue was observed. The change in the CL colour observed at the surface of the nat
ural specimen was postulated to result from an electroluminescence effect which 
is dependent on the irradiation dose. The dependence of the CL spectral distri
bution on the excitation conditions can tentatively be associated with the build
up of internal electrical fields due to charge trapping on some of defects which 
lead to electroluminescence mechanisms. Similar spectral changes between pho
toluminescence and electroluminescence of synthetic Cu and (Mn, Cu) doped 
ZnS crystals have been reported by Mattler and Ceva (1963). 

The electrostatic fields produced by charge trapping at lattice defects produces 
a complex relationship between the CL intensity (Eq. 12 in Sect. 3.2) with the pri
mary beam current, the beam diameter and the irradiation time. 

The presence of surface and bulk charging phenomena in insulators can be 
confirmed by examining the X-ray spectral and intensity changes as a function of 
the irradiation condition. In a conductive specimen the maximum energy of 
emitted continuum X-ray photons, the Duane-Hunt limit, is equal to the energy of 
the primary electron beam. In uncoated insulating specimens a lower Duane
Hunt cut-off with respect to the incident energy indicates the presence of a 
retarding potential. The difference between the energy of the primary beam and 
the Duane-Hunt limit can be used to measure the retarding potential generated 
by the subsurface trapped charge (Bastin and Heijlingers 1991b; Remond et al. 
1994). The time dependence of the Duane-Hunt limit measured on X-ray spectra 
and the time dependence of the CL emission with the irradiation time should 
contribute to a better understanding of surface and bulk charging phenomena. 

As reported by Cazaux and Le Gressus (1991), macroscopic charging phenom
ena result from microscopic causes i.e., the presence of structural defects acting 
as charge traps. Charging phenomenon is a time dependent effect resulting from 
trapping and detrapping mechanisms which will affect the measured intensity as 
a function of the irradiation time. Time dependence analysis should be used to 
extrapolate the CL intensity which should be measured at zero irradiation time, 
i.e., in the absence of charging effect. Time resolved analysis should also be used 
in order to identify the defects acting as traps. Combining CL and thermolumi
nescence studies in the same equipment should also lead to a better understand
ing of the CL mechanisms. 
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7.2.4 
The Absorption Factor 
Although the absorption of CL is weak due to the low absorption coefficient of 
transparent materials, its effect cannot be completely neglected. The absorption 
factor f(X) is the Laplace transform of the depth distribution of the CL photons 
and a better description of this depth generation factor should also be accompa
nied by an improved correction for the absorption effect. This correction is most 
relevant for secondary excitation by UV photons which can propagate at much 
greater distances than the electrons responsible for the direct excitation of the CL 
photons. The absorption correction factor takes the form 

8, 
IgenL,exp( -azcosecO, ) 

o 

where ex is the absorption coefficient for the analysed radiation by the matrix, z is 
the linear depth below the specimen surface and e is the take-off angle of the 
detector. As previously discussed, the angle of the cone for the emitted CL rays 
depends on the refractive index and may vary to a large extent (see Table 1 in sec
tion 3.3). As a consequence, the value of the take-off angle to be used in the 
absorption factor has to be investigated. 

7.2.5 
Specimen Preparation: 
Defects Induced by Mechanical Polishing 
A well-defined detector, specimen and electron beam geometry are essential for 
qualitative CL and X-ray microanalysis. With identical geometry, variations in 
the photon emission can then be attributed to changes in local chemistry rather 
than variations in the surface topography of the specimen. Therefore the surface 
of the specimen must be polished to an optical finish. Mechanical polishing is 
carried out using successively smaller abrasive particles until surface scratches 
are no longer optically visible. The grinding mechanism depends on the nature 
of the substrate to be polished, the pH of the fluid (used to lubricate and dis
perse the abrasive) and on the properties of the polishing disc. In order to pen
etrate into the disc material and to create a scratch at the surface of the speci
men, the grain of abrasive must be solidly fixed to the polishing disc. Thus for a 
given load on the grains, the penetration depth will depend on the hardness of 
the disc material and on the physical properties of the materials to be polished. 
During and following mechanical polishing of solids, subsurface damage result 
from fissure propagation. Subsurface composition changes may also result from 
high energies deposited within a small volume of material leading to, produc
tion of highly localised heat, creation of excitations and defects in the material, 
production of dangling bonds and trapped electrons, emission of excited and 
reactive species into the gas phase and separation of charges leading to the cre
ation of intense electric fields for many insulating materials. The creation of 
charge trap defects resulting from mechanical polishing has been illustrated by 
Remond et al. (1994) by studying the Duane-Hunt limit changes on EDS spectra 
from uncoated ZnS crystals polished using several polishing procedures. The 
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effect of polishing in terms of both topography and induced defects has to be 
investigated for both X-ray and CL emissions. 

In -depth analysis by varying the incident energy should provide the depth dis
tribution of structural defect centres created during specimen preparation or 
during electron irradiation (Stevens Kalceff and Phillips 1995a,b; Stevens Kalceff 
et al.1996, 1999). Depth concentration profiles C(z) of recombinations centres can 
also be derived from the CL measured and calculated intensities using an analyt
ical model describing the number of CL photons generated as a function of depth, 
as is done for the case of X-ray spectrometry applied to the study of layered or ion 
implanted specimens (Remond et al. 1995b). 

The future in the improvement of CL quantitative analysis is the development 
of an analytical description of the depth generation of CL photons analogous to 
the depth distribution of ionisation (known as the <p(pz) function) in X-ray spec
trometry. 

8 
Conclusion 

In the 1960s, Curie, in his text book, Luminescence in Crystals (1963), wrote 
"Among the various kinds of luminescence, that excited by cathode rays would 
appear to have been the subject of most practical applications in recent years 
(e.g. cathode-ray tubes for oscilloscope, monochrome and colour television, 
radar, etc.). In contrast to the large amount of experimental effort in such appli
cations relatively little attention has been given to a better understanding of the 
mechanism of the phenomenon". Forty years later this statement is still valid, 
especially regarding insulating materials and when compared with developments 
in the quantitative interpretation of X-ray spectra generated with SEM and 
EPMA techniques. For small band gap semiconductors, quantitative interpreta
tion of CL data has been developed based on the solution of the diffusion equa
tion for electron/hole pairs and the normalised depth-dose distribution of the 
dissipated energy. However, for wide band gap materials, such as natural and 
synthetic silicate minerals, this type of quantitative approach is still speculative. 
For an accurate description of the mechanisms of production and emission of CL 
photons it is important to account for the ionisation cross sections of all energy 
loss processes occurring during the inelastic scattering interactions. Experiments 
using the tracer method and theoretical Monte-Carlo calculations should provide 
a more accurate description of the CL generation depth function that is the basis 
of quantitative interpretation of CL data. For wide band gap materials more rig
orous investigations are needed to understand and account for the secondary CL 
emission induced by the energy transfer from intrinsic and defect related UV 
emissions to other luminescent centres. Furthermore, a correction for electro
static charging phenomena must be developed and included into either the 
experimental or analysis procedure when using CL and soft X-ray emission 
bands to analyse wide band gap materials. This correction procedure is required 
to account for differences in the spatial and energy distribution of the electrons 
in insulators when compared with conductive materials. The slow development 
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in the quantitative interpretation of CL spectra from insulators is mainly due to 
the fact that the CL emission has often been considered as a nuisance, interfer
ing with the conventional (SE, BSE and X-ray) signals used for the microcharac
terisation of materials in the EM and EPMA. Over the past 30 years most of the 
efforts have centred on CL optical microscopy although the interpretation of the 
images still remains contentious due to the absence of a fundamental under
standing of the observed contrast. The current status of CL is similar to the early 
years of energy dispersive X-ray spectrometry and mapping with a SEM. Inno
vative solutions were eventually found for a number problems which seemed 
insurmountable at the time and the EDS technique has now developed into a reli
able, accurate and routine quantitative microanalysis technique. It is possible that 
CL microanalysis will also develop into a conventional microanalysis technique, 
but as with EDS many problems must be solved. Future developments will ulti
mately depend on developing a detailed model that can describe the spatial dis
tribution of electron/hole pairs as a function of mass depth and excitation con
ditions. Fundamental studies of CL and soft X-ray emission performed 
simultaneously with a range of temperatures and excitation conditions should 
elucidate the main energy loss mechanisms involved in CL emission and enable 
these models to be developed and refined. 

Acknowledgements. One of us, MRP, would like to acknowledge the contribu
tion to this work by other members of the CL group at VTS, Prof. A.R. Moon and 
Dr. M.A. Stevens Kalceff. Thanks are due to F. Ngijoi for collecting some of the 
data with the CL spectrometer installed at ENSMM in Besan<;:on (France). 

References 

Bastin GF, Heijligers HJM (1991a) Quantitative electron probe microanalysis of ultra-light ele
ments (Boron-Oxygen). In: Heinrich KFJ, Newbury DE (eds) Electron Probe Quantitation. 
Plenum Press, New York, pp 145-162 

Bastin GF, Heijligers HJM (1991b) Non conductive specimens in the electron probe microana
lyzer. A hitherto poorly discussed problem. In: Heinrich KFJ, Newbury DE (eds) Electron 
Probe Quantitation. Plenum Press, New York, pp 163-175 

Blanc Ph, Baumer A, Cesbron F, Ohnenstetter D, Panczer G Remond G (1999) Systematic 
cathodoluminescence spectral analysis of synthetic doped minerals: Anhydrite, apatite, cal
cite, fluorite, scheelite and zircon. In: Pagel M, Barbin V, Blanc P, Ohnenstetter D (eds) 
Cathodoluminescence in the Geosciences, Springer-Verlag, Berlin (this Vol.) 

Bond EF, Haggis GH, Beresford D (1974) Improved cathodoluminescence microscopy. J. 
Microscopy 100:271-280 

Bresse JF, Remond G, Akamatsu B (1996) Cathodoluminescence microscopy and spectroscopy of 
semiconductors and wide bandgap insulating materials. Mikrochimica Acta Supp 13:135-166 

Buschbech F, Hod EM (1978) Electronic adding-up and storing of SEM color images. Scanning 
Electron Microscopy I: 835-839 

Cazaux J, (1986) Electrostatics of insulators charged by incident electron beams. J Microsc Spec
trosc Electronl1:293-312 

Cazaux J (1996) Electron probe microanalysis of insulating materials: Quantification problems 
and some possible solutions. X-ray Spectrometry 25(6): 265-280 

Cazaux J, Le Gressus C (1991) Phenomena relating to charge in insulators: Macroscopic effects 
and microscopic causes. Scanning Microscopy 5:17-27 



124 GUY REMOND et al. 

Cesbron F, Blanc P, Ohnenstetter D, Remond G, Rouer (1995) Cathodoluminescence of rare earth 
doped zircons. I. Their possible use as reference materials. Scanning Microscopy Supp. 9: 
35-56 

Curie D (1963) Luminescence in Crystals (translated by GFJ Gartick) Methuen and Co Ltd, Lon
don, England 

Dicke GH (1968) Spectra and Energy Levels of Rare Earth Ions in Crystals. McGraw Hill,NewYork 
Ding ZJ, Shimizu R (1996) A Monte Carlo modeling of electroninteraction with solid including 

cascade secondary electron production. Scanning (18): 92-113 
Duncumb P, Reed SJB (1968) The calculation of stopping power and backscatter effect in elec

tron probe microanalysis. In : KFJ Heinrich (ed) Quqntitative electron probe microanalysis. 
NBS Spec. Publ. 298 pp 133-154. 

Ehrenberg W, Franks (1953) The penetration of electrons in luminescent materials. J. Proc. Phys. 
Soc. 66: 1057-1066 

Ehrenberg W, King DEN (1963) The penetration of electrons in luminescent materials. Proc. 
Phys. Soc. 81: 751-766 

Everhart TE, Hoff PH (1971) Determination of kilovolt energy dissipation vs penetration dis
tance in solid materials. J. Appl. Phys. 42(13): 5837-5846 

Everhart TE, Herzog RF, Chung MS, Devore WJ (1972) Electron energy dissipation measure
ments in solids. In: Shinoda G, Kohra K, Ichinokawa T (eds) Proc. 6th International Confer
ence on X-Ray Optics and Microanalysis. University of Tokyo Press, Tokyo, Japan pp 81-88. 

Fialin M, Remond G, Bonnelle C (1994) New developments in electron probe microanalysis of 
oxygen in wide band gap oxides. Microbeam Analysis 3:211-224 

Fialin M, Bonnelle G, Remond G, Blanc P (1995) Contribution of beam induced states to the ° 
Ka peak of alumina: Consequences for electron probe microanalysis. In: Etz ES (ed) Proc. of 
the 29th Annual Conference of the Microbeam Society, VCH Publishers, New York, 199-2000 

Fielding PE (1970) The distribution of uranium, rare-earth and color centers in a crystal of a 
natural zircon. Am. Miner. 55:428-440 

Goldstein JI Newbury DE, Echlin p, Joy DC, Fiori C, Lifshin E (1992) Scanning Electron Micrso
copy and X-ray Microanalysis. Plenum Press, New York and London 

Goni J, Remond G (1969) Localization and distribution of impurities in blende by cathodolumi
nescence. Miner. Mag. 37(86): 153-156 

Henderson B, Imbush GF (1989) Optical Spectroscopy of Inorganic Solids. Clarendon Press, 
Oxford 

Holt DB, Napchan E (1994) Quantitation of SEM EBIC and CL signals using Monte Carlo elec
tron-trajectory simulations. Scanning 16: 78-86 

Horl EM, Roschger P (1980) CL SEM investigations of biological material at liquid helium and 
liquid nitrogen temperatures. Scanning Electron Microsc. I: 285-292 

Iacconi P, Caruba R (1984) Trapping and emission centres in X irradiated zircon. Characterisa
tion by thermoluminescence. Phys. Chern. Minerals 11: 195-203 

Iacconi P, Deville A, Gaillard B (1980) Trapping and emission centres in X irradiated zircon. (II); 
Contribution of the Si044• groups. Phys. Stat. Sol. (a) 59: 639-646 

Jbara 0, Cazaux J, Remond G, Gilles C (1996) Halogen ion electric field assisted diffusion in flu
orite and polyvinyl chloride during electron irradiation. J. Appl. Phys. 79: 2309-2313 

Jbara 0, Potron P, Mouze D, Cazaux J (1997) EPMA of insulating materials X-Ray Spectrometry 
26:291-302 

Kanaya K, Okyama S (1972) In: Goldstein JI Newbury DE, Echlin P, Joy DC, Fiori C, Lifshin E 
(1992) Scanning Electron Micrsocopy and X-ray Microanalysis. Plenum Press, New York and 
London p89 

Kirsh Y, Townsend PD (1987) Electron and hole centres produced in zircon by irradiation at 
room temperature. J. Phys. C: Solid State Phys., 20, 967-980 

Koyama H (1980) Cathodoluminescence study of Si02. J. Appl. Phys. 51(4): 2228-2235 
Leamy HJ (1982) Charge collection scanning electron microscopy. J. Appl. Phys. 53(6): R51-R67 
Le Poole JB, Bok AB, Boogerd WJ (1968) An electron luminescence microscope. Geologie en 

Minjbouw 47:443-450 



Importance of Instrumental and Experimental Factors 125 

Lohnert K, Hastenrath M, Kubalek E (1979) Spatially resolved cathodoluminescence studies of 
GaP LED's in the scanning electron microscope using optical multichannel analysis. Scan
ning Electron Microsc. 1:229-233 

Long JVP, Agrell SO (1965) The cathodoluminescence of minerals in thin section. Miner. Mag. 
34(268): 318-326 

Marfunin ASO (1979) Spectroscopy, Luminescence and Radiation Centers in Minerals. (Trans
lated by W Schiffer). Springer-Verlag, Berlin Heidelberg New-York 

Marshall DJ (1988) Cathodo-luminescence of Geological Materials. Unwin Hyman, Boston 
Marshall DJ, Kopp OC (1999) The status of the standards program of the Society for Lumines

cence Microscopy and Spectroscopy. In: Pagel M, Barbin V, Blanc P, Ohnenstetter D (eds) 
Cathodoluminescence in the Geosciences, Springer-Verlag, Berlin (this Vol.) 

Mattler J, Ceva T (1961) In: Luminescence in Crystals, D. Curie (translated by G F J Garlick), 
Methuen and Co Ltd, 1963, P 244 

Merlet C (1992a) Quantitative electron probe microanalysis: New accurate phi-ro-z description. 
MikrochimictaActa 12: 107-115 

Merlet C (1992b) Accurate description of surface ionisation in electron probe microanalysis: An 
improved formulation. X-Ray Spectrometry 21: 229-238 

Nicholas JV (1967) Origin of the luminescence in natural zircon. Nature 215: 1476-1482 
Packwood RH (1991) A comprehensive theory of electron probe microanalysis. In: Heinrich 

KFJ, Newbury DE (eds) Electron Probe Quantitation. Plenum Press, New York, pp 83-104 
Packwood RH, Brown JD (1981) A Gaussian expression to describe <!>(pz ) curves for quantita

tive electron probe microanalysis. X-Ray Spectrometry 10: 138-146 
Packwood RH, Remond G (1993) The interpretation of x ray and electron signals generated in 

thin or layered targets. Scanning Microscopy 6: 367-384 
Pouchou JF, Pichoir F (1984) Un nouveau modele de calcul pour la microanalyse quantitative par 

spectrometrie de rayons x. Partie I: Application a l'analyse d'echantillons homogenes. La 
Recherche Aerospatiale 3: 167-192 

Pouchou JF, Pichoir F (1991) Quantitative analysis of homogeneous or stratified microvolumes 
applying the model PAP. In: Heinrich KFJ, Newbury DE (eds) Electron Probe Quantitation. 
Plenum Press, New York, pp 31-76 

Ramseyer K, Fischer J, Matter A, Eberhardt P, Geiss JJ (1989) A cathodoluminescence microscope 
for low intensity luminescence. J. Sedimentary Petrology 619-622 

Reimer L (1985) Scanning Electron Microscopy, Physics ofImage Formation and Microanalysis. 
Springer-Verlag 

Remond G (1977) Applications of cathodoluminescence in mineralogy. J. of Luminescence 
15:121-155 

Remond G, Kimoto S, Okuzumi H (1970) Use of the SEM in cathodoluminescence observations 
in natural specimens Scanning Electron Microsc. 33-40 

Remond G, Kimoto S, Okuzumi H (1972) Applications du microscope electronique a balayage a 
l'etude de la cathodoluminescence de quelques mineraux: Limites de resolution et de sensi
bilite. In: Shinoda G, Kohra K, lchinokawa T (eds) Proc. 6th International Conference on X
Ray Optics and Microanalysis., University of Tokyo Press, Tokyo, Japan, pp 611-617 

Remond G, Le Gressus C, Okuzumi H (1979) Electron beam effects observed in cathodolumi
nescence and Auger electron spectroscopy in natural minerals: Evidence for ionic diffusion. 
Scanning Electron Microsc. 1:237-244 

Remond G, Cesbron F, Chapoulie R, Ohnenstetter D, Roques-Carmes C, Schvoerer M (1992) 
Cathodoluminescence applied to the microcharacterization of mineral materials: A present 
status in experimentation and interpretation. Scanning Microscopy 6:23-68 

Remond G, Campbell JL, Packwood RH, Fialin M (1993) Spectral decomposition of wavelength 
dispersive X-ray spectra: Implications for quantitative analysis in the electron probe micro
analyser. Scanning Microscopy Suppl 7: 89-132 

Remond G, Cazaux J, Fialin M (1994) X-ray spectrometry with electron probe microanalysis: 
The problem of soft peaks emitted from insulators. In:, Jouffrey B., Colliex C. (eds) Proc. 13th 



126 GUY REMOND et a!. 

International Conference on Electron Microscopy, voU, Interdisciplinary Developments and 
Tools. Les Editions de Physique, 91944 Les Ullis, France, pp 785-786 

Remond G, Cesbron F, Blanc P, Ohnenstetter D, Rouer 0 (1995a) Cathodoluminescence of rare 
earth doped zircons. II: Relationship between the distribution of the doping elements and the 
contrasts of images. Scanning Microscopy Supp. 9: 57-76 

Remond G, Packwood RH, Gilles C (1995b) Trace element standards for the electron microanal
yser using layered and ion implanted materials. The Analyst 120:1247-1260 

Remond G, Gilles C, Fialin M, Rouer 0, Marinenko R, Myklebust R, Newbury D, (1996) Intensi
ty measurement of wavelength dispersive X-ray emission bands: Applications to the soft X
ray region. Mikrochimica Acta Supp 13: 61-86 

Semo J (1974) Spectroscopie optique en cathodoluminescence au microscope electronique a bal
ayage. Revue de Physique Appliquee 9: 355-359 

Shea SP, Partain LD, Warter PJ (1978) Resolution limits of the EBIC technique in the determina
tion of diffusion lengths in semiconductors. Scanning Electron Microscopy I: 435-444 

Shimizu R, Ding ZJ (1992) Monte Carlo modelling of electron-solid interactions. Rep. Prog. Phys. 
487-531 

Sippel RF (1965) A simple device for luminescence petrography., Review of Scientific Instru
ments 36(1): 556-558 

Stevens Kalceff, MA, Phillips MR (1995a) Electron irradiation induced outgrowths from quartz. 
App!. Phys. 77(8): 4125-4127 

Stevens Kalceff MA, Phillips MR (1995b) Cathodoluminescence micro characterization of the 
defect structure of quartz. Phys. Rev. B. 52: 3122-3134 

Stevens Kalceff MA, Phillips MR, Moon AR (1999) Cathodoluminescence micro-characterisa
tion of silicon dioxide polymorphs. In: Pagel M, Barbin V, Blanc P, Ohnenstetter D (eds) 
Cathodoluminescence in the Geosciences, Springer-Verlag, Berlin (this Vo!.) 

Stevens Kalceff MA, Phillips MR, Moon AR (1996) Electron irradiation-induced changes in the 
surface topography of silicon dioxide. J. App!. Phys. 80(8): 4308-4314 

Stewart JE, Gallaway WS (1962) Diffraction anomalies in grating spectrophotometers. App!. 
Optics 1(4): 421-429 

Steyn JB, Giles P, Holt DB (1976) An fficient spectroscopic detection system for cathodolumi
nescence mode scanning electron microscopy (SEM). J. Microscopy 107(2): 107-128 

Trigg AD (1985) A high efficiency cathodoluminescence system and its application to optical 
materials Scanning Electron Microsc. III: 1011-1022 

Vigouroux JP, Duraud JP, Le Gressus C, Petite G, Agostini P, Boiziau C (1985) Study by scanning 
electron microscopy and electron spectroscopy of the cascade of electron multiplication in 
an insulator submitted to an electrical field. Scanning Electron Microscopy 0): 179-182 

Warwick CA (1987) Recent advances in scanning electron microscope cathodoluminescence 
assessment of GaAs and InP. Scanning Microscopy (1): 51-61 

Yacobi BG, Holt DB (1990) Cathodoluminescence Microscopy of Inorganic Solids. Plenum Press, 
New York, London 



CHAPTER 5 

Systematic Cathodoluminescence 
Spectral Analysis of Synthetic Doped Minerals: 
Anhydrite, Apatite, Calcite, Fluorite, 
Scheelite and Zircon 

PHILLIPE BLANC, ALAIN BAUMER, FABIEN CESBRON, 
DANIEL OHNENSTETTER, GERARD PANCZER, GUY REMOND 

1 
Introduction 

As the geochemical behavior of the rare earth elements (REE) is of increasing 
interest in geology (see the reviews edited by Lipin and McKay 1989 and Jones et 
al. 1996), the main REE minerals in most igneous, metamorphic and sedimentary 
rocks are now being studied in detail. REE are major or trace constituents in many 
minerals (Burt 1989). Besides the specific REE mineral assemblages which occur 
in alkaline, peralkaline and carbonatitic rocks (Vlassov 1966; Burt 1989; Mariano 
1989; Larsen 1996; Taylor and Pollard 1996; Wall and Mariano 1996; Khomyakov 
1996), more common accessory minerals such as zircon, apatite, anhydrite, car
bonates and fluorites are also REE carriers and play an important role in petro
logic processes. The major application of the REE studies is the melt mineral par
tition coefficient, used to model igneous petrogenetic processes. This will depend 
on the compatibility of the REE in major minerals occurring in late differentiated 
stages such as apatite and zircon (McKay 1989). Most of the REE are well known 
to be luminescence activators (Pringsheim 1949; Levrenz 1950; Monod-Herzen 
1966; Diecke 1968; Marfunin 1979; Marshall 1988, Waychunas 1988). In order to 
interpret the cathodoluminescence (CL) emissions of natural REE bearing miner
als, it is essential to compare their CL spectra to those of synthetic minerals. 

2 
Present Status of the Problem 

Luminescence may be produced by a wide variety of processes; such as chemilu
minescence, electroluminescence, thermoluminescence (TL), photoluminescence 
(PL) and cathodoluminescence (CL). TL, PL and CL are techniques mostly used 
by earth scientists. PL involves the selective excitation of electronic levels of lumi
nescent centers by photons while CL involves excitation via high energy electrons. 
CL has several advantages over PL; the greater energy density, the possibility to 
focus the microprobe beam of the scanning electron microscope (SEM) to less 
than 1 Ilm as well as high sensitivity CL mapping (Warwick 1987). Impulsed lasers 
used as excitation sources combine high power, focusability (through an optical 
microscope objective) and precise selective excitation of luminescent centers. 

5 
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Laser induced microluminescence (LlL) provides the opportunity to use not only 
spectral but also kinetic studies of luminescence through a time range of few 
nanoseconds (ns) to milliseconds (ms), as shown by Remond et al. (this Vol.). 
High energy CL often induces luminescent defects which can mask details or pro
vide erroneous interpretations, whereas PL avoids these artifacts. 

CL imagery has been used since the 1960s in mineralogy and petrology (Long 
and Agrell 1965; Smith and Stenstrom 1965; Sippel and Glover 1965; Remond 
1977) and is an efficient tool especially when combined with back scattered elec
tron (BSE) imagery obtained via SEM or electron probe microanalyser (EPMA) 
(Henry and Toney 1987; Remond et al.1992; 1995, Blanc et al. 1994 b; Hanchar and 
Miller 1993; Hanchar and Rudnik 1995). However, only few CL spectra from nat
ural REE-bearing minerals have been published (Mariano 1978; 1988; 1989; Mar
iano and Ring 1975; Roeder et al. 1987; Marshall 1988; Diaz et al. 1991; Ohnen
stetter et al. 1991; Yang et al. 1992; Koberski and Keller 1995). In addition, CL spec
tra measured from doped synthetic analogues are scarcer and often fragmented, 
for example, apatite (Portnov and Gorobets 1969), fluorite (Mariano 1988; Barbin 
et al. 1996), calcite (Mason and Mariano 1990; Machel et al. 1991) and zircon 
(Hanchar and Marshall 1995). Spectra of apatites doped with individual REE were 
previously given by Morozov et al. (1970), Blanc et al. (1995) and Mitchell et al. 
(1997), for zircon by Cesbron et al. (1993; 1995) and Hanchar et al. (submitted), 
and for apatite by Baumer et al. (1997). In this chapter, a general study on syn
thetic REE-bearing minerals, anhydrite, apatite, calcite, fluorite, scheelite and zir
con, all doped with REE ,were obtained by different experimental procedures and 
their CL corrected spectra were recorded to provide a database of REE in a vari
ety of crystalline hosts. 

3 
Experimental Procedure 

3.1 
Flux-Growth Method 

Flux growth was selected to obtain zircon ZrSi04-(REE): the crystals were grown 
from a flux consisting of equal proportions of Li2Mo04 and Mo03, in which stoi
chiometric quantities of Si02 and Zr02 were dissolved after careful mixing; the 
quantity Si02+Zr02 represented 1.34% of the flux mass (Cesbron et al. 1993; 
1995). Spectrographically pure REE were introduced as oxides, more rarely as car
bonate, and were accompanied with ammonium phosphate in order to take into 
account the xenotime-type substitution: 

Later, almost all these syntheses were repeated but without the introduction of 
phosphorus. 

The mixture, placed in a platinum crucible, was initially heated at 1125 °C dur
ing 48 h in order to ensure a good homogenization, then it was cooled to 900°C 



Systematic Cathodoluminescence Spectral Analysis of Synthetic Doped Minerals 129 

with a cooling rate of 1 °C/h and subsequently from 900 to 750°C with a cooling 
rate of 2 °C/h. Zircons doped with Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm 
and Lu, with or without phosphorus, were thus obtained. The solubility of zircon 
at 1200 °C in such a flux is only 1.55% (Darmarajan et ai. 1972) and the synthetic 
zircons can reach a maximum size of 3 mm. 

3.2 
Hydrothermal Method 

Chlorapatite Cas(P04)3Cl-(REE) was synthesized from an acid solution (Argiolas 
and Baumer 1978) corresponding to the composition 10 CaClz+6 H3P04+l43 
HzO, with 0.3-1 % of the doping element (usually as oxide) added as hydrochloric 
solution. In other experiments corresponding to a basic environment, 1000 III of 
a 200 gIl NH4Cl solution were added to 100 mg of mixtures corresponding to 
Cas(P04MOH)+nREEZOy In order to facilitate the incorporation of trivalent ions, 
mixtures of Cas(P04MOH)+1.5% (REEz0 3+ 2NaCl) were also used. In both cas
es, the reactants were placed in sealed gold vessels and then submitted to the fol
lowing conditions: 72 h at 700°C and under 108 Pa (Blanc et ai. 1995). 

Fluorite CaFz-(REE) was obtained using the same experimental conditions 
(Baumer et ai. 1990), according to the reaction CaClz.2HzO+2NaF+REE 
(traces)~CaFz-(REE)+2NaCl+2HzO. Crystals were euhedral, translucent to 
white, ranging in size from 20 to 400 Ilm. 

3.3 
Precipitation Method 

Synthetic anhydrite CaS04-(REE) samples were obtained indirectly by precipita
tion of gypsum, which was subsequently transformed into anhydrite by dehydra
tion in air at 800°C for 3 h. Gypsum was precipitated by addition of 5 ml of a cal
cium chloride solution (0.2 mol/l), doped with a rare-earth element introduced as 
a hydrochloric solution, to 5 ml of a sodium or potassium sulfate solution with the 
same concentration of 0.2 molli. The precipitate was washed with distilled water 
and dried at 60°C for 1 h (Baumer et ai. 1997). The obtained crystals were very 
fine grained with no zonations related to REE concentration gradients. 

Scheelite Ca W04-(REE) and members of the solid solution scheelite-powellite 
(CaMo04) were synthesized by the same method using Naz WO 4 and NazMo04 as 
reactants; precipitates were dried at 100°C. The same experimental procedure, 
with (NH4)zC03 as starting material, was used to precipitate calcite CaC03-(REE). 

The purity of the starting products such as NaZS04, KZS04, CaClz.6HzO, 
NaZW04, NazMo04 and (NH4)zC03 is in the order of 99.99% (Alfa "puratronic"); 
the purity of the rare-earth oxides is 99.9%. 

3.4 
Characterization Methods 

Infra-red spectrometry and X-ray diffractometry were both utilized for identifi
cation and purity control of the synthetic minerals. IR-spectra were recorded on 
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a Perkin Elmer 225 IR spectrometer, using 13 mm diameter pellets with 300 mg of 
KBr; X-ray diffraction spectra were obtained with a CGR Theta-60 diffractome
ter. 

CL spectra (Cesbron et al. 1993, 1995; Blanc et al. 1994a, 1995) were recorded 
from 200 to 900 nm with a CL spectrometer attached to a JEOL JSM 840 A scan
ning electron microscope, equipped with: 
- An aluminum plated parabolic mirror collector. 
- A cooled stage specially built in the laboratory, allowing a base temperature of 

205 K when the crystals were deposited on top of a metallic specimen holder. 
Temperatures are measured by means of two carbon resistances. 

- Silica lens UV quality. 
- A Jobin-Yvon HlO.UV grating spectrometer. 
- A Hamamatsu R636 AsGa photomultiplier with a 650 U curve. 

Operating conditions were: voltage: 25 k V; beam intensity: usually 1 x 10-7 A; spec
trometer slits: 1 mm (allowing a 1 nm resolution at 500 nm, with a linear disper
sion of 8 nm); scan step: 1 nm; integration time: 0.2 s. As our goal is to qualita
tively interpret CL spectra of natural minerals, these condition provide adequate 
signal for high resolution spectral measurement as well as minimizing the pro
duction of defects in the crystals. CL spectra were corrected for the response func
tion of the whole system; they were processed with the Spectramax software 
(Jobin-Yvon and Spex). 

Microcrystalline powders (anhydrite, apatite, calcite, fluorite and scheelite) 
were spread on a graphite coated adhesive (Link Analytical), carbon coated and 
analyzed with fast TV scanning under a 400 magnification (300x200 Jlm). Spec
tra of pure REE oxides also were recorded to check their possible presence in the 
anhydrite powder resulting from gypsum calcination. Zircons were set with 
epoxy on an aluminum plate, with their c-axis parallel to the revolution mirror 
axis (Cesbron et al. 1993): after carbon coating, analyses were performed on 100 
faces. 

LIL investigations were undertaken by using microspectrometer equipment 
such as a micro-Raman microprobe, with which a monochromatic continuous 
wave (c.w.) Ar laser beam (from 514 to 458 nm) is focused on the sample and a 
stage range emission is collected on a CCD (charge coupled device). A double 
monochromator and dispersive grating of 1800 grooves/mm enable high spectral 
resolution spectroscopy. An additional advantage of using micro-Raman equip
ment is the possibility to run simultaneously Raman and LIL spectra. This is espe
cially important when dealing with geomaterials in which additional phases may 
be present and induce erroneous interpretations. New detectors such as ICCD 
(intensified charge coupled device), triggered synchronously with a pulse laser, 
allow measurement of time resolved luminescence induced by a wide range of 
selective excitation, from UV to visible, provided by pulsed dye lasers and fre
quency doubling or tripling crystals. 

In some synthetic minerals, theREE were analyzed by ICPS-MS (Perkin Elmer 
ELAN 5000) at the CRPG-CNRS of Nancy, France, using international geostan
dards; the precision can be estimated to ± 1 ppm in the concentration range of 
10-50 ppm, and 10% relative to lower values. When investigating synthetic min-
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erals doped with a specific REE, traces of other REE, usually in concentrations 
below 1 ppm, could be detected. The appearance of the spectrum was not affect
ed by their presence, except for low concentrations of the doping element 
(Baumer et al. 1997). 

4 
Cathodoluminescence Spectra 

4.1 
The Undoped Crystals 

All undoped minerals in this study show broad emission bands in the near UV 
wavelength region (Table 1), where the position of these bands depends on the 
nature of each mineral. This broad band is considered as the self-activated lumi
nescence or "intrinsic band" of each mineral species. The intrinsic luminescence 
consists of an emission band centered at an energy hv=Eg (Yaccobi and Holt 1990; 
Remond et al. 1992), where h is the Planck's constant, v the frequency and Eg is the 
absorption edge which is often determined by structural defects in the host lat
tice of the mineral. In zircon it has been shown (Cesbron et al.1995) that there is 
possibly a relation between the energies of the self activated peaks and the 
lengths of the different atomic bonds. The same group has also shown that the 
crystal orientation with respect to the electron beam and to the mirror axis, as 
well as the excitation conditions, significantly influences the relative intensities of 
the different self activated emission spectra. In anhydrite the 343 nm band could 
be attributed to the lattice due to the presence of SO l - (Gaft et al. 1985); the band 
at 390-425 nm in scheelite could be attributed to W042- (Curie 1960; Tarashchan 
1978) and the peak at 281 nm to the V I('center in fluorite (Banerjee and Ratnam 
1973; Tarashchan 1978; Barbin et al. 1996). In fluorite, the presence of impurities 
enhances the formation of V I('centers (self-trapped hole), aligned along the [100] 
direction, since these impurities provide effective electron traps (Merz and Per
shan 1967). This V I(' center can be characterized as a P- complex (Kiessling and 
Schar mann 1975). In chlorapatites the self activated band centered at 360-380 nm 
could be attributed to the POl- group corresponding to the wide emission band 
observed with TL at 3.1-3.6 eV (Lapraz and Baumer 1981). The same lattice emis-

Table 1. Lattice emissions 
Mineral at 8 nm spectral resolution 

Fluorite 281 

Zircon 280 

Calcite 363 

ClApatite 360 380 

Anhydrite 343 389 

Scheelite 393 406-430 

Conditions 25 kV, 10-7 A and PMT bias acceleration: 1025 V. 
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sion is also observed in synthetic fluorapatites (Lapraz and Baumer 1983). In cal
cite, the self activated peaks observed by CL at 363 nm and 380 nm are close to the 
absorption bands at 290 and 350 nm (Kolbe and Smakula; 1961; Medlin 1964; 
1967; Visocekas et al. 1973). The emission in the UV could result from lattice 
defects (Nakagawa et al. 1988) due to C033- centers (Lapraz and Iacconi 1976; 
Calderon et al.1983 1984) stabilized by structural crystal defects (Lapraz and Iac
coni 1976) such as dislocations and twinning (Calderon et al. 1983). 

4.2 
Comparison of Cathodoluminescence Spectra 
of Tb3+, Dy3+ and Tm3+ in Different Minerals 

The purpose of this work is to provide a database of all the CL spectra produced 
by the different REE in mineral hosts such as fluorite, zircon, calcite, chlorapatite, 
anhydrite and scheelite (classified according to the increasing position - decreas
ing energy - of the maximum of their respective self activated emission band or 
«intrinsic" band; see paragraph on un doped crystals). Only luminescence induced 
by Tb3+ (Fig. 1a-f), Dy3+ (Fig. 2 a-f) and Tm3+ (Fig. 3a-f) will be given as exam
ples; emissions given by other REE in doped minerals can be found in the litera
ture for chlorapatites (Blanc et al. 1995), zircons (Cesbron et al. 1993, 1995) and 
anhydrites (Baumer et al. 1997). Absolute emissive power (photons/s) will not be 
considered here as these minerals do not contain the same concentration of dop
ing elements; however scheelite and anhydrite by far are the most luminescent for 
these three REE. All the spectra were recorded under the same analytical condi
tions, with a linear dispersion of 8 nm which allows the recovering of a maximum 
of energy and permits observation of the weak emissions of natural samples. 

4.2.1 
Tb3+ Related Cathodoluminescence Emission 
In all minerals studied, there was generally good agreement between the posi
tions of the CL peaks (see Table 8), corresponding to the two transitions 
sD3--t7F6_2 and sD4--t7F6_o (see Tables 8, 13), but some marked differences can be 
observed concerning their respective intensities. The major peak in fluorite 
(Fig. 1a), chlorapatite (Fig. Id) and anhydrite (Fig. Ie) results from the strongly 
allowed transition sD3--t7F6 (Tarashchan 1978) at 382-383 nm while the intensity 
of the other strongly allowed transition sD4--t7F6 at 543-548 nm only represents 
55-30% of the 382 nm peak. In fluorite and hydroxylapatite, the more intense 
peak is located at 382 nm. However in zircon (Fig.lb) calcite (Fig.lc) and scheel
ite (Fig. If), the 543-548 nm peak is predominant. Another interesting observa
tion is the complete disappearance in calcite (Fig. lc) of peaks at 382-383, 
413-417, 436-438, 457-459 and 472-475 nm, corresponding to the transitions 
sD3--t7F6.s.4.3.2 and (covering an energy range from 3.25 to 2.60 eV). The most like
ly explanation of this effect is an absorption by the calcite self activated emission 
band which covers all of this energy range (see Table 1). This explanation is plau
sible for scheelite in which all of the first five peaks overlap with the self activat
ed emission band (Fig. If): the intensity of the peak at 382 nm represents only 
17% of the intensity of the major emission at 547 nm. In powellite, CaMo04, the 
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Fig. la-f. CL spectra of Tb3+ in: fluorite (a), zircon (b), calcite (c), chlorapatite (d), anhydrite (e) 
and scheelite (f) 

Mo equivalent of scheelite, the self activated emlSSIOn band shifts towards 
538 nm, and the 5D4~7F6 at 543-548 nm emission peaks reappear. Tyson et al. 
(1988) has shown by fluorescence spectrometry that an addition of 10 mol% pow
ellite in synthetic scheelite shifts the peak from 425 nm to 530 nm, the decrease in 
intensity of the scheelite peak at 425 nm occurs with the addition of 0.2 mol% 
powellite and is due to nonradiative energy transfer from tungstate to molybdate 
orbitals. These changes in intensity will be explained later in the discussion. 
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4.2.2 
Oy3+ Related Cathodoluminescence Emission 
The main feature of Dy3+ emissions in these minerals (Fig. 2a-f and Tables 9, 13) 
is the presence of four peaks respectively located at 478-487 (4F9/2~6H15/J, 
573-586 (4F9/2~6H13I2)' 660-673 (4F9/2~6Hlll2) and 751-761 nm (4F9/2~6H9I2); the 
second of them is the most intense, with the exception of fluorite (Fig. 2a). Anoth
er small emission, almost missing in the scheelite spectrum (Fig. 20, also occurs 
around 833-840 nm and could correspond to the 4F9I2~6H7I2; it is usually accom
panied by another one around 857-864 nm. 
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Fig. 2a-f. CL spectra of Dy3+ in: fluorite (a), zircon (b), calcite (c), chlorapatite (d), anhydrite (e) 
and scheelite (f) 
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4.2.3 
Tm3+ Related Cathodoluminescence Emissions 
As for Tb3+, Tm3+-doped minerals display a close agreement between their differ
ent emission peaks (Fig. 3a-f, Table 12). The most intense emission corresponds 
to a doublet at 348-364 nm, with the exception of fluorite (Fig. 3a) and scheelite 
(Fig. 3£) which exhibit strong CL emissions in the near IR domain. As for Tb3+
doped minerals, this change in intensity will be explained in the discussion. These 
two minerals, and also anhydrite (Fig. 3e) and calcite (Fig. 3c), seem to exhibit 
another IR emission beginning just before 900 nm; unfortunately the detection 
range of the spectrometer precluded further analyses. 

6CXXl cpsls 

nuorite-{Tm) 

'3' 

UXXl 

300 .Q) soo 600 700 800 aat 900 

S(XX) cpsls 

caJcite.(Tm) 

·c· 

12{XXX) ,psis 

1!XXXXl anhydrite-(Tm) 

·e· 
80000 

ROO) 'psis 

7!XXl 

I<XX! 

1200 
cpsls 

I<XX! 

800 

600 

200 

4(XXXXJ 
(psis 

35<XXXl 

15<XXXl 

1!XXXXl 

zircon-(Tm) 

·b· 

300 4(X) soo 600 700 800 am 900 

apatite-(Tm) 

·d· 

scheelite-(Tm) 
~ 

·r· 

300 400 500 600 700 goo Dm 900 

Fig. 33-f. CL-spectra of Tm3+ in: fluorite (a) , zircon (b), calcite (c) , chlorapatite (d) , anhydrite (e) 
and scheelite (f) 
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4.2.4 
Multiplets 

PHILLIPE BLANC et al. 

Some spectra, like those of fluorite-(Dy) (Fig. 2a), scheelite-(Dy) (Fig. 2f) fluo
rite-(Tm) (Fig. 3a), apatite-(Tm) (Fig. 3d), show a more or less partially resolved 
fine structure for several of their main emissions which are multiplets (see for 
instance Tarachan 1978 and Marfunin 1979).As it is our intention to present the 
spectral signatures of these minerals obtained under standard conditions in 
order to identify the different impurities, it would be out of our scope to describe 
these fine structures in detail. However, some experiments with a 0.1 mm slit 
allowing a much better linear dispersion lead to the following conclusions: 
- The number of observed multiplets of Dy3+ emission change with each miner

al host: around 480 nm, they are three for fluorite, seven for zircon (Fig. 4a), five 
for anhydrite and six in scheelite for only one single peak in calcite. There are 
at least eight components in the 580 nm band for the zircon-(Dy) (Fig. 4b). 

- When a single crystal, initially with its c-axis parallel to the mirror axis, is 
rotated so that its a-axis becomes parallel to the mirror axis, there is no varia
tion in the position of these multiplets. However, there is a change in the rela
tive intensity, which can affect the position of the maximum of the envelope of 
the fine components (unresolved peak) when analyzing crystals with a 1 mm 
or larger slit, which allows resolution of the positions of the different multiplets 
of the radiative transition. The orientation related multiplet intensity varia
tions are reported in the literature (see Remond et aI., this VoL). 

- With a linear dispersion of 8 nm the spectra are often complex with doublets, 
and the relative intensity of each peak may change with the polarization effect. 
Thus the envelope of the peak is moved and the peak position depends on the 
complex fine structure of the multiplets. 
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Fig.4a,b. Fine structure, obtained with a 0.1 mm slit, of the CL emissions in zircon-(Dy) corre
sponding to the 4F9/2-76H1S/2 (a) and the 4F9/2-76H 13/2 (b) transitions 
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5 
Reference Spectra from Doped Synthetic Minerals 
for Identification of Rare Earth Element Activators 

5.1 
Tables of Cathodoluminescence Emissions 
of Rare Earth Element and Related Transitions 
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The positions of the CL emissions peaks for each REE in each mineral studied 
are given in Tables 2-12. According to Monod-Herzen (1966), the REE 
from PrH to Tm3+ exhibit narrow emissions peaks and lines, while Ce3+ exhibits 
a broad emission band. In our experiments La3+ and YbH gave no 
significant emission and Lu3+ displayed only very low intensity peaks (Baumer 
et al. 1997). 

In REE, the emission spectra are associated with two types of transitions, i.e. 
f-f and f-d transitions. The f-d transitions are broad (Imbusch 1978) and occur in 
the UV region and the f-f are responsible for the narrow lines (Marfunin 1979). 
The f-f electronic transitions occur with REE from Pr3+ to Yb3+, and the fd tran
sitions are observed for CeH , Sm2+, Eu2+ and Yb2+ (Tarashchan and Waychunas 
1995). Thus, transitions corresponding to the characteristic emissions lines of 
most of the REE (Table 13) could be indexed by comparison with TL, PL and LIL 
spectra (Merz and Pershan 1967; Morozov et al. 1970; Blase and Bril 1967; Blase 
1973; Nambi et al. 1974; Kiessling and Scharmann 1975; Jain 1978; Tarashchan 
1978; Marfunin 1979; Iacconi and Caruba 1980; Caruba et al. 1983; Blase and 
Aguilar 1984; Gaft et al. 1985; Kirsh and Townsend 1987; Kempe et al. 1991; Bur
rus et al. 1992; Burrus et al. 1992; Gorobets and Walker 1995; Tanabe et al. 1995; 
Tarashchan and Waychunas 1995, Reisfeld et al. 1996; Gaft et al. 1997 a and b). The 
energy levels and ground states for REE are given in Van Uitert and !ida (1962); 
Wybourne (1965); Diecke and Crosswhite (1963); Diecke (1968) and Imbusch 
(1978). 

Table 2. Emissions of Ce3+ 
Mineral at 8 nm spectral resolution 

Fluorite 318 340 

Zircon 

Calcite 350 363 

CIApatite 353 360 

Anhydrite 304 327 

Scheelite 408 428 

Conditions 25 kV, 10-7 A and PMT bias acceleration: 1025 V. 
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Table 4. Emissions of N d3+ at 8 nm spectral resolution 

Fluorite (274) 382 488 602 809 850-863-875-887 

Zircon 809 874-882-892 

Calcite 
CIApatite 391 806 874-
Anhydrite 313 391 426-448-523-539 600-647 803-826 868-874-879 
Scheelite (393) 802-808-814 834 875-882-892 

Conditions 25 kV, 10-7 A and PMT bias acceleration: 1025 V. 

Table 5. Emissions of Sm2+ and Sm3+ at 8 nm spectral resolution 

Fluorite (281) 560-568 588 607- 643- 671-676 
612-620 654-663 

Zircon (342- 559-570 597- 646-661 702- 710-725 
361) 605-615 

Calcite (370) 566 605 652 710 785-802 

CIApatite 565 600 647 699-710 

Anhydrite 562 600 644 691- 769 820 
702-732 

Scheelite (393) 564 598-604 646 706 783-796 812- 858-881-891 

Conditions 25 kV, 10-7 A and PMT bias acceleration: 1025 V. 

Table 6. Emissions of Eu2+ and Eu3+ at 8 nm spectral resolution 

Fluorite Eu2+ 422 510 577-591-616-628 

Zircon (302- 560 595-616-632 652-656 692-704 
363-386) 

Calcite (363) 486 578-592-618 654 685-703 763 

CIApatite Eu2+ 459 593-620 693-697 

Anhydrite Eu2+ 385 593-618 660 697 
Scheelite (393-417) 537 593-615 654 702 

Conditions 25 kV, 10-7 A and PMT bias acceleration: 1025 V. 

Table 7. Emissions of Gd3+ 
Fluorite 306-314 at 8 nm spectral resolution 278 
Zircon (30-360) 308-313 
Calcite 312-326 (365) 

CIApatite 308-313-324 
Anhydrite 306-312-318-322 
Scheelite 306-312-317-320 (393) 

Conditions 25 kV, 10-7 A and PMT bias acceleration: 1025 V. 
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Table 12. Emissions of Tm3+ at 8 nm spectral resolution 

Fluorite 292 348-362 384 454 481-492 669 803-817 
Zircon 291 350-364 383 454 481 513 656-679 758 790-805 
Calcite 293 363 453 479 517 656-679 731-749 794-803 

CIApatite 241 291 351-364 454 475 650 765 
Anhydrite 290 348-364 381 453 475 515 654 731-748 784 

Scheelite 363 (392) 454 476 649-666 796-813 

Conditions 25 kV, 10-7 A and PMT bias acceleration: 1025 V. 

Table 13. Rare earth element emissions lines and their related energy transitions 

Ce3+ Peak at 318 nm in fluorite 2D312~2F5/2 

Peak at 350 nm in calcite 2D3/2~2F5/2 

Peak at 353 nm in apatite 2D3/2~2F5/2 

Peak at 304 nm in synthetic anhydrite 2D3/2~2F5/2 

Peak at 318 nm in natural anhydrite 2D3/2~2F5/2 

Peak at 340 nm in fluorite 2D3/2~2F7/2 

Peak at 363 nm in calcite 2D3/2~2F7/2 

Peak at 360 nm in apatite 2D312~2F7/2 

Peak at 327 nm in synthetic anhydrite 2D312~2F712 

Peak at 340 nm in natural anhydrite 2D312~2F712 

Pr3+ Peak at 488 nm 3Pl~3H4 

Doublet at 528-557 nm 3PO~3H4 

Multiplet at 591-613 nm ID2~3H4 

Nd3+ Peak at 426 nm in anhydrite 2P lf2~419/2 

Peak at 488 nm in fluorite 4G 11/2 ~4 19/2 

Peak at 523 nm in anhydrite 2G912~419/2 

Peak at 600 nm in fluorite and in anhydrite 4G512~419/2 

4G512~419/2 

Peak at 803-809 nm 4F512~419/2 

Peak at 875 nm 4F312~419/2 

Sm3+ Doublet close to 568 nm 4G512~6H5/2 

Doublet close to 615 nm and doublet close to 660 nm 4G7I2~6H712 

4G5/2~6H712 

4G7I2~6H9/2 

4G5/2~6H9/2 

Sm2+ Doublet close to 671-676 nm 5Do~7Fo 

Doublet close to 700-710 nm 5Do~7Fl 

Peak at 725-732 nm 5Do~7F2 

Doublet close to 785 nm 5Do~7F4 

Peak at 820 nm 5Do~7F6 
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Eu3+ Peak close to 560 nm 5Do~7Fo 

Multiplet close to 592 nm 5Do~7Fl 

Multiplet close to 615 nm 5Do~7F2 

Multiplet close to 654 nm 5Do~7F3 

Multiplet close to 692-704 nm 5Do~7F4 

Eu2+ Peak at 422 nm in fluorite 165d~8S7/2 

Peak at 459 nm in apatite 4f65d~8S712 

Peak at 385 nm in anhydrite 165d~8S7/2 

Gd3+ Peak at 278 nm in fluorite 6I7I2~8S712 

Doublet close to 306-308 nm 6P5/2~8S7/2 

Doublet close to 312-314 nm 6p 712~8S712 

Tb3+ Peak at 382 nm 5D3~7F6 

Peak at 415 nm 5D3~7F5 

Peak at 436-438 nm 5D3~7F4 

Peak at 457 nm 5D3~7F3 

Peak at 474 nm 5D3~7F2 

Peak at 490 nm 5D4~7F6 

Peak at 548 nm 5D4~7F5 

Peak at 588 nm 5D4~7F4 

Peak at 622 nm 5D4~7F3 

Peak at 650 nm 5D4~7F2 

Peak at 670 nm 5D4~7Fl 

Peak at 680 nm 5D4~7Fo 

Dy3+ Triplet at 481-487 nm 4F9/2~6H15/2 

Doublet at 575-579 nm 4F9/2~6H13/2 

Peak at 670 nm 4F9/2~6Hll/2 

Peak at 753-761 nm 4F9/2~6H9/2 
H03+ Peak at 541-550 nm 5S2~5I8 

Er3+ Peak at 405 nm 2H9/2~4I15/2 

Multiplet at 528-561 nm 4S3/2 ~4I15/2 

Tm3+ Doublet at 348-364 nm ID2~3H6 

Doublet at 454 nm ID2~3H4 

Doublet at 476 nm IG4~3H6 

Peak at 679 nm ID2~3F2 

Doublet at 796-813 nm 3F4~3H6 

The peaks of the self activated (Fig. Sa) and for the different REE are compared in 
Figs. sb-s I to show their relative position. Peak shift is also observed with Ce3+, 

Sm2+ and Eu2+ peaks which corresponds to the f-d transition. The emission of the 
Ce3+ ion originates often from the lowest Sd level to the 2F ground state, which is 
a doublet 2Fs/2 and 2F7/2 (Blasse and BriI1967). In calcite the Ce3+ peaks are close 
to the self activated bands (see Table 1). For the REE from Pr3+ to the Tm3+, the 
main emission peaks, which correspond to the fI transition, are approximately at 
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Fig. Sa-I. Peak shifts for the emission spectra of the lattice emissions (a) and the emissions of 
Ce3+ (b), and positions of the peaks of Pr3+ (c), Nd3+ (d), Sm3+ (e), Eu2+ and Eu3+ (£), Gd3+ (g), 
Tb3+ (h), Dy3+ (i), Ho3+ (j), Er3+ (k), Tm3+ (I) for fluorite, zircon, calcite, chlorapatite, anhydrite 
and scheelite 
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the same wavelength, sometimes with inversion in emission intensity from one 
host to another, for example Tb3+ (Fig. 1 and Fig. Sg) for which the 382±1 nm 
emission is the main peak in fluorite, chlorapatite and anhydrite, whereas in zir
con, calcite, scheelite, fluorapatite and hydroxylapatite the 547±1 nm is the more 
intense peak. In addition some peaks are missing from one host to another, for 
example the Pr3+ (Fig. Sc) emission at 237-267 nm which exists in fluorite, chlo-
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rapatite and anhydrite is not excited in zircon and calcite and scheelite. This may 
be due to energy transfer towards the self activated band. In apatite, the RE£3+ 
occupy the Call sites with charge compensation provided by replacement of F- by 
0 2- (Morozov et al. 1970). The presence of these charge compensating impurities 
could affect the site symmetry and therefore the transition probability for the 
emission line. 



Systematic Cathodoluminescence Spectral Analysis of Synthetic Doped Minerals 147 

Fig.Sg,h. 

Fluorite 

Zircon 

Calcite 

Apatite 

Anhydrite 

Scheelite 

nm 

Fluorite 

Zircon 

Cal cite 

Apatite 

Anhydrite 

Scheelite 

nm 



148 PHILLIPE BLANC et aI. 

Dysprosium Oy'. 

~ I Jl Fluorite 
J. .Id 

I I Zircon 

o...J L..... • ..w..& 

I Calcite 

.J L.L 

I I Apatite 

... J.. .... 

L Anhydrite 

.J. .L. .L.o. 

L Scheelite 

i • ..1l " I LA. ' .. 
i 

200 300 400 500 600 700 800 900 nm 

Holmium Hol • 

UJ 
Fluorite 

Zircon 

Calcite 

Apatite 

Anhydrite 

I Scheelite 

I i i 
Ll ..L 

i i 

200 300 400 500 600 700 800 900 nm 

Fig.5i,j. 



Systematic Cathodoluminescence Spectral Analysis of Synthetic Doped Minerals 149 

k Erbium e'" 

,l~ Fluorite 
L1I I I I .11111 

Zircon 

Calcite 

Apatite 

In 
Anhydrite 

1.11. 

I I IIII Scheelite 

i i i ..... ' , 
I I i 

200 300 400 500 600 700 800 900 nm 

Thulium Tin" 

II Fluorite 

hi l~ J 

hi Zircon 

L ... "-.. I. 

I 
Calcite 

L L....i .... u 

J L 
Apatite 

.L.. L 

~ Anhydrite 
L. ..... 

J II Scheelite 

, , I I 
i , l.J , , I 

200 300 400 500 600 700 800 900 nm 

Fig.Sk,1. 



150 

S.2 
Comparative Investigation of Natural 
and Synthetic Minerals by Laser Induced Luminescence 
and Cathodoluminescence 

PHILLIPE BLANC et al. 

Laser induced luminescence spectra of dysprosium (Dy) doped Ca-phosphate 
(chlorapatite, Cas(P04)3CI2)' Ca-sulfate (anhydrite, CaS04) and Ca-tungstate 
(scheelite, CaW04) excitated by the 458 nm c.w. Ar beam are shown for different 
spectral regions (Fig. 6). The characteristic emission bands of Dy substituted in 
the Ca site(s) are observed. The spectral resolution enables differentiation of 
some specific radiative transitions associated with the different crystallographic 
environment for each host. The Dy-chlorapatite spectrum shows broad bands 
while Dy-anhydrite and scheelite spectra exhibit characteristic well resolved 
emissions lines. The low crystallinity of the chlorapatite sample as well as the 
presence of two Ca sites of substitution for Dy explains the less informative spec
trum. All spectra present a reabsorption line at 746.8 nm (Gaft et al. 1997). The 
power analytical of selective excitation is shown (Fig. 7). The emission from a 
sample of natural yellow fluorapatite was recorded under four different excita
tions in the UV and the violet part of the visible region: 308, 354, 360 and 460 nm. 
For each excitation, only selected radiative transitions of rare-earths are induced. 
Such experiment enables to discrimination of the different REE, which in high 
excitation CL, would have been observed as complex overlapping bands. Time
resolved luminescence of Eu3+ doped hydroxyapatite, implanted with Eu and 
thermally treated at 500°C, shows variation in the emission patterns from short 
decay record (delay (d)=400 ns and gate width (w)=400 ns), to intermediate time 
(d=400 ns and w=2 ms) up to long decay (d=10.4fls and w=2 IDS) record (Fig. 8). 
An order of magnitude variation in the intensity of these bands reveals the corre
sponding radiative electronic transitions which can be related to the different 
crystallographic environment of each substitution site (Cal and Ca2 sites). 

These few examples emphasize the importance of complementary information 
that photoluminescence and CL can provide. While CL provides rapid general 
information on all luminescent centers, PL allows the selective excitation of spe
cific luminescent centers. 

6 
Discussion and Future Developments 

The CL spectra measured with a 8 nm wavelength resolution from synthetic 
doped minerals (Figs. 1-4) show that the wavelength position of each set of nar
row CL emission lines is independent of the host crystal. This relationship 
between the emission line positions and the nature of the rare-earth doping ions 
can be used for a qualitative interpretation of the CL emission spectrum from a 
natural specimen. A similar approach is used in the qualitative interpretation of a 
X-ray spectrum based on the Moseley's law relating the energy of the X-ray pho
ton with the atomic number of the emitting element. With X-rays, the character
istic resulting emission lines from transitions involving core electrons have their 
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relative intensities in a constant ratio, regardless of the composition of the speci
men containing the constant ratio which is independent of the specimen contain
ing the analyzed element (this property remains valid only when no secondary 
fluorescence effect occurs). However, a constant intensity ratio does not exists for 
CL emission spectra characteristic of rare-earth ions. The relative intensities of 
the CL emission lines of a given REE varies with the host crystal. In addition, the 
shape of the CL emission lines or bands depend on the chemical environment as 
it is the case for low energy X-ray photons (soft X-ray emission bands) involving 
valence electrons transitions. 

Qualitative identification of a REE at trace levels from the CL emission spec
trum of the specimen can only be accurately performed when both the wave
length peak position and the relative intensities of all lines are considered, 
accounting for the nature of the analyzed specimen. For this purpose, reference 
data used for the qualitative interpretation of CL spectrum must include both the 
position and the relative intensities of the emission lines. Such reference data can 
only be obtained from spectra corrected for the instrument response function, as 
is the case for the data presented here (Fig. 5). Reference CL spectra can be used 
for qualitative interpretation of a CL spectrum of an unknown specimen when 
the spectra have been measured with the same excitation conditions (beam ener
gy, incident dose, temperature of measurements) and the same wavelength reso
lution of the spectrometer as used for the measurement of the reference spectra 
(e.g. 8 nm resolution in the present study). The same experimental conditions 
must be used in order to resolve spectral overlap by using a least squares fitting 
technique of the experimental spectrum with the measured or theoretical refer
ence spectra, as discussed by Remond et al. 2000 (this Vol.). Each REE activator 
produces several peaks (each of them comprised of multiplets easily observed 
with a 1 nm bandpass) which can be described by a Gaussian or a pseudo-Voigt 
profile in which peak position, peak height and peak width are the variables in the 
fitting procedure. When several REE activators are present in a specimen, many 
CL overlapping lines may occur and the least squares fitting technique may lead 
to a non-unique solution due to the large number of variables required in the fit
ting procedure. In order to reduce the number of variables, some parameters 
must be coupled to each other, such as the wavelength separation or the relative 
intensities of the lines for each activator. Therefore, it is essential to add the inten
sity ratios to the list of peak positions of the CL emission lines corresponding to 
each REE activator/host mineral system. 

The intensity ratios of a set of CL lines associated with a given recombination 
center (after correction for the response function of the system) can be used for 
a quantitative interpretation of the CL emission spectrum. Based on analogies 
between the X-ray and CL mechanisms (as reported by Remond et al., this Vol.), 
a possible quantitative approach consists of: (1) comparing the intensity mea
sured from the unknown specimen and the reference minerals successively, and 
(2) applying to the measured intensity ratios a set of correction factors account
ing for the mechanisms of energy transfer to the luminescent ion within the dif
ferent compounds. In practice, as a result of the complex nature of the CL photon 
generation and emission mechanisms, it is important to define what measured 
signal is characteristic of the number of luminescent ions in the emitting volume. 
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Fig. 6a,b. Emission spectra of Dy doped-chlorapatite (A), scheelite (E), anhydrite (C) in differ
ent spectral regions: a excitation 458 nm, b 578 nm, c 665 nm, d 753 nm 

For semiconductors, Warwick (1987) showed that the concentration Ci of a given 
recombination center (i), is proportional to the liO/'t, where liO is the dynamic equi
librium intensity and 't is the decay constant which depends on all emission pro
cesses. In addition, quantitative analysis based on a comparative method using 
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reference compounds has more constraints with CL emission analysis than with 
X-ray spectrometry. A major difficulty is the choice of the reference materials. For 
a given REE activator incorporated into a particular mineral, the intensity ratios 
of the CL lines will depend on both the concentration of the analyzed activator 
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and the presence of all other impurities and defects. As a consequence, reference 
materials cannot be selected based only on the similarity of their crystallograph
ic properties and chemical composition with respect to those of the analyzed 
specimen, but must also account for the presence of all impurities and defects 
(naturally pre-existing or induced defects during specimen preparation and 
beam irradiation) which can modify the CL properties of the crystal. As reported 
by Remond et al. (this Vol.), the CL emission is a competitive process. The CL 
intensity depends on both the radiative and non-radiative transition probabili
ties, (photons versus Auger electrons), the capture cross-section of the energy lev
els involved in the transitions for the various energies participating to the excita
tion and the transfer of energy from an excited centre to another one. The mea
sured CL intensity, leu the number of photons emitted at the specimen surface per 
unit time can be expressed by the following equation 

ICL = })J./47TF~F;F;I:en 
j 

where i refers to each separate CL generation process (electron, X-ray and optical 
photon), Q/41t is the solid angle of collection at which the fraction of emitted pho
tons actually enter the detector, FI is a factor accounting for instrumental param
eters (collection and transmission efficiency of the detection system), FA is a fac
tor to account for optical absorption along the escape path length and FR is factor 
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Fig. 7. Emission spectra of natural fluorapatite for different excitations (308,354,360 and 460 nm) 
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Fig. 8. Emission spectra at different recording times of synthetic hydroxyapatite (Biorad) 
implanted with Eu and thermally treated at 500°C. a Short time, delay (d)=400 ns and gate 
width (w)=400 ns; b intermediate time, d=400 ns and w=2 ms; c long time, d=lOA jlS and 
w=2ms 

which corrects for internal reflection and refraction at the specimen surface. The 
above expression is close to the usual ZAF expression used in the quantitative 
analysis scheme with the EPMA. The generated intensity, ligen' is a function of the 
depth distribution of the energies participating in the emission and in the radia
tive recombination probabilities. 

For transparent wide band gap materials, the absorption coefficient is very 
small and the absorption term can be neglected in a first approximation. Howev
er it is not as yet clear which of the electron energy loss mechanisms released in 
the matrix are responsible for the total observed CL yield (fast or slow secondary 
electrons, phonons, plasmons, etc.). It is however well established in some speci
mens that an important part of the CL emission results from a secondary emis
sion process due to the absorption of CL photons originating from the de-excita
tion of another center, such as those associated with lattice defects. This sec
ondary emission resulting from the energy transfer is equivalent to secondary 
fluorescence for X-ray spectrometry with the EPMA. Such a phenomenon can 
obviously only occur if the CL photon characteristic of a center have an energy 
slightly higher than the absorption edge of the center emitting the secondary 
emission. Secondary CL emission processes are efficient in wide band gap mate
rial with REE3+ and have a high probability of occurring. The so-called intrinsic 
CL emission (self activated or near edge emission) extends into the UV or blue 
region of the spectrum. The absorption bands of REE3+ ions exhibit a high oscil-
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lator strength in the UV, as illustrated by Remond et al. (this Vol.) especially for 
Dy bearing zircon. The CL emission of a REP+ ion resulting from a secondary 
excitation by CL photons associated with lattice defects is a tentative explanation 
for the changes in intensity of the REE CL emission as a function of the host min
eral. 

In order to support such an assumption further experiments are needed: 
1 For a given mineral REE concentration study: intensity ratio of REE lines as a 

function of defect concentration by adding different amounts of impurities to 
the REE 

2 Studying the intensity ratios between several group of lines, and between fine 
structures by varying the energy of an incident UV line 

7 
Conclusion 

For an accurate interpretation of the CL emission spectrum from a natural REE 
bearing mineral, reference spectra for a given REE activator incorporated in a 
particular host crystal lattice must be acquired with different wavelength resolu
tions, depending on whether a quantitative analysis is required. Low resolution 
emission spectra (such as those presented in Figs. 6-8) showing the envelope of 
the complex fine structure of the CL lines of a REE activator are a sufficient 
approximation for qualitative interpretation (direct identification of peaks or 
spectral decomposition) of an unknown spectrum. For a better understanding of 
the generation mechanisms of CL spectra, needed for a quantitative interpreta
tion of experimental data, high resolution spectra must be obtained. With this 
objective, we propose in Tables 2-12 a preliminary description of the peak posi
tions and relative intensities of the fine structures of the CL lines for the RP+ ions 
in several minerals. It must be emphasized that these data do not provide an uni
versal database but must be considered as a first step in a future quantitative 
interpretation of CL spectra. The next step will be a systematic comparison of CL 
characteristics (relative intensities of the multiplets, peak widths, decay times) 
with those of spectra generated with UV photons using the LIL. These compar
isons should add to knowledge of the generation mechanisms of CL photons and, 
more particularly, to the contribution of the secondary excitation of the lumines
cent ion by the CL photons resulting from the intrinsic and related defects emis
sions. 
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CHAPTER 6 

The Status of the Standards Program 
of the Society for Luminescence Microscopy 
and Spectroscopy 

DONALD J. MARSHALL, OTTO C. Kopp 

1 
Introduction 

The use of the cathodoluminescence (CL) technique is now routine in a large 
number of laboratories in the earth sciences and related fields. The investigators 
use a variety of systems for producing the CL and for recording the results, either 
as photographs or as spectra. Differences exist and the time seemed appropriate 
to begin to exchange standard samples on a large scale. Any interchange of stan
dards in the past has been only among a small group of investigators. 

2 
Society for Luminescence Microscopy 
and Spectroscopy Committee 

The Society for Luminescence Microscopy and Spectroscopy (SLMS) formed a 
Standards Committee whose purpose was to develop a standards program. The 
results of the work of this committee have been disseminated in two unpublished 
reports (SLMS 1994, 1995) which have been circulated in limited numbers to 
those SLMS members who participated in the standards program and to others 
who have purchased them. A paper has been presented on a portion of this work 
(Hanchar and Marshall 1995). 

The committee decided that two types of standards were required for the ini
tial phase: (1) a standard for CL systems with spectral acquisition capability; (2) 
a standard for CL systems with photographic recording. 

3 
Standard for Cathodoluminescence Systems 
with Spectral Acquisition Capability 

The importance of obtaining spectra of CL emission has been well documented 
and there are many examples in the literature (Mariano 1989; Walker and Burley 
1991; Ponahlo 1989; Hemming et al. 1989). The major elements of each of the sys
tems are: 

6 
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- The method of generating the CL 
- The means of coupling the CL emission to the spectral analyzer 
- The type of spectral analyzer 
- The type of photon detector 
- Any correction used for the system spectral response 

There are a large number of options for each of these elements and none of the 
laboratories participating in the survey had identical or even closely similar sys
tems. 

The performance characteristics that are generally of interest include resolu
tion, wavelength accuracy, transmission and detection variation with wavelength, 
signal-to-noise ratio, and total spectral acquisition time. At this stage of the pro
gram, comparisons of absolute signal strengths among the participating labora
tories was not considered. 

A useful standard for comparing/evaluating these characteristics is one whose 
spectrum includes both peaks with multiplets and peaks covering a wide range of 
the spectrum. We were fortunate to obtain a satisfactory sample in the form of a 
synthetic zircon doped with dysprosium. The CL emission spectrum from this 
sample contains multiplets in the 485 and 575 nm regions and has a number of 
other peaks extending to 750 nm and higher. These zircons were prepared by Dr. 
John Hanchar at Rensselaer Polytechnic Institute (Hanchar 1996). 

Circulation of a single sample was not considered practical so instead we cir
culated individual crystals from a large batch, grown at the same time under iden
tical conditions. They contain about 1.4 wt% Dy. The crystals are approximately 
1 mm in maximum dimension. Spectra were obtained by Hanchar on four of the 
crystals under nearly identical conditions and portions of these are reproduced as 
Figs. 1 and 2. The agreement of peak wavelengths among these four crystals is 
excellent (within 0.04 nm for the 579.8 nm peak), even though the absolute inten
sities varied by more than a factor of 10. On the basis of this, we concluded that 
the crystals from this batch had the requisite uniformity. 

A total of eleven laboratories returned spectra in the initial phase. Two exam
ples of the spectra are shown in Figs. 3 and 4, and all of the spectra are reproduced 
in the SLMS report referenced. Four additional laboratories returned spectra lat
er and these results will be issued as an addendum. 

The SLMS does not presume to say what the "correct" values are for the wave
lengths of the various peaks observed or for any other aspects of the results. Our 
function is simply to report the data in a format which facilitates interlaboratory 
comparisons. 

Some laboratories showed data recording down to 300 nm but the lowest peak 
wavelength actually reported is 414 nm. The highest peak wavelength reported is 
761 nm, although some laboratories showed data recording to 850 and even 
900 nm. The principal Dy peaks at approximately 485 and 575 nm were observed 
by all. 
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3.1 
Results 

DONALD J. MARSHALL, OTTO C. Kopp 

The results with respect to the five important performance characteristics are as 
follows. 

3.1.1 
Resolution 
This characteristic was judged qualitatively on the basis of how well the major 
narrow bands at approximately 485 and 575 nm were resolved. Two of the partic
ipants identified eight separate peaks in the multiplet at 485 nm and either eight 
or nine peaks in the 575 multiplet. Four of the participants provided spectra 
which showed only one peak in each of these regions and no evidence of a multi
plet. The remaining five participants provided spectra which showed evidence of 
a multiplet. 

The signal-to-noise ratio of all of the submitted spectra with only one peak in 
the 485 and 575 nm regions was high enough that it appeared that participants 
might have changed their operating parameters (decreasing slit sizes) to obtain 
better resolution at a reduced sensitivity if their systems allowed for this. 

3.1.2 
Wavelength Accuracy 
The wavelengths for the most intense signal in the two major narrow bands were 
compared. For the 485 nm band, the peak wavelength varied between 476 and 
489 nm, a difference of 13 nm. This is a large variation, considering the wave
length accuracies presumed by the individual laboratories. There was no obvious 
correlation of these differences with resolution. The two systems with the highest 
resolution reported wavelengths of 481±1 nm for the most intense peak. The two 
extreme values - 476 and 489 nm - were obtained on systems that showed only a 
single peak in the multiplet. 

3.1.3 
Transmission and Detection Variations 
The systems contain many optical elements including the viewing window on the 
CL system (usually leaded glass with the possibility of contaminant coating of the 
surface on the vacuum system side), the microscope with its lenses, mirrors, 
prisms, etc., the coupling to the spectral analyzer (fiber optics in most cases but 
direct projection in two instances), the elements of the spectral analyzer, and the 
detector. Each of these has a transmission function (intensity vs wavelength) or 
detector function and the overall response is a superposition of all of these. We 
tested for variations in overall relative response by tabulating the ratio of the peak 
maxima for the 575 and 485 nm narrow bands (Table 1). This ratio varied between 
0.6 and 3.9 for the 11 participants. 
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Table 1. Relative peak heights 
for peak maxima in 485, 575, 
and 660 nm regions 

3.1.4 
Signal-to-Noise 

Laboratory Detector 485 575 660 575/485 

A PMT 0.9 0.02 0.9 

B ARRAY 1 0.6 0.01 0.6 

C ARRAY 0.7 0.04 1.4 

D PMT 0.9 0.04 1.1 

E(raw) PMT 0.96 1 0.02 1.04 

E(corr.) PMT 0.8 1 0.04 1.25 

F ARRAY 0.9 0.03 0.9 

G (raw) PMT 0.76 0.03 0.76 

G (corr.) PMT 0.66 0.04 1.5 

H ARRAY 0.25 (*) 3.93 

PMT 0.89 0.05 1.12 

PMT 0.72 0.04 1.38 

K PMT 0.72 0.03 1.38 

(*)This region was not recorded; PMT, photomultiplier tube; 
ARRAY, intensified diode array or unintensified CCD array; 
(raw), raw data; (corr.), data corrected for transmission func-
tion. 

Absolute signal intensities are not comparable from the information provided. 
The noise levels on the spectra were less than 2% of the maximum peak intensity 
for all spectra and less than 1 % for the majority of the spectra. 

3.1.5 
Spectral Acquisition Time 
Spectral acquisition times ranged from a low of 0.24 s to a high of 4.2 min. One 
laboratory reported that the intensity decreased appreciably within the first 
100 ms of electron bombardment and then became stable. No other laboratory 
commented on this aspect of performance. There are many examples of materi
als which exhibit CL which decays or fades with time, so a system with a short 
acquisition time is an asset. 

3.1.6 
Discussion 

3.1.6.1 
Calibration 
Two different types of calibration are considered, transmission function and 
wavelength. 

Transmission function calibration is used here in the sense of relative trans
mission, i.e., how does the transmission at wavelength "x" compare with that at 
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wavelength "y"? In an ideal system, they would be equal and variations in peak 
intensities in recorded spectra would reflect real differences in the emission from 
the sample at these various wavelengths. In an actual system, the transmission 
may vary widely over the recorded spectrum and the relative peak intensities 
would reflect this. 

Transmission calibration involves use of a light source in which the relative 
intensities are known over a broad range of wavelengths. When this same source 
is measured on a candidate instrument, the observed spectrum, divided by the 
known spectrum, provides a relative transmission function. Three investigators 
reported the use of a tungsten lamp for making such a calibration. 

Transmission function variations are normally associated with the optical sys
tem/detector components; but Steele (1994) has stated that relative peak intensi
ties can also be a strong function of current density and he refers to unpublished 
data for olivine in which three peaks are seen at lower currents and only two at 
higher currents. This is clearly a different effect from transmission function vari
ations but if it is present it might be misinterpreted in this way. No theory for this 
correlation has been presented to our knowledge and no evidence has been cited 
that this effect is important in the synthetic zircons; but allowance must be made 
for the possibility that there are apparent variations in transmission function 
which are actually associated with differing current densities. Power densities 
were calculated from the data provided in this program and ranged from 0.11 to 
106 W/cm2• There is no apparent correlation between power density and trans
mission for these data (Fig. 5). 

Relative peak heights may also be a function of the crystal orientation in some 
minerals. No attempt was made to control this parameter but this will be 
addressed in future work. 

Wavelength calibration is the calibration of the wavelength scale itself and 
would ideally be done with a series of very narrow peaks located across the spec
trum. A mercury lamp makes a very convenient source for wavelength calibration 
and two investigators reported the use of such a lamp for calibration. It is possi
ble that other investigators did either wavelength or transmission function cali
brations but did not report it. 

Fig. 5. Plot of ratio of peak 
maxima in 575 nm region 
to peak maxima in 485 
region versus power densi
ty. There is no apparent 
correlation 
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3.1.6.2 
Other Considerations on Wavelength Accuracy 
We considered that another possible reason for this difference in the peak wave
length of a complex multiplet might be due to the resolution differences. A test of 
this was made by mathematically degrading the resolution of the spectra provid
ed by one of the participants with the highest resolution (Fig. 2). The original data 
was available for intensity at 0.05 nm intervals. We averaged these data points, 
using a 3 point, 9 point, 27 point, and 81 point average, and replotted the spectra. 
This is roughly equivalent to increasing the slit sizes by these amounts. Even for 
the convolved spectra using the 81 point average, which gives only an indication 
of a multiplet being present, the peak wavelength shift is only about 1 nm. 

There will also be a wavelength shift associated with transmission differences. 
To estimate the magnitude of this effect, we assumed a relative transmission func
tion that decreased linearly from a value of 1 at 700 nm to a value of 0.5 at 400 nm 
and multiplied the data for the 81 point average by this. When the convoluted 
spectra were replotted, the shift in the peak maximum was less than 0.05 nm. This 
effect may be important for very broad band peaks but appears not to be an 
explanation for the wavelength differences observed in this sample. 

So we conclude that the peak wavelength variations reported are not due to 
resolution differences and do truly represent significant wavelength scale calibra
tion differences among the 11 participants. 

3.1.6.3 
Need for Wavelength Accuracy 
One need not generally make an argument for the intrinsic value of having cor
rect wavelength values. In practical terms, however, identification of major acti
vator impurities such as Sm and Dy in zircon can usually be done even with incor
rect calibrations. And the need for wavelength accuracy may be less for observing 
broad bands such as Mn produces in carbonates and feldspars. But there are sit
uations, even with broad band peaks, where wavelength accuracy is needed for 
interpretation. As an example, Mariano et al. (1975) showed that both Fe2+ and 
Mn2+ can be activators in synthetic feldspars. Both elements produce CL spectra 
in the green region (Fe2+ 550±5 nm; Mn2+ 570±5 nm) and the wavelength accura
cy needs to be much better than 20 nm to distinguish between these two possi
bilities. Furthermore, Sommer (1972) showed that the peak wavelength of Mn2+ 

emission in the calcite-magnesite solid solution series varies by almost 100 nm 
between the extremes. Future advances in these areas and in the use of CL for oth
er studies in crystal physics will place a higher demand on wavelength accuracy. 

3.2 
Absolute Intensities and Signal-to-Noise Ratio 

Absolute signal intensities depend on the experimental conditions of beam pow
er density, etc., the efficiency of the coupling of the CL emission to the spectral 
analysis system, the duration of the signal collection, and the detector efficiency. 
All of the systems differed in these details. Absolute signal intensities are not 
directly comparable from the information supplied. However, the signal-to-noise 
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ratio of the raw spectra is a qualitative indicator of this - a poor signal-to-noise 
ratio being indicative of low signal intensities. Noise levels were less than 2% of 
the maximum peak intensity for all of the spectra submitted. 

One of the reasons for resolution differences among different systems may be 
differences in the absolute signal intensities, necessitating the use of larger slits on 
those systems with lower sensitivity. With all spectrometer systems, there is a 
tradeoff between resolution and sensitivity. 

3.3 
lonoluminescence 

One investigator provided spectra obtained with ion bombardment (Yang et al. 
1994). The multiplets are excellently resolved and the pattern of intensities of the 
485 and 575 multiplets are closely similar to those obtained by Hanchar on the 
four crystals referred to previously. The wavelengths match to within 1.4 nm in 
the 575 multiplet and to within 1 nm in the 485 multiplet. Multiplet structure is 
quite apparent in the 650 and 750 nm peaks also. These spectra will be repro
duced as part of the addendum that will be issued by the SLMS. 

3.4 
Suggestions for Future Work 

Zircon is tetragonal and there may be some variation in spectra, depending on the 
direction of the emission (Cesbron et al. 1995). No provision was made for con
trolling this factor in this first round of investigation. 

Steele's comment that the olivine spectrum depends on the power density 
should be further explored for the case of zircon. 

Blanc (1996) has proposed the use of a YAG as a standard and has provided a 
large sample which is under evaluation at this time. The spectrum of this sample 
extends from at least 244 to 893 nm and higher. 

Kihle (1996) has suggested that a cubic sample of YOS would also be a good 
choice and would minimize any possible orientation effects. 

4 
Limestone Standard 
and Cathodoluminescence Photography 

Probably a majority of the CL practitioners in the earth sciences use CL for study
ing carbonates and results are reported via color photographs. There appear to be 
significant color variations among different laboratories and the exposure times 
differ widely. Some authors have stated that faintly luminescing specimens have 
only been observed with the hot cathode type of CL instrument (Barbin et al. 
1989). 

Some of the questions that arise in CL photography include: 
1. Are the actual CL colors faithfully reproduced? 
2. Are the colors a function of the exposure time? 
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3. What are the reasons for the differences in exposure time from laboratory to 
laboratory? 

We decided to circulate a limestone standard to be photographed by participat
ing laboratories in their normal fashion. Each laboratory furnished a full set of 
operating conditions and the final report provided comparisons of the features 
observed, the colors, and the exposure conditions. 

In selecting the standard, we considered the following items to be important: 
- The standard should exhibit large variations in CL intensity over the area of a 

thin section. 
- The specimen CL should not be susceptible to rapid fading. 
- The specimen, if possible, should be representative of real world specimens. 

Several possibilities were considered and we finally selected a sample of a Missis
sippian limestone from the Burlington Formation in Iowa. The sample exhibits 
bright CL with elaborate cement zonation similar to that described by Meyers 
(1974). Professor William Meyers, SUNY Stony Brook, provided a hand specimen 
and from this we had about 20 thin sections prepared and distributed. 

4.1 
Results 

Eleven responses, in the form of either color prints or color transparencies, were 
received. Each was accompanied by a full set of data on instrumentation used 
and on operating conditions. 

There has been informal discussion among CL investigators that different CL 
instruments with different beam parameters and different angles of incidence 
reveal different details. Dr. William Meyers examined most of the color prints 
submitted during this project and concluded that there were no significant dif
ferences among them with respect to the cement details that are revealed. How
ever, there are obvious differences in the color recorded and in the exposure 
times. 

Two examples of the photographic results are included herein (Fig. 6), illus
trating the results from two different types of cold cathode instrument. (For the 
complete set of photos, please refer to the SLMS publication referenced previ-
ously.) . 

The color differences between these two examples are quite apparent. (It 
should be noted that both of these examples were furnished by the investigator 
as color prints and they were then mounted on the same sheet and copied by a 
conventional color copier. Some color shifts are inevitably introduced by the 
copying process but they are not significant in the opinion of the authors of this 
paper.) Yet it is presumed that the submitters would have approved these color 
reproductions if they had been submitted as part of a journal article. The pre
sent limitations of using conventional color photography to report CL results is 
illustrated by this pair of photos. The reasons for the color differences are not 
obvious. 
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Eric Hiatt 
U.Colorado at Boulder 
Technosyn. 8200 MKII 
Leitz 
Nikon M Plan ELWD 
210/0 
20X;0.4 
Kodak. Ektar Print 
ASA 1000 
Normal ((41) 
13.5 kV;0.516 mA; 10 mm 
33.1 seconds 

Michael Wag reich 
University of Vienna 
Luminoscope, ELM-2 
Leitz Orthoplan 
UM20; 20X; 0.33 
Kodak. Gold Print 
200 ASA 
Normal development 
15 kV;O.4 mA;5 mm 
240 seconds 

Fig. 6. Examples of color photographs from two authors using two different cold cathode instru
ments 

4.2 
Figure of Merit 

The exposure times reported by the 11 participants varied from a short exposure 
time of 2.9 s to an exposure time as long as 10 min. The exposure time is a gener
al indicator of the overall system transmission or system sensitivity. But part of 
the reason for the variations in exposure time is the variation in the experimen
tal conditions selected by the various laboratories. Beam voltages ranged from 8 
to 30 kYo Beam currents varied from 0.07 to 7 rnA. Beam areas varied from 0.8 to 
80 mm2• Overall magnifications varied from 4x to 20x, and the film speeds 
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ranged from 160 to 1600 ASA. Because of these differing experimental conditions, 
a simple comparison of the exposure time is not too meaningful. 

However, since we know how the exposure time is expected to vary with many 
of these parameters, we can develop an expression for the exposure time which 
includes the known variable parameters and the unknown factor, K, proportion
al to system transmission, which we refer to as a figure of merit. This expression 
is: (Please see the SLMS Report No.2, 1995 for the detailed development of this 
equation.): 

t = (1/ K) * A * M [ 2 1 
{ASA * NA2 *(V -5000)* l} 

(1) 

where t is the exposure time, V is the beam voltage, I is the beam current, NA is 
the numerical aperture of the objective lens, M is the overall magnification 
between the sample and the color print negative, ASA is the film speed, and A is 
the beam area on the sample. 

As expected, the required exposure time decreases with higher beam current 
or beam voltage, larger ASA, and higher numerical aperture of the objective lens. 
The required exposure time increases with higher magnification and larger beam 
area. 

The unknown quantity in this calculation is the figure of merit, K, which is pro
portional to the overall system transmission. K will be a function of many factors 
including window cleanliness, transmission of microscope objective and other 
elements of the microscope and camera, the number of surfaces that the beam 
must negotiate in traveling from the sample to the film, and others. 

We rewrite Eq. (1) as 

K- A * M ( ) [ 2 ] 
- t {ASA * NA2 *(V -5000) * l} 

(2) 

Since we know all the parameters on the right side of the equation, and since the 
exposure time is measured, we can use this equation to solve for K. When we do, 
we find a range of K from the lowest value of 0.00012 to the highest value of 0.28. 
This highest value is exhibited by the hot cathode system of Ramseyer (Ramsey
er et al. 1989). The ratio of the highest to the lowest value among these 11 partic
ipants is 2300! This implies that if all the basic experimental parameters were 
identical, then the range in exposure times observed between the two extremes 
would be 2300 to 1. 

There are some complications in this analysis. One is that the calculation of the 
figure of merit requires knowledge of the actual beam current to the sample. 
Beam current measurement is an inherent problem in a CL instrument, especial
ly a cold cathode instrument, since current is usually measured in the current 
return line to the high voltage power supply and not at the sample itself. There are 
various loss processes such as aperture interception which can cause significant 
differences between the sample current and the total current. So a better estimate 
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of the figure of merit would be obtained if beam current to the sample itself could 
be measured. This is a difficult measurement to make because of the effects of 
secondary electrons, positive and negative ions in the discharge, and other fac
tors. Some preliminary measurements indicate that the actual electron beam cur
rent reaching the sample in cold cathode instruments may be only a small portion 
of the total apparent beam current and this accounts, at least in part, for the dif
ferences observed in the figure of merit. 

With the cold cathode systems, there will also be both low energy and high 
energy electrons and these will count equally in the measured beam current even 
though the high energy electrons are those primarily responsible for the observed 
CL. 

Many investigators have noted that there is a fairly large latitude in exposure 
time for most films. Sometimes a factor of 2 difference in exposure time does not 
produce a striking difference in the photographs, especially with relatively bright
ly luminescing samples. As pointed out by Dr. Ramseyer, one of the reviewers of 
this paper, reciprocity is very important to consider. An Eastman Kodak publica
tion (1996) states "Most color films require more than the normally calculated 
exposure when the lighting is unusually low. Also, the sensitivity difference 
between the many layers of color films can cause a color-balance shift, .... " For 
some of their black and white films, at exposures of 10 s or more, the recom
mended adjustment for reciprocity is a factor of five to ten, i.e., the film sensitiv
ity is reduced by this amount for the longer exposures. For many Kodak color 
films, actual reciprocity information is not presented but their use for exposures 
in the 10 s range or greater (Kodachromes and Ektachromes) or the 100 s range 
or longer (Gold and Royal Gold) is not recommended. Six of the 12 investigators 
reported exposure times greater than 10 s so the reciprocity correction would be 
important and it would reduce the apparent differences in transmission by a large 
factor. However substantial differences, greater than a factor of 100, would still 
remain in the figure of merit. 

One investigator (Mindszenty) provided a set of four photographs, taken 
under identical conditions, but with different exposure times (5, 15,30, and 60 s; 
Fujichrome 1600 ASA with push processing). The 30- and 60-s exposures revealed 
some details that were not apparent on the shorter exposures but the more sig
nificant fact is that the color of the brightly luminescing areas shifted from a red 
to a yellow with increasing exposure time. However, this shift was not so great as 
the differences seen in Fig. l. 

The importance of the correct reporting of color photograph type information 
will become increasingly apparent as more and more investigators adopt various 
color scanning/digitizing schemes. 

4.3 
Suggestions for Future Work 

We hope to obtain one of the faintly luminescing carbonate samples that has 
been referred to (Barbin et al. 1989). It would also be of interest to obtain CL 
emission spectra from a standard carbonate sample. The wavelengths for calcite 
stated in the literature range from about 590 to 640 nm. For this purpose, a more 
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uniform, brightly luminescing sample with a known Mg concentration may be 
the best choice. 

Acknowledgements. Scott Carpenter, U. Texas, Richardson, TX furnished one of 
the preliminary carbonate samples.; Ray Lund, Quality Thin Sections, Tucson, AZ, 
prepared the limestone thin sections; William Meyers, SUNY, Stony Brook, NY, 
furnished the limestone standard finally selected and reviewed all of the color 
photographs; John Hanchar provided the Dy-doped zircon standards. Dr. Karl 
Ramseyer emphasized the importance of fUm reciprocity. 
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CHAPTER 7 

Geologic Application 
of Cathodoluminescence of Silicates 

KARL RAMSEYER, JOSEF MULLIS 

1 
Introduction 

Cathodoluminescence from silicates has been known since the end of last centu
ry and early in this century, when Crookes (1879) and Goldstein (1907) observed 
that certain minerals, like zircon and quartz, emit light during bombardment with 
cathode-rays in evacuated glass tubes. Since then, a large number of silicates have 
been found to emit visible light during electron bombardment (Marshall 1988). 

The application of cathodoluminescence (CL) in geology started in the 1960s 
when Long and Agrell (1965), Sippel (1965) and Smith and Stenstrom (1965) pub
lished articles on the possibilities of using CL for the characterization and better 
distinction of minerals and mineral modifications. Similarly, Geake and Walker 
(1966) and later Geake et al. (1972, 1973, 1977) used CL in studies oflunar rocks 
and meteorites. A major impact of CL in silicates was the observation by Sippel 
(1968) that authigenic quartz precipitated as cement in sandstones is non-lumi
nescent and is thus clearly distinguishable from the blue- to red-luminescing, 
detrital quartz grains. Additional impact regarding the use of CL in silicates 
evolved continuously, with increasing knowledge of the causes of CL in different 
minerals, newer, more sophisticated instruments for spectral analyses (e.g., com
puter-assisted spectrometers with multichannel analyzers) and excellent CL 
detector systems for electron microscopes (e.g., higher resolution, lower detection 
limits). In the future, important developments for expanding the application of 
CL in silicates will come from several directions: 
1. A major need is better knowledge of the cause of the most common "uv to 

bluish" CL color found in most silicates. Here, the difficulty centers around the 
characterization and quantification of defect centers such as oxygen vacancies, 
oxygen hole centers associated with substitutional elements and dangling oxy
gen bonds (Gorodec 1981; Marfunin 1978; Stevens Kalceff and Phillips 1995; 
Stevens Kalceff et al. 2000; Walker 1985). 

2. In addition to the study of these poorly understood causes of CL, a more pro
found knowledge of the implications of trace element and other defect cen
ter concentrations and distributions deduced from CL observations is neces
sary (Machel and Burton 1991). This point is very important because CL 
provides a powerful opportunity to unravel the growth conditions and pos
sible later alterations of minerals that are not recognizable at the micron 
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scale by other techniques. Otherwise, only qualitative descriptions of the CL 
characteristics are possible. 

3. Similarly it would be of great importance to understand the physico-chemical 
factors that determine the distribution of CL activator elements in minerals 
that contain more than one structural position for a specific activator element. 
Again, this knowledge would help to determine more precisely the growth con
ditions and possible later alterations. 

Generally speaking, it is not only necessary to unravel the causes of the different 
CL peaks in the minerals, which is the first step in understanding the CL charac
teristics, but, for a successful quantitative application of CL in mineral growth and 
recrystallization, the implications of the observed trace element and other defect 
center concentrations and distributions have to be better understood (Machel 
and Burton 1991). 

At present, the most successful applications of CL in silicates are those cases in 
which differences in the CL appearance, or distribution, is adequate to solve a par
ticular problem. This implies not only that a quantitative separation of different 
mineral species, or genetic groups of a specific mineral, is possible (e.g., Sears et 
al. 1990; Steele 1990), but also that parage netic sequences, deformational effects 
(e.g., brittle-ductile) (Milliken and Laubach 2000; Mora and Ramseyer 1992), 
metamorphic grade (Steele 1990), low-high temperature modifications and poly
morphism (Marshall 1988), crystal growth dynamics (Ramseyer and Mullis 1990; 
Steele 1990; Vavra 1990), reaction processes during firing of synthetic products 
(Mumenthaler et al. 1995) and radioactive fluid flow (Meunier et al. 1990; Ram
seyer et al. 1989) are recognizable. 

In this chapter selected examples are presented in which the use of CL is an 
integral part of understanding and/or recognizing precipitation/alteration pro
cesses not detectable at the micron scale/ppm level with any other technique. In 
order to decide whether CL may be adequate for a given problem, a short sum
mary of the known causes of CL in silicates, including their spectral ranges and 
likely restrictions from the host chemical composition, will precede the presenta
tion of the selected examples. 

2 
Causes of Cathodoluminescence in Silicates -
Present Day Status 

The search for the causes of CL in silicates started as early as the beginning of this 
century and is still under way. Numerous researchers were involved in this search, 
first with natural samples, then with experimentally grown, doped crystals, and 
only in the last few decades on an experimental-theoretical basis. CL caused by 
trace elements at cation position(s) in silicates is known, since these materials 
were tested for the use in luminescence screens and fluorescent lamps. A brief 
summary of these data is given (Tables 1,2). 

The difficulty in determining the cause of CL in silicates is that it may result 
from any of a combination of many factors, including: a large set of possible acti-



Geologic Application of Cathodoluminescence of Silicates 179 

vator elements, variable chemistry (solid solutions), polymorphism, non-identi
cal structural sites for an element, substitution of silica by hydrogen and defect 
structures such as broken Si-O bonds, oxygen vacancies and radiation-induced 
defects generated naturally or by the mode of observation, e.g., energetic radia
tion or heavy particle bombardment (Ramseyer et al. 1988; Stevens Kalceff and 
Phillips 1995). Most of these parameters are difficult to quantify on a micron scale 
at ppm concentrations (e.g., trace elements), are only detectable using bulk crys
tals (e.g., defect structures such as oxygen vacancies), or are difficult to produce 
in synthetic minerals. 

As in carbonates, the transition-metal ion Mn2+ is a very prominent activator 
element in silicates, such as the plagioclases, amphiboles, pyroxenes, olivine, gar
nets and epidote. These minerals contain cations of the alkaline earth metals, e.g. 
Mg2+, Ca2+, Sr2+ and Ba2+, in which the activator element Mn2+ substitutes easily 
for any of these ions. In cases in which more than one, non-identical crystallo
graphic or structural site exists for the alkaline earth element, then various sites 

Table 1. Cation position of 
Cation position Luminescence center Emission (nm) n common luminescence centers 

in silicates 
K+ Tl+ 280-285 2 

Pb2+ 285-295 2 
Mn2+ 570 

Na+ Tl+ 285 2 
Pb2+ 285 2 

Cs+ Tl+ 290-300 
Ca2+ Tl+ 280 

Pb2+ 280 1 
Mn2+ 550-640 18 
Cr3+ 745 

Mg2+ Mn2+ 580-665 6 
Ti3+ 630 1 
Cr3+ 680-698 4 

Zn2+ Mn2+ 510-540 3 
Al3+ Mn2+ 560-605 5 

Fe3+ 670-760 11 

Cr3+ 682-689 3 

860-880 1 
Ti4+ 390-440 3 

Si4+ Fe3+ 670-760 17 
Zr4+ Tj3+ 620 

Ti4+ 450-480 2 
Sn4+ Ti4+ 500-580 2 

Data from Gorobec (1981), Marfunin (1979) and 
Boroznovskaya and Zhukova (1987). n, Number of silicates 
that show this luminescence center. 



180 KARL RAMSEYER, JOSEF MULLIS 

Table 2. Cation position of rare earth element luminescence centers in silicates 

Cation position Luminescence center Emission (nm) n Reference 

Ca2+ CeH 320-355 6 a,b 
340-380 7 a 
490 b 

Nd3+ 385 a 
SmH 566-597 4 a 

600-641 4 a 
Eu2+ 395-470 10 a,c 
Eu3+ 616 1 a 
Gd3+ 312 3 a 
Tb3+ 440 a 

546 a 
D y 3+ 481 a 

575 a 
ErH 556 a 
Yb3+ 520-535 2 a 

Ce3+ Sm3+ 580-640 a 
TbH 430 a 
DyH 540 a 

490 a 
Zr'+ SmH 590 d 

605 d 
615 d 
625 d 
630 d 

Eu2+ 390 e 
EuH 570 d 

605-625 d 
655-660 1 d 

Gd3+ 313 2 a,d 
Tb3+ 405 a 

545-560 d 
585 d 
590 d 
615-630 d 

D y 3+ 475-490 a,d,f 
568.2 f 
571.5 f 
575 d,f 
576 f 
577.5 f 
579.5-580 2 d,f 
581.5-582 12 d,f 
590 d 

HOH 575-595 d 
580 d 
585 d 
605 d 

n, Number of silicates that show this luminescence center. 
aGorobec (1981). bLaud et al. (197l). cMarfunin (1979). dTrofimov (1962). eOdin et al. (1991). 
fOhnenstetter et al. (1991). 
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exist also for the activator element and the CL signal may contain as many peaks 
as different sites exist (e.g., diopside, Walker 1985). In addition, different compo
sitions of solid solutions, e.g., plagioclases (Geake et al. 1973), or polymorphic 
structures of the same mineral such as low- and high-temperature phases, e.g., 
wollastonite (Lange and Kressin 1955) may show different CL peak positions. In 
most alkaline earth metal containing silicates, the Mn2+-activated CL emission 
peak is in the range of 510-665 nm (Table 1; Marshall 1988; Walker 1985; Gorobec 
1981). 

Two other transition metal ions, Fe3+ and Cr3+, are known activator ions in sil
icates when substituting for AP+ (Table 1; Marshall 1988; Walker 1985; Gorobec 
1981). The most prominent silicates are the feldspar group (e.g., Telfer and Walk
er 1978; White et al. 1986), garnets (Walker 1985) and aluminosilicates (Marfunin 
1979). In feldspars, ferric iron is located at the tetrahedral sites replacing A}3+ 
(Walker 1985; White et al. 1986), whereas in garnets and aluminosilicates, Cr3+ 
substitutes for octahedrally coordinated AP+. Both the ordering of the Al!Si dis
tribution as well as the major element composition of the feldspar (Ab-An-Or) 
affect the position of the CL peak or peaks (e.g., Mora and Ramseyer 1992; Telfer 
and Walker 1978). Both Fe3+- and Cr3+-activated CL emission peaks in plagioclase 
and garnets, respectively, are in most cases at longer wavelengths and are often in 
the near-infrared region (Table 1). 

A less common type of CL in silicates is caused by host elements of the miner
ai, like transition metals Ti4+, Tj3+ and Mn2+ or the UO}+-complex (Gorobec 1981; 
Marfunin 1979). 

Heavy metal elements that can substitute for alkaline earth metals in silicates, 
such as copper, tin, thallium or lead, may also act as CL activators. Usually, how
ever, either their occurrence and/or concentration is restricted to specific envi
ronments or the CL is in the non-visible part (UV) of the electromagnetic spec
trum (Table 1; Boroznovskaya and Zhukova 1987; Gorobec 1981; Marfunin 1979; 
Mariano et al. 1973). 

As in the case of carbonates and apatite, a number of rare earth ions, e.g., Ce3+, 
Pr3+, Nd3+, Sm2+, Sm3+, Eu2+, Eu3+, Gd3+ Tb3+, Dy3+ Er3+ or H0 3+ are CL activators 
in silicates such as zircon and feldspars (Table 2; Gorobec 1981; Marshall 1988 and 
references therein). In silicates with alkaline earth metals, the CL of rare earth ele
ment activation is often masked by the intense CL of Mn2+. Silicates without alka
line earth metals, such as zircon, show a large variety of rare earth ion-activated 
CL (Blanc et al. 1994; Mariano 1989; Trofimov 1962). The emission of such CL is 
variable and found in the UV, visible and IR range of the electromagnetic spectra 
(Table 2; Blanc et al. 1994; Kirsh and Townsend 1988; Gorobec 1981; Laud et al. 
1971; Marfunin 1979; Mariano 1989; Trofimov 1962). 

In addition to these three groups of clearly defined activator elements, other 
causes must exist for CL colors in silicates in which no known or measurable trace 
element can be related to the CL signal, e.g., quartz, K-feldspar, kaolinite and zir
con. Non-bridging oxygen hole centers or dangling Si-O bonds (Ramseyer et al. 
1988; Stevens Kalceff and Phillips 1995), self-trapped excitons (Stevens Kalceff 
and Phillips 1995), aluminum substitution for silica (Speit and Lehmann 1982; 
Stevens Kalceff and Phillips 1995), lattice order (ZinkernageI1978), or other point 
defects related to substitutional-interstitial element pairs (Demars et al. 1996; 
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Pagel et al. 1996; Stevens Kalceff and Phillips 1995), are proposed and/or have 
been proven as causes of CL in silicates. 

Generally speaking, the CL of silicates is caused either by trace activator ions 
substituting for an element of the mineral, by defect centers involving oxygen or 
in a few cases by cations of the host mineral. Non-luminescence of silicates, by 
contrast, may be caused by a low concentration of activator elements or other 
defect centers, e.g., the activator element/defect center concentrations are below 
the detection limits of the instrument and/or applied technique, or the host min
erals contain appreciable amounts of Fe3+, Fe2+, Ni2+ and C02+ which act as a 
quencher of CL at room temperature (Marfunin 1979; Walker 1985), or the acti
vator element is part of the host mineral, or present in an appreciable amount in 
the mineral, e.g., concentration quenching (Marfunin 1979). 

3 
Applications of Cathodoluminescence 
in Silicates - Examples 

In silicates, CL can be used at different levels: 
l. From a purely descriptive viewpoint without knowledge of the cause of CL. 

This application is adequate for a large number of studies in which phases or 
mineral generations need to be detected or distinguished, such as for quantifi
cation of minerals or the recognition and quantification of authigenic quartz, 
feldspar and kaolinite cement in sandstones or cataclastic systems, detection of 
trace element concentrations in zircon, recognition of brittle or ductile defor
mation, pressure solution or relict structures and recrystallization (BjjZlrkum 
1996; Burley et al. 1989; Evans et al. 1994; Finch 1991; Finch and Walker 1991; 
Hearn 1987; Hopson and Ramseyer 1990; Houseknecht 1991; Marshall 1988; 
Matter and Ramseyer 1985; Milliken 1994; Odin et al. 1991; Owen 1991; Sippel 
1968; Ramseyer et al. 1992a,b; Remond et al. 1992; Wenzel and Ramseyer 1992; 
ZinkernageI1978). 

2. Based on the causes and the concentration of the CL centers. Knowing the 
cause(s) of the CL and the activator concentrations may help to better deter
mine the physico-chemical conditions of crystal formation and alteration, such 
as in the case of chemical zonations in zircons or forsterite (Halden et al.1993; 
Steele 1995), the trace element signature of feldspars in plutonic metamorphic 
and sedimentary rocks (Gotze et al. 2000), or the fenitization of igneous rocks, 
i.e. alkali metasomatism (Marshall 1988). 

3. Based on results from artificially generated CL centers in synthetic or natural 
material under well defined physico-chemical conditions. Knowing the causes 
of the CL and its physico-chemical implications for crystallization or alteration 
are without any question the best and most valuable information which can be 
deduced from CL.Unfortunately, there exist only a few cases with such well
known causes of CL and clear indications for their occurrence, like the gener
ation of CL in quartz and feldspar by radionuclides (Meunier et al.1990; Owen 
1988; Ramseyer et al. 1988), or the low intensity of Fe3+-activated CL in lunar 
feldspars (Geake et al. 1977; Sippel and Spencer 1970). 
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In most cases, either the cause of the CL or the implication of the occurrence and 
concentration of the activator element(s)/defect center(s) is unknown. The fol
lowing typical examples of the application of CL to silicates will be presented with 
emphasis on the wide variety of studies in which CL may provide new insights. All 
of the photographs shown were made with the CL instrument at the Geological 
Department University of Bern, Switzerland (Ramseyer et al. 1989). This instru
ment is a "hot-cathode" instrument, which uses electrons generated by heating a 
tungsten filament. The operating conditions were 30 ke V electron energy and 
0.2-0.4 flA/mm2 beam-current density. Luminescence characteristics were 
recorded on Ektachrome 400 color slide film and developed at 800 ASA. Exposure 
times ranged from 1 to 200 s depending on the magnification and CL intensity. 

The most important application of CL is still in the field of clastic diagenesis 
to determine quantitatively the detrital composition and the provenance of the 
sandstones (Matter and Ramseyer 1985; Owen 1991; Richter and Zinkernagel 
1975; Zinkernagel 1978; Zinkernagel 1992), the amount of quartz and feldspar 
cement (Burley et al. 1989; Houseknecht 1991; Milliken 1989; Ramseyer et al. 
1993), the degree of pressure solution and compaction (Bjj1lrkum 1996; House
knecht 1991; Milliken 1994), and to visualize the albitization process (Milliken et 
al.1989; Ramseyer et al.1992b) or the effect of brittle deformation on the destruc
tion of porosity (Milliken and Laubach 2000; Fig. la,b). Good photomicrographs 
and quantitative assessments of the CL patterns on the above mentioned topics 
are given in the literature quoted and in Fig. 1. 

Less commonly, CL is used in metamorphic petrology to unravel the deforma
tion history and fluid migration during prograde and retrograde conditions. 
Deformation at higher P-T conditions may either be a brittle or a ductile process 
whereby the deformation generates either cracks or it is accomplished by grain 
boundary migration and recrystallization, respectively. CL is an excellent tool to 
distinguish these two deformation styles, which may act simultaneously, but inde
pendently, for different minerals. This latter effect is nicely shown in a sample 
from the Arnaball thrust, Scotland, in which quartz behaves ductilely (Fig.lc) and 
K-feldspar brittlely (Fig. Id). 

Hydrothermal alteration of crystalline rocks is often more widespread and 
occurs at deeper levels than is easily recognized by normal petrography or chem
ical analyses of the minerals. Using CL, it is often easy to recognize the post-intru
sion alteration sequence down to late stage hydrous alterations. The depth of 
these alterations may be greater than normally assumed, and in the case of the 
meteorite impact structure at Siljan (Sweden), CL shows that K-feldspar and pla
gioclase alteration occurs down to a depth of 4 km (Aldahan et al. 1988; Ramsey
er et al. 1992a). 

Not only are host rock alterations detectable with CL (Mora and Ramseyer 
1992), but fluid migration pathways, fractures, etc., may record a complex parage
netic history of mineral growth and replacement. Detailed CL study of vein
quartz crystals in conjunction with other techniques (e.g., fluid inclusion 
microthermometry, stable isotope analyses of oxygen, trace element microchem
ical analyses) enabled Ramseyer and Mullis (1990) to relate the growth dynamics 
(Mullis 1991; Mullis et al. 1994) to the CL pattern found in individual quartz crys
tals from Alpine fissures (Fig. le,f). The most interesting points were that differ-
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ent growth modes, i.e. continuous slow, discontinuous slow and discontinuous 
rapid, gave distinct CL patterns, which directly correlate with the activity of tec
tonic deformation in the Alpine region during crystal growth (Mullis et al. 1994). 
The example shown in Fig. Ie and If is a quartz crystal cut normal to the c-axis, 
showing oscillatory, sectoral and intrasectoral zonation, photographed at the 
beginning (Fig. Ie) and after 105 s (Fig. If} of electron bombardment. In addition, 
monochromatic CL photographs from a similar crystal from the same fissure 
revealed that the observed intensity variation is only present at 600 nm and not at 
425 nm in the blue range (Barbin and Schvoerer 1997). The observed types of 
zonations are, based on Reeder's (1991) study of carbonate minerals, the result of 
a spatial difference in the luminescence center formation during crystal growth in 
a system far from equilibrium with high growth rates. This interpretation for 
quartz, in analogy to carbonates, fits well with the discontinuous slow growth of 

Fig. 1. a CL photomicrograph of brittlely deformed quartz grains in a sandstone from the San 
Joaquin basin, California (Wildcat-well, Tenneco Schutte #1, 14589 ft) . Scale bar is 500 !lm. b CL 
photomicrograph of brittlely deformed K-feldspar (blue) and plagioclase (white-yellow) with 
non-luminescent fracture filling K-feldspar and albite, respectively, in a sandstone from the San 
Joaquin basin, California (Lakeside oil field, Tidewater KCL 36-35,8452 ft). Scale bar is 200 !lm. 
c CL photomicrograph of a ductilely deformed quartz in a sandstone, Arnaball thrust, SE Heil
am, Scotland (UK). Note that the originally spherical grains are now elongated. Scale bar is 
100 !lm. d CL photomicrograph of a brittlely deformed K-feldspar in the same sandstone as 
shown in c. Note that the whitish luminescing K-feldspar is brittlely deformed and surrounded 
by low temperature authigenic K-feldspar (arrow). Scale bar is 100 !lm. e CL photomicrograph 
of a fissure quartz from Gigerwald (Switzerland), with cut surface normal to the c-axis. The 
growth conditions deduced from fluid inclusion microthermometry are 300°C, 170 MPa and a 
low-saline, aqueous, CO2-containing solution. Note that growth is after the positive and negative 
rhombohedra and only the outermost part (arrow) of the crystal shows growth after the prisms. 
In addition, oscillatory and intrasectoral zoning is visible in the crystal grown after the rhom
bohedra. The cause of this intrasectoral zoning is twinning after the Brazil law. Scale bar is 
500 !lm. f CL photomicrograph of the same crystal as in e, but after 105 s of electron bombard
ment. Note that the CL color changed to gray-brown, but the CL intensity distribution is identi
cal with that of the blue CL color in e. Scale bar is 500 !lm. g Crossed-polarized photomicrograph 
of fractured Dala granite (arrows) from the Siljan impact structure (Central Sweden). Scale bar 
is 250 !lm. h CL photomicrograph of the same field of view as in g. Note that the brown-lumi
nescing zone engulfing the fracture is due to radiation damage and is visible in quartz (black) 
and plagioclase (bluish-white). Scale bar is 250 !lm. i Crossed-polarized photomicrograph of 
fractured Dala granite (arrows) from the Siljan impact structure (central Sweden). Scale bar is 
250 11m. k CL photomicrograph of the same field of view as in i. Note that the brown-luminesc
ing zone engulfing the fracture is due to radiation damage and is visible in quartz (black) and 
K-feldspar (light blue). Scale bar is 250 !lm. I CL photomicrograph of an alkali-feldspar granite 
shocked by a meteorite impact to 20-25 GPa, Araguainha impact crater, Brazil (from Engelhardt 
et al.1992). Note that quartz luminesces with the typical red color (630 nm), whereas plagioclase 
and K-feldspar luminesces yellow and blue, respectively. Scale bar is 200 !lm. m CL photomicro
graph of a granite partially melted by lightning, Gotthard, Switzerland. Note that the yellow- and 
bluish-luminescing areas were previously plagioclase and quartz, respectively. Scale bar is 
500 !lm. n CL photomicrograph of a quartz sandstone intruded by a plutonic dyke with high
temperature-authigenic, red-luminescing quartz cement, Dala Sandstone, central Sweden. Note 
that the CL color of the detrital quartz grains is also partially altered from a "plutonic" dark blue 
to red (arrow). Scale bar is 250 !lm. 
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the crystal, e.g., each increment seen under CL is a tectonically induced growth 
event due to a change of the PVT-chemical composition of the fluid in the fissure. 
These zonations are only present in the 600 nm region, where CL centers related 
to non-bonding Si-O exist. This shows that the oscillatory zonation contains 
zones of high and low growth rates (Reeder 1991) and therefore also high and low 
densities of structural defects, respectively. 

Similarly, fluid flow through fractures may not only be detected by mineral 
growth, but also by radiation damage of the surrounding minerals like quartz, 
plagioclase (Fig. Ig,h) or K-feldspar (Fig. li,k; Meunier et aL 1990; Owen 1988; 
Ramseyer et al.1989). In all cases, the energy and particle type can be determined 
by calculating the penetration depth of these particles into the mineral (Marmier 
1983) and comparing these results with measured penetration depths from CL 
photographs (Owen 1988). Again, the observed color change to brown (650 nm, 
1.88 eV, half-width 150 nm; Ramseyer et al. 1989) reveals that CL centers related 
to non-bonding Si-O were generated. This interpretation is confirmed by Stevens 
Kalceff and Phillips (1995) who assigned a CL peak at 1.91 eV to a non-bonding 
oxygen hole center from a non-OH precursor. As the generation of this CL center 
is time dependent, age determinations of the fluid flow may be possible, as pos
tulated by Owen (1991) in the case of quartz with radiation-damage zones around 
zircon inclusions. 

Growth zoning in silicates (quartz, feldspars, etc.) is a common feature not only 
for crystals formed in aqueous solutions but also crystallized from silicate melts 
(D'Lemos et al. 1997; Watt et aL 1997; Halden et al. 1993; Schneider 1993; Wenzel 
and Ramseyer 1992; Zinkernagel 1978). The zonation visible under CL may rep
resent diffusion-controlled crystallization, where euhedral crystals form, miner
al-melt disequilibria (D'Lemos et aL 1997), a process of resorption and crystal
lization or rapid dendritic growth where rounded crystals and crystals with 
embayments are generated (Watt et al. 1997; Schneider 1993). Other igneous 
structures, like exsolution lamellae, myrmekite formation or graphic structures 
are easily recognizable using CL and also easily set into genetic relationships with 
the genesis of the plutonic rocks (Hopson and Ramseyer 1990). Zonations in zir
cons (see also chapters by Gruner et al. and Poller et aI., this Vol.) may reveal the 
chemical conditions, variability and kinematics during growth (Halden et al. 
1993; Vavra 1990), or the history of the mineral through different erosional and 
metamorphic cycles. Recognition of a relict core or growth zones in zircon is 
especially important for UlPb-dating in which distinct metamorphic events or 
the primary origin of the zircon is the target of dating. In addition, the CL char
acteristics and the oscillatory zonation of meteoritic forsterite may reveal crys
tallization conditions (e.g. growth from a melt or condensation from a vapor) 
during forsterite formation, thermal processing after crystallization and/or irra
diation effects (Benstock et aL 1997; Steele 1995). 

Single, catastrophic events, such as meteorite impacts (Fig. 11) or vitrification 
by lightening (Fig. 1m), are other recognizable effects. Quartz formed under such 
conditions is typically characterized by red CL (630 nm, 1.94 eV, half-width 
100 nm; Ramseyer 1990). This red CL is also present in clastic rocks where authi
genic quartz cement forms during emplacement of a nearby plutonic dike or sill 
(Fig. In; Krynauw et al. 1994; Ramseyer et aL 1988). Based on the findings of 
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Stevens Kalceff and Phillips (1995), the cause of this red CL is the non-bonding 
oxygen hole center generated from precursor hydroxyl defect centers. This inter
pretation is consistent with electro diffusion experiments showing that red CL is 
directly related to negatively charged particles which may diffuse through the 
large c-channels in high-quartz. 

By increasing the temperature above the melting point of the common sili
cates, silicate glasses may be generated. This is often the case when lightning hits 
the ground in crystalline areas. Here, melting of the rock generates a glassy var
nish which still clearly show the former distribution of minerals such as quartz, 
K-feldspar and plagioclase (Fig. 1m). Thus, partial mixing of silicate melts may be 
revealed by CL. 

4 
Conclusions 

The application of CL to silicate minerals has great potential for all disciplines of 
earth and planetary sciences to unravel deformational, mineral alteration and 
mineral precipitation processes. The main limitation of CL of silicates is due to CL 
quenching by Fe2+ (Ni2+, C02+). Minerals containing these ions as minor or major 
constituents may not be favorable for CL work, but testing is always the best way! 
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1 
Introduction 

1.1 
Cathodoluminescence Emission 
from Silicon Dioxide 

Optical cathodoluminescence (CL) microscopy and CL microanalysis are useful 
characterization techniques in the geosciences (Yacobi and Holt 1990; Remond et 
al. 1992a, 1997; Hagni 1987): Information on the distribution of defects (e.g. impu
rities) in minerals, obtained from optical CL microscopy, may be complemented 
by CL microscopy and spectroscopy (i.e. microanalysis) in an electron micro
scope. The focused electron beam in the electron microscope is typically submi
cron in diameter. The diameter of the electron beam produced by the cold cath
ode electron gun in the optical CL microscope is typically of order 1-10 mm in 
diameter (Yacobi and Holt 1990), thus the power density delivered to the speci
men is usually greater during CL microanalysis. In a scanning electron micro
scope (SEM), the CL spectra may be collected from a larger region by defocusing 
the beam or scanning the beam over an area of the specimen. This has the effect 
of reducing electron irradiation induced effects (i.e. irradiation damage, heating 
effects), and averaging submicron sized inhomogeneities. CL microanalysis in a 
SEM provides high sensitivity (parts per million, ppm) high resolution (11m), and 
detection of defect centers in luminescent materials (Yacobi and Holt 1990; 
Remond et al. 1992a). Following the identification of the defects associated with 
the emission bands in the CL spectrum, the distribution of each luminescent cen
ter may be imaged with high spatial resolution using monochromatic CL 
microscopy. CL microanalysis also complements defect structure information 
available from other spectroscopies such as photoluminescence (PL), thermolu
minescence (TL or TSL), electron spin resonance (ESR), and optical absorption 
(OAS) spectroscopies. CL microanalysis is a powerful technique ideally suited for 
investigating the microscopic distribution of impurities and other defects in 
luminescent materials. 

Crystalline and amorphous silicon dioxide polymorphs have useful physical 
properties which result in their extensive and diverse applications in science and 
technology (Heaney et al. 1994). The defect structure of pure specimens of crys-

8 



194 MARION A. STEVENS KALCEFF et al. 

talline Si02 (quartz) and amorphous Si02 (fused quartz) have been investigated 
using CL microanalytical techniques (Stevens Kalceff and Phillips 1995a; Stevens 
Kalceff 1997; Stevens Kalceff et al. 1997a). The luminescence emissions are corre
lated with particular defect structures. The defect structure of Si02 polymorphs 
is extremely sensitive to ionizing radiation (Griscom 1985, 1990a, 1991; Remond 
et al. 1992a, 1994; Stevens Kalceff and Phillips 1995a,b; Stevens Kalceff et al. 
1996b), which has consequences for both the reliable interpretation of analyses 
using CL and other electron probe techniques, and for the design of many Si02 

devices which operate in irradiation environments (Stevens Kalceff and Phillips 
1995a). CL microanalysis also provides insight into the processes of defect for
mation and migration due to the influence of trapped charge induced electric 
field within the irradiated volume of the specimen (Cazaux 1986a,b; Stevens 
Kalceff et al. 1996b). 

CL microanalysis enables mapping of the distribution of defects associated 
with impurities in various oxidation states, vacancies, etc. with high sensitivity 
and submicron resolution (Yacobi and Holt 1990). The energy positions, emission 
peak widths and emission response to continuous electron beam irradiation over 
a range of temperatures and excitation conditions may be determined. The CL 
spectra from crystalline and amorphous silicon dioxide polymorphs typically 
have broad overlapping emissions. The identification of impurity associated com
ponents of the emission spectra in natural specimens is aided by knowledge of 
the irradiation induced and/or intrinsic emissions, as typical CL emission from 
silicon dioxide polymorphs is associated with both intrinsic and extrinsic defects. 
CL results from competitive specimen dependent, radiative and nonradiative pro
cesses (Remond et al. 1992a). The presence oflocalized concentrations of impuri
ties, charging of the irradiated volume of the specimen, changes in the specimen 
temperature, and dielectric response during irradiation, are all dependent on 
excitation conditions and will effect the nonradiative and radiative transition 
probabilities. 

1.2 
Defects in Silicon Dioxide 

The normal defect free configuration of (low pressure) silicon dioxide poly
morphs can be represented as (=Si-O-Si=) indicating that each silicon atom is sur
rounded by four tetrahedrally configured oxygen atoms and that adjacent silicon 
atoms are bridge bonded through a single oxygen atom. The silicon dioxide struc
ture may be modified by the presence of defects (impurities, vacancies, etc.). The 
dominant observed defects occur in the short range order (Sigel and Marrone 
1981) involving the slightly distorted Si04 tetrahedra which are common to both 
the crystalline and amorphous Si02 structures (Griscom 1990a). Hence, similar 
types of defects are found in crystalline and amorphous polymorphs of Si02• In 
irradiated silicon dioxide, point defects can be produced and/or modified by the 
electron beam (Griscom 1991; Stevens Kalceff and Phillips 1995a). Electron irra
diation produces defects by the trapping of charge at the site of a pre-existing 
defect precursor. Alternatively, atomic displacements from the normal bonding 
(defect free) sites can result from either 'knock -on' (Griscom 1989; Griscom et al. 
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1983) (e.g. incident beam energies >70 keY for oxygen in silicon dioxide) or radi
olytic (Vigouroux et al. 1985) processes (incident beam energies >5 keY in silicon 
dioxide; Griscom 1985». 

A number of preexisting and lor irradiation induced defects in high purity 
crystalline (Weil1984) and high purity amorphous Si02 (Devine 1988b; Griscom 
1991) have previously been identified, such as the well known E' center and vari
ants (see in particular Griscom's extensive reviews: Griscom 1990a, 1985, 1991, 
1984; Griscom 1980 and references therein). The general form of the E' center is 
usually represented as (=Si.) which signifies an unpaired electron (.) associated 
with a single silicon atom bonded to only three oxygen atoms (=) in the Si02 

structure (i.e. a 'threefold coordinated' silicon atom). The E' center can be a com
ponent of the self trapped exciton, STE, which radiatively recombines to produce 
CL emission between -2.2 and 3 e V, depending on the particular silicon dioxide 
polymorph structure (Luff and Townsend 1990; Itoh et al. 1990; Remond et al. 
1992a; Khanlary et al. 1993; Stevens Kalceff and Phillips 1995a; Stevens Kalceff 
1997; Stevens Kalceff et al. 1997a). The STE is an irradiation induced electron hole 
pair trapped by a self induced lattice distortion and is a consequence of the strong 
electron-phonon interactions in silicon dioxide (Itoh et al. 1988, 1994). Other 
defects include the nonbridging oxygen hole center (=Si-O.) (Griscom and 
Friebele 1981; Skuja et al. 1984a; Griscom 1985; Nagasawa et al. 1986; Nishikawa et 
al. 1990), and oxygen excess centers including the peroxy radical (=Si-O-O.) 
(Friebele et al. 1979; Griscom and Friebele 1981; Baker and Robinson 1983; 
Griscom 1990a; Griscom 1990b), the peroxy linkage (=Si-O-O-Si=) (Baker and 
Robinson 1983; Hanafusa et al. 1987; Imai et al. 1988b; Nishikawa et al. 1989; 
Griscom 1991), and the small peroxy linkage 

o 
I 

(=Si- 0 -Si=) 

(Edwards and Fowler 1982; Griscom 1990b, 1991). Oxygen-deficient centers 
(ODCs) include the twofold-coordinated silicon defect (=Si:) (Skuja et al. 1984b; 
Nagasawa et al. 1988; Trukhin et al. 1992; Skuja 1994), and the neutral oxygen 
vacancies including the unrelaxed oxygen vacancy (=Si...Si=; i.e. silicon atoms in 
normal lattice positions with separation of -3.1 A) and the relaxed oxygen 
vacancy (=Si-Si=; i.e. silicon atoms with separation of -2.3 A) (Nagasawa et al. 
1988; Imai et al. 1988a; Tohman et al. 1989; Hosono et al. 1991; Griscom 1992; 
Dianov et al. 1992; Sulimov and Sokolov 1994). There are also two variants of the 
self trapped hole centers (STH; Pfeffer 1988a) (Griscom 1989, 1990a, 1991, 1992), 
which have only been observed in amorphous specimens at temperatures below 
200 K (Griscom 1991). STH1 is a hole trapped on a bridging oxygen (=Si- 0 -Si=), 
while STH2 is a hole delocalized on two adjacent bridging oxygen atoms in the 
normal Si02 structure (Griscom 1989,1992). 

Interstitial mobile atoms, molecules and ions may also effect the defect struc
ture of even ultrapure Si02 (Pfeffer 1988a). For example, in pure Si02 glasses, 
atoms, molecules and ions of hydrogen, chlorine, excess oxygen, etc. may be pre
sent depending on the method of synthesis (Pfeffer 1988b; Awazu and Kawazoe 
1994) and lor may result from irradiation of the specimen (Awazu and Kawazoe 
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1990; Awazu and Kawazoe 1994). Mobile interstitial molecules and ions may act 
as charge traps and/or diffuse to and transform or eliminate other defect cen
ters. 

Tetrahedrally coordinated crystalline silicon dioxide is a relatively pure mate
rial, particularly in the crystal form. The substitution of impurity ions for silicon 
is limited by the high valency (Si4+) and relatively small atomic radius of silicon 
(Sprunt 1981). Hydrogen associated defects (such as H+ and OH-) and substitu
tional Ti4+, Ge4+ and Ti3+, AP+, Fe3+ with charge compensating cations such as H +, 
Na+, K+, and Li+ are frequently observed impurities in natural specimens (Sprunt 
1981; Jani et al. 1983; Alonso et al. 1983; Maschmeyer and Lehmann 1983; Ram
seyer and Mullis 1990; Weil 1994; Stevens Kalceff and Phillips 1995a; Stevens 
Kalceff et al. 1997b). Table 1 summarizes some commonly reported intrinsic and 
extrinsic luminescent emissions from pure synthetic and natural crystalline and 
amorphous silicon dioxide polymorphs, and proposed associations /identifica
tions. Table 1 does not indicate the weight of evidence for each proposed identifi
cation. Some of the proposed associations are tentative, while others such as the 
association of the -1.9 e V emission with a nonbridging oxygen defect is inde
pendently supported by a range of experimental investigations and theoretical 
calculations. It is noted that some of the proposed associations appear incompat
ible or contradictory. The inconsistencies in the literature may be due to a num
ber of factors, such as the choice of electron beam parameters (i.e. beam energy, 
current and diameter), which is important in comparative work due to the irradi
ation sensitivity of silicon dioxide polymorphs. Different modes of irradiation 
(i.e. focused, defocused, stationary, scanned, continuous, etc.) enable some com
ponents of broad emissions with differing irradiation responses to be distin
guished. In addition, the genesis of natural specimens/method of synthesis of 
synthetic specimens and their subsequent history will also influence the type, dis
tribution and concentration of defects and defect precursors in each particular 
specimen. The presence of even trace amounts of impurities and defects will pro
foundly influence the CL emission. Sensitivity to the presence of small concen
trations of (impurity) defects is the basis of the application of CL techniques in 
the geosciences. Specimen temperature may of course influence the energy posi
tion and peak width of some CL emissions due to the contraction and decreased 
thermal vibration of the lattice, as specimen temperature is decreased (Yacobi and 
Holt 1990). Low specimen temperatures will also reduce the rate of electron beam 
induced, thermally assisted damage and associated CL emission from irradiation 
sensitive silicon dioxide. The intensity of some CL emissions may also be influ
enced by the thermal diffusion limited annealing of defects directly associated 
with the CL emission or associated with competitive radiative and nonradia
tive processes. For example, at temperatures less than -80 K, the thermal diffu
sion of hydrogen is negligible and CL emission associated with hydrogen stabi
lized defects is observed (e.g. the E2 ' center in crystalline Si02 (Stevens Kalceff 
and Phillips 1995a)) (Table 2). The crystalline or amorphous nature of the silicon 
dioxide polymorph will also affect the CL spectra. For example, diffusion activa
tion energies for interstitial impurities are lower in the less dense amorphous 
specimens, and particularly in those specimens with fine grain structure. In addi
tion, luminescent emissions (Henderson and Imbusch 1989) from similar types of 
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Table 1. Commonly reported intrinsic and extrinsic luminescent emissions from crystalline and 
amorphous silicon dioxide polymorphs, and proposed associations /identifications 

Energy (eV) Specimen Expta Association/identification Referencese 

1.65-1.8 Tin float glass, CL,TL Associated with Fe3+ impurity 1-6 
opal a-SiOz, 
amethyst, citrine, 
sandstone 

1.8-2.5 P+,As+ implanted CL Associated with structural 7 
a-SiOz changes lor P+, As+ impurities 

-1.9 a and a-SiOz CL,P NBOHC (Si-O precursor) 8-13 ° rich SiOz L NBOHC (POL precursor) 9,14 
Oxygen vacancy 15 
Associated with 0 3 16b,17 

1.93 SiOz CL Na impurity 8,18,19 

1.95 Hydrated a and CL NBOHC (-OH precursor) 2,7,9,20 
a-SiOz 

1.97 Tin float glass CL Snz+ impurity 3,18,19 

2.0 Natural a-SiOz TL O-AI-O 21 

-2-3 a-SiOz' a-SiOz CL Fine structure due to 0z 15,22,23 

2.1-2.4 a-SiOz, irradiated CL STE 9b,10b,13,24 
a-SiOz 

2.14 Thin film a-SiOz PL Associated with Bzacenter 25 

2.15 Tin float glass CL Sn impurity 18,19 

2.17 Ge doped a-SiOz CL STE associated with Ge 15 

2.21 a-SiOz thin film CL Electron irradiation induced 7 

2.25-2.8 Natural a-SiOz CL Associated with interstitial 26 
cations 

2.4 Synthetic Amethyst CL Fe impurity 27 

2.5 a-SiOz CL Impurity 9,28 

2.55 Smokya-SiOz CL (AP+)O hole center 29 

2.6-2.8 a-SiOz CL,PL, STE 8b,9b, 

Opal, rose TL,XLd Ti3+, interstitial Ti3+, TiOz C 15,24,30 
quartz 1-3,31 

2.64 a and a-SiOz PL,TL Al impurity 19b 

2.68 Tin float glass CL Sn4+ 3 

2.74 a-SiOz CL,PL Oxygen deficient center 10,13,16,32 

2.75 ° implanted a-SiOz CL Oxygen related center 33 

-2.9 Natural a-SiOz CL Substitutional Al and cation 26 

-2.95 a-SiOz CL Intrinsic defect, not Al 9,30,34 

2.99 C implanted a-SiOz CL C impurity 7 

thin film 
3.0 a-SiOz CL STEs associated with Ge, AI, H 18,19 

3.1 a-SiOz' a-SiOz PL -O-O-,Oz 18b,19b,20 

3.1-3.15 Sn or Ge doped PL ODC associated with Sn or Ge 32 
a-SiOz 16 
a-SiOz ODC(associated with Bz~) 
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Table 1. Continued 

Energy (eV) Specimen 

3.1-3.3 a and a-Si02, 

sandstone, opal 

3.25 Pure a-Si02 

-3.7 a-Si02 in sandstone 

4.3 a-Si02 

4.2-4.5 N irrad. a-Si02, 

a-Si02, thin film 
a-Si02 

aLuminescence experiment. 
b Also see references therein. 

Expta Associationlidentification 

CL,TL Ge3+ 
XL AP+-M+ (where M+ = 

H+,Li+,Na+,or K+) 
Impurity incorporated during 

TL 

CL 

CL 

CL,PL 

growth 

(H30 4)O hole traps 

Associated with Al 
and Li impurities 

Na impurity 

ODC, nand e irradiation 
induced, associated 
with B2acenter 

cSub-micron inclusions incorporated into the host lattice. 
dX-ray induced luminescence. 

References< 

32 
2,8,9b,1O,18, 
26,30,34,35 
13,36,15 

37 

38 

16b,7,25,39,40 

<References: 1, Sprunt (1981); 2 Stevens Kalceff et al. (1997b); 3 Myhaljlenko et al. (1994); 4 Walk
er (1985); 5 Bruhn et al. (1996); 6 Zhang et al. (1994); 7 Koyama (1980); 8 Remond et al. (1992a); 
9 Stevens Kalceff and Phillips (1995a); 10 Stevens Kalceff (1997); 11 Zinkernagel (1978); 12 
Friebele et al. (1985); 13 Stevens Kalceff et al. (1997a); 14 Munekuni et al. (1990); 15 Luff and 
Townsend (1990); 16 Griscom (1991); 17 Awazu and Kawazoe (1990); 18 Khanlary et al. (1993); 
(19 Yang et al. (1994); 20 Nishikawa et al. (1992); 21 Hashimoto et al. (1994); 22 Gritsenko and 
Lisitsyn (1985); 23 Cazaux and Le Gressus (1991); 24 Itoh et al. (1990); 25 Awazu et al. (1993); 26 
Ramseyer and Mullis (1990); 27 Ruppert (1987); 28 Itoh et al. (1988); 29 Nassau and Prescott 
(1975); 30 Gorton et al. (1996); 31 Marfunin (1979); 32 (1992); 33 Hagni (1987); 34 Alonso et al. 
(1983); 35 Jani (1983); 36 Skuja and Trukhin (1989); 37 Yang and McKeever (1990); 38 Demars et 
al. (1996); 39 Nishikawa et al. (1994); 40 Corazza et aI. (1996). 

defects may occur at different energies, because of slightly different structural 
configuration (producing slightly different crystal fields) in the vicinity of the 
defect. For example, CL emission associated with the radiative recombination of 
the STE is observed at ~2.7 eV in crystalline Si02 and at ~2.3 eV in amorphous 
Si02• The method of specimen preparation (i.e. polishing) can affect the concen
trations of defects participating in radiative and nonradiative processes in the 
surface regions (Ruppert 1987). The influence of specimen preparation and sur
face roughness on the CL and X-ray signals has been demonstrated by Remond 
and coworkers (Remond et al. 1992b, 1996) and observed in CL from various sili
con dioxide specimens (Sprunt 1981; Ruppert 1987 and references therein). In 
general, reported inconsistencies in CL measurements may be due to the failure 
to correct for total instrument response. This is particularly important for speci
mens such as silicon dioxide which typically have broad overlapping lumines
cence emissions even at lower temperatures (Stevens Kalceff and Phillips 1995a; 
Remond et al. 1996). 
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2 
Electron Irradiation Induced Effects 

2.1 
Specimen Heating 

CL emission from silicon dioxide polymorphs is strongly dependent on tempera
ture, however, beam-induced sample heating is frequently overestimated (Cazaux 
and Le Gressus 1991). The electron beam induced sample heating has been esti
mated by Filippov (Filippov 1993), considering the electron irradiated volume, 
rather than the electron irradiated area at the surface only, as in the commonly 
used estimations of Cas taing, etc. (Yacobi and Holt 1990; Castaing 1951; Reimer 
1985). For example, for <x-Si02 at 295 K, (the thermal conductivity of crystalline 
Si02, parallel to the c axis is k295K=0.113 W cm-1 K-l; Stevens Kalceff and Phillips 
1995a), the maximum irradiation-induced temperature increase by an electron 
beam with energy of 30 keY, current of 0.25 I1A and (focused) beam diameter of 
0.6 11m is calculated to be -30 K using Filippov's estimation, and -500 K using 
Castaing's estimation. (It is noted that our investigation of the temperature 
response of the temperature sensitive sharp R line CL emission from AI20 3:Cr3+ is 
consistent with Filippov's estimation; Phillips et al.1995). Filippov (1993) has also 
devised an analytical expression estimating the time taken for the irradiation 
induced temperature increase to stabilize. The temperature changes in silicon 
dioxide were predicted to stabilize within 10-3 s and therefore do not correlate 
with the development of the observed reproducible evolution of the CL images 
and spectra, which occurs at a much slower rate (of order 10°-103 s (Stevens 
Kalceff and Phillips 1995a; Stevens Kalceff 1997; Stevens Kalceff et al. 1997a). The 
defect structure and therefore the CL from Si02 polymorphs is influenced by the 
irradiation induced, thermally assisted changes due to the irradiation induced 
electric field produced by the trapping of charges at pre-existing and/or radiolyt
ically produced defects (Griscom 1985; Vigouroux et al. 1985; Stevens Kalceff and 
Phillips 1995a). 

2.2 
Specimen Charging 

Electron irradiation of a grounded, conductively coated insulating material at nor
mal incidence produces a symmetric charge distribution which induces an electric 
field. Cazaux (l986b, 1995) has characterized this electric field in terms of radial 
and axial components parallel and perpendicular (i.e. normal) to the surface, 
respectively. In the irradiated specimen, mobile pre-existing and irradiation 
induced negatively charged species will migrate towards the surface (Cazaux 
1986b) while mobile positively charged species will migrate towards the region of 
maximum negative trapped charge, under the influence of the axial electric field 
(Fig. 1a). The radial field is zero along the axis defined by the normal incident elec
tron beam and at the insulator specimen/conducting coating interface, and is only 
significant at 11m depths below the coated surface (Cazaux 1986b). If the conduc
tive coating is damaged or removed during the course of irradiation, the radial 
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Fig. I. The direction of migration of negatively charged mobile species due to the electric field 
induced by the trapping of charge in an electron irradiated insulator, as described by Cazaux 
and coworkers (Cazaux 1986a,b, 1995; Remond et al.1992b) 

field in the region of the surface becomes significant. The axial component of the 
trapped, charge induced electric field is influenced by the emission of secondary 
electrons from the areas of uncoated specimen, resulting in a positively charged 
surface layer and an increase in the magnitude of the radial component of the elec
tric field at the surface (Cazaux 1986a,b) (Fig. 1 b). Both natural and synthetic sili
con dioxide polymorphs charge rapidly during irradiation (Vigouroux et al. 1985; 
Cazaux 1986a; Stevens Kalceff and Phillips 1995b; Stevens Kalceff et al. 1996b). No 
evidence of desorption from the SiOz surfaces, in the dendritic pattern typical of 
the damage due to dielectric breakdown (Blaise and Le Gressus 1991), was 
observed during any of the CL experiments (Stevens Kalceff and Phillips 1995a,b; 
Stevens Kalceff et al. 1996a,bj Stevens Kalceff 1997). When an insulator is continu
ously irradiated with an electron beam, the electric field produced by the trapped 
charge modifies the trajectories of the beam of electrons subsequently entering 
the specimen, resulting in reduced penetration depths into the specimen bulk 
(Blaise and Le Gressus 1991; Kotera and Suga 1988) and greater lateral diffusion of 
negative charge in the surface region (Blaise and Le Gressus 1991). 

3 
Experimental Details 

3.1 
Specimens 

Premium, Q-grade, synthetic, high purity quartz (Sawyer Research Products Inc.) 
and anhydrous (type I) and hydrated (type II) fused silicon dioxide (National 
Scientific Company, ) were investigated. The relative proportions of impurities 
and defects strongly influences the irradiation sensitive defect structure and 
therefore the CL from SiOz polymorphs. The impurity concentrations are well 



Cathodoluminescence Microcharacterisation of Silicon Dioxide Polymorphs 201 

characterized for these commercial materials. In Sawyer premium Q grade syn
thetic quartz, the impurities and their maximum concentrations were deter
mined to be OH «300 ppm), Al «2 ppm), Na «2 ppm), and Li «2 ppm) with 
negligible amounts of common impurities such as Ge, K, Ca and Fe (Sawyer 
Research Products Inc.). In the amorphous, anhydrous, fused silicon dioxide 
specimen, the maximum concentrations of the major impurities were deter
mined (National Scientific Company) to be Al « 15 ppm), -OH «5 ppm) and Ti 
«1 ppm), with <1 ppm of common impurities including Na, Li, K, Ca and Fe. In 
the hydrated fused silicon dioxide specimen, the maximum concentrations of the 
major impurities (National Scientific Company) include -OH (180 ppm), 
AI( <50 ppm) with <3 ppm of Ca, Fe, Na, K, and with < 1 ppm of Li and Ti. Inter
stitial atomic and molecular hydrogen and/or oxygen may also be found, 
depending on the particular method of manufacture. The dissolved gases may be 
involved in the diffusion limited anneal of various defect centers. The concen
tration of dissolved gases is unknown in the as-received specimens (Pfeffer 
1988a,b), although it is expected that irradiation with an electron beam will effect 
the local distribution and concentration of mobile species (Cazaux 1986b; Fialin 
and Remond 1990; Brow 1994). 

The stoichiometry of the Si02 polymorphs also has an important bearing on 
the native defects which may provide precursor states for defects produced dur
ing irradiation (Stevens Kalceff and Phillips 1995a,b; Nishikawa et al. 1990; 
Stevens Kalceff et al. 1996b; Friebele and Gingerich 1980). Optical absorption 
spectroscopy indicates the presence of oxygen deficient centers in the unirradiat
ed ultrapure synthetic quartz and fused silicon dioxide specimens (Stevens 
Kalceff et al. 1996b; Itoh et al. 1988; Weeks et al. 1992). In addition, no optical 
absorptions associated with oxygen excess centers (Nishikawa et al. 1990; Weeks 
et al. 1992) have been observed from these specimens. Hence, it is concluded that 
the ultrapure specimens are nominally oxygen deficient (i.e., the pre-irradiation 
concentration of peroxy linkages is small, while the concentration of oxygen defi
cient defects is significant). This is an important distinction as the absolute and 
relative proportions of impurities and point defects influence the irradiation sen
sitive defect structure of silicon dioxide polymorphs. 

For comparison, preliminary investigations of specimens of natural amor
phous hydrated silicon dioxide (precious white and black opal from Australia) 
(Stevens Kalceff et al. 1996a, 1997b) and well crystallized specimens of rose quartz 
(Brazil), clear natural crystalline quartz (NSW, Australia), and amethyst (Brazil) 
(Martin et al. 1996; Cressy et al.1993; Rossman 1994) are reported. The specimens 
were polished to an optical finish and coated with a thin grounded conducting 
layer of carbon or chromium prior to CL investigations to prevent deflection of 
the incident electron beam due to charging of the surface of the irradiated speci
men. The thickness of the carbon and chromium films were determined to be 
30±4 and 6.0±0.S nm respectively, using a Park Scientific Autoprobe LS atomic 
force microscope. The specimens were not irradiated prior to the CL investiga
tions. 
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3.2 
Instrumentation 
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The CL experiments were performed in a TEOL TSM 35C SEM equipped for max
imum versatility and sensitivity with Oxford Instruments liquid nitrogen (LN) 
and liquid helium (LHe) cryogenic stages, and an Oxford Instruments MonoCL 
cathodoluminescence imaging and spectral analysis system. The CL was excited 
using a continuous electron beam at normal incidence and measured using a 
retractable parabolic mirror collector. Spectra over the wavelength range 
350-850 nm were collected by photon counting using a Hamamatsu R2228 pho
tomultiplier tube (PMT) with a 1200 line/mm grating, blazed at 500 nm. CL spec
tra, collected as a function of wavelength A{nm), were corrected for total instru
ment response (Devine 1988a) (Fig. 2) The total instrument response (see imbed
ded plot in Fig. 2b) was determined using Oriel calibrated standard lamps 
(tungsten and deuterium) and is a smoothly varying function between -300 and 
900 nm peaking at -600 nm (-2.1 eV). The feature indicated by the arrow in Fig. 2 
at -720 nm is a Wood (or grating) anomaly (Hamilton et al. 1978; Stewart and 
Gallaway 1962). In energy space the CL emission bands generally have a Gaussian 
shape (Yacobi and Holt 1990). To transform the corrected CL spectra to energy 
space, the corrected wavelength A{nm) data are converted to energy E{eV), and 

Fig. Za-c. CL spectra from (l

Si02 following normal inci
dence stationary focused 
beam irradiation of energy 
30 keY, current 0.25 flA and 
diameter 0.6 flm; a as collect
ed, b corrected for total 
instrument response (embed
ded plot), and c converted to 
energy space. The Wood 
anomaly (Hamilton et al. 
1978) is indicated by the 
arrow 
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the corrected CL intensities are multiplied by t·} (Hamilton et a1. 1978). Spectra 
are collected between 350 and 850 nm such that the CL intensity is sufficient to 
ensure that the uncertainties in the low intensity emission are not magnified by 
the instrument response correction. The estimated maximum uncertainty in the 
CL emission intensities is -5% at -3 eV where the system response is poor, and 
<0.5% at -2 eV where the system response is optimized. The SiOz emissions are 
broad, with peak widths (full width at half-maximum, FWHM) greater than 
0.15 eVj therefore failure to correct for instrument response can lead to errors in 
the band shapes and positions. This can lead to difficulties in fitting Gaussian 
components to the spectra and misinterpretation of the CL images (see Fig. 2). 
The majority of SiOz CL studies do not specify whether the spectra have been cor
rected for instrument response which may account for some of the inconsisten
cies between the published reports (Stevens Kalceff and Phillips 1995a). 

4 
Cathodoluminescence Microanalysis 

4.1 
Spectroscopy and Microscopy 

The majority of the CL emissions from the ultrapure specimens are associated 
with intrinsic point defects involving (Si04) tetrahedra common to the structure 
of low pressure silicon dioxide polymorphs (Stevens Kalceff and Phillips 1995aj 
Stevens Kalceff 1997j Stevens Kalceff et a1. 1997a). In particular, the CL spectra 
from all specimens are similar over the energy (wavelength) range 1.8-2.1 eV 
(-590-690 nm), despite different polymorph structure and impurity concentra
tions (Fig. 3). 

In Fig. 4, 295 K CL spectra from pure synthetic crystalline quartz, collected as 
a function of increasing irradiation time, are presented. The CL emission was 
excited by continuous irradiation with a stationary electron beam of energy 
30 ke V and current 0.25 flA at normal incidence. The electron beam was focused 
with a incident beam diameter of -0.6 flm (Yacobi and Holt 1990). The CL inten
sity from pure synthetic specimens of silicon dioxide polymorphs is relatively 
low, hence these beam parameters have been chosen to provide suitable low noise 
data. (The recent installation of a Hamamatsu R943-02 Peltier cooled high sensi
tivity photomultiplier tube, HSPMT, will enable lower beam currents to be used 
in future investigations.) When studying natural specimens, total CL emission 
can be increased, electron beam effects can be reduced and submicron inhomo
geneties averaged using a scanning rather than a stationary electron beam. Monte 
Carlo simulations (Joy 1991) indicate that the penetration depth of 30 keY elec
trons in quartz is -8 flm and is -11 flm in less dense amorphous silicon dioxide. 
The resolution of the experimental spectral data ranges between 0.03 e V at 2 e V 
and 0.07 eV at 3 eY. The experimental spectral data, represented as scatter plots, 
were fitted with a multi-parameter Gaussian function using a non-linear least 
squares curve fitting algorithm (ORIGIN). The baseline offset and the position, 
width and integrated area under the peak were iteratively refined with the mini-
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Fig. 3. CL spectra from sili
con dioxide polymorphs 
following normal stationary 
focused beam irradiation of 
energy 30 keY, current 
0.25 J.lA and diameter 
0.6 J.lm are represented by 
scatter plots. The dashed 
line plots are calculated fit
ted Gaussian components, 
which when summed, result 
in the calculated fitted CL 
spectra represented as solid 
line plots 
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mum number of Gaussian emissions. The fitting procedure is described in more 
detail elsewhere (Stevens Kalceff and Phillips 1995a). In Fig. 4, the dashed line 
plots are the calculated fitted Gaussian components, which are summed to pro
duce the calculated fitted solid line plots for direct comparison with the experi
mental scatter plots. Where necessary, statistical comparisons have been made to 
indicate the minimum number of Gaussian components required to provide a sat
isfactory fit. Commonly used numerical criteria of fit, generally known as relia
bility or R factors, allow this quantitative comparison. The ReL factor provides 
merely a numerical comparison between fits and does not indicate whether a fit 
is correct or unique (Stevens Kalceff and Phillips 1995a). If fitting (n+ 1) Gaussian 
components to the observed CL emission spectra results in a RCL factor (Stevens 
Kalceff and Phillips 1995a) which does not significantly improve the fit achieved 
by (n) components, the fitting of more than (n) components to the spectral pro
file is not justified by the quality/resolution of the particular set of experimental 
spectra. 

The characteristic response of CL emission associated with individual defects 
to changes in specimen temperature, specimen exposure to electron beam irradi
ation, (crystalline) specimen orientation, varying distribution and concentration 
of defects /impurities between different specimens provides useful opportunities 
to experimentally resolve the component peaks. In addition characteristics of 
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luminescence centers such as the luminescence decay time and possible polariza
tion of CL emission from crystalline specimens may be used to resolve compo
nents of the CL emission spectra, using time resolved techniques (Itoh et al. 1988; 
Haglund et al. 1988; Wang et al. 1988; Hayes et al. 1984) and polarization sensitive 
experiments (Itoh et al. 1988) such as polarized phase tuned techniques (Gorton 
et al. 1996). 

4.2 
Irradiation Response; Crystalline Silicon Dioxide 

In Fig. 5, the integrated CL emission intensities of the resolved Gaussian compo
nents (a sample of which are shown in Fig. 4) are plotted as a function of irradia
tion time. The electron beam parameters may be varied to control the penetration 
depth and the power density of the electron beam enabling irradiation induced 
defects to be investigated. In Fig. 6, the experiments are repeated with the same 
beam power (energy, 30 keY and current, 0.25 IlA), but with a defocused beam of 
diameter 15 11m. The electron irradiation induced changes occur at a slower rate, 
because of the reduction in the power density in the irradiated volume of speci
men. This enables the growth and decay of the radiation sensitive CL emissions to 
be monitored. In Fig. 7, the integrated CL emission intensities of the resolved Gaus
sian components in Fig. 6 are plotted as a function of irradiation time. These irra
diation response plots aid the characterization of the emission components, as 
each defect center has a characteristic response to electron irradiation (Stevens 
Kalceff and Phillips 1995a; Stevens Kalceff 1997; Stevens Kalceff et al. 1997a). Note 
in particular that the l.95 eV CL component associated with the nonbridging oxy
gen hole (NBOHC) with nonbridging hydroxyl precursor (i.e., =Si-OH~ 
=Si-O.+HO) (Stapelbroek et al. 1979; Stevens Kalceff and Phillips 1995a) is rapidly 
attenuated by focused beam irradiation. This allows the overlapping 1.91 eV intrin
sic emission component due to the NBOHC (i.e., =Si-O-Si=~=Si-O .. Si=) to be 
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resolved. Conversely, the 1.95 eV emission is better observed by irradiating with a 
defocused electron beam as the rate of irradiation induced attenuation is reduced. 
Note also that the irradiation induced 2.3 eV emission, which is due to the radia
tive recombination of the STE in the irradiation damaged (amorphized) surface 
regions of the crystal specimen (Stevens Kalceff and Phillips 1995a,b), is more eas
ily observed in CL spectra produced by the more powerful focused beam irradia
tion. 

4.3 
Temperature Response; 
Amorphous Silicon Dioxide 

In Fig. 8 the normalized, corrected CL spectra from amorphous Si02 (fused 
quartz) irradiated by a 30 keY, 0.25 IlA focused electron beam for -600 s at 
T-295 K, T-80 K and T-5 K are shown. As the specimen temperature increases 
there is a decrease in the intensity of the - 2.4 e V emission which is associated with 
the radiative recombination of the STE, relative to the -2.7 eV emission which is 
associated with an oxygen deficient defect. A possible mechanism for the produc
tion of the oxygen deficient defects is the thermally activated nonradiative con
version of STEs to complementary defect pairs (e.g. oxygen deficient and oxygen 
excess defects) as temperature increases (Itoh and Tanimura 1990; Song and 
Williams 1992). The observed anticorrelation of the relative intensities of the tem
perature responses of the 2.4 and 2.7 eV CL emissions is consistent with a contri
bution from this mechanism. It is noted that nonradiative decay of STEs may also 
be facilitated by dynamic factors such as local disorder and structural asymmetry, 
even at very low temperatures (Itoh and Tanimura 1990; Song and Williams 1992). 

Fig. 8. CL spectra at T=5 K, 
80 K and 295 K from a-Si02 

following normal incidence 
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Resolved CL emissions from silicon dioxide polymorphs have been associated 
with various defect centers with reference to the dependence of the CL spectra 
and images on temperature, irradiation, polymorph structure, concentration and 
distribution of preexisting defect precursors. Comparisons were made with infor
mation from complementary techniques, such as ESR, OAS, PL, TSL, etc. (Weil 
1984, 1994; Griscom 1991; Stevens Kalceff and Phillips 1995a; Stevens Kalceff 
1997; Stevens Kalceff et al. 1997a, and references therein). In addition, identifica
tions were aided by comparison with theoretical calculations such as predictions 
of local states introduced into the band structure by defects (O'Reilly and Robert
son 1983; Robertson 1988; Dianov et al. 1992). In Table 2, the mean CL emission 
position and mean FWHM of the resolved Gaussian bands from ultrapure quartz 
and pure anhydrous and hydrated amorphous silicon dioxide (type I and II fused 
quartz) are summarized. The maximum deviation from the mean peak position 
and mean FWHM is estimated to be ±O.06 eV (Stevens Kalceff and Phillips 1995a; 
Stevens Kalceff 1997; Stevens Kalceff et al. 1997a). 

Table 2. Possible identifications of Cathodoluminescence emissions from ultrapure amorphous 
and crystalline silicon dioxide 

Position (eV) Suggested identifications 
FWHM 
Crystalline Si02 Amorphous Si02 

295 K 80 K 295 K 5K 
1.91 1.88 1.92 1.89 Associated with NBOHC with Si-O, and in 
(0.20) (0.17) (0.19) (0.18) crystalline Si02 post irradiation peroxy 

linkage precursors or == Si : center 
1.95 1.95 In hydrated specimens, attenuates during 
(0.42) (0.32) irradiation associated with NBOHC with 

Si-OH precursor 
2.28 Radiative recombination of a SIE from 
(0.39) amorphous Si02 outgrowth on irradiated 

crystalline Si02 

2.40 2.40 
(0.35-0.44) (0.3-0.5) Radiative recombination of the SIE, multiple 

components when strongly irradiated. 
2.69 Radiative recombination of a SIE from 
(0.65) crystalline Si02 associated with an E2 ' center 

(stabilized by immobile Ho ) 
2.68 2.72 Radiative recombination of a STE from 
(0.35) (0.33) crystalline Si02 associated with an E,' center 

and either a peroxy radical, peroxy linkage 
or NBOHC 

2.74 2.73 Oxygen deficient center; twofold coordinated 
(0.30) (0.30) silicon and lor oxygen vacancy defect 

2.93 Intrinsic emission? 
(0.33) 
3.12 3.12 3.15 Low intensity broad emission associated with 
(0.37) (0.7) (0.7) the charge compensated, substitutional [AP+-

M+] center where M+ is Li+, Na+ or H+ and 
attenuates during irradiation. 



Cathodoluminescence Microcharacterisation of Silicon Dioxide Polymorphs 

4.4 
Polarized Cathodoluminescence; 
Crystalline Silicon Dioxide 
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The -2.7 eV emission attributed to the radiative relaxation of the STE in quartz 
is strongly polarized along the c axis (Itoh et al. 1988; Gorton et al. 1996; Fisher 
et al. 1990). The scatter plot in Fig. 9 shows the degree of polarization of the vis
ible CL emission spectra of natural dear crystal quartz comparing the emission 
from polished faces cut perpendicular to the c axis and parallel to the c axis (Le. 
perpendicular to the a axis) . The degree of polarization, P, is defined (Itoh et al. 
1988) 

where Iz and Ix are the intensities of the components parallel to the c and a axes 
respectively. Thus Fig. 9 shows a significant degree of polarization of -0.4±0.1 for 
the -2.7 eV emission. In contrast, the line plot shows the negligible degree of 
polarization in the CL spectra also oriented at 90° with respect to each other, but 
collected from the polished face perpendicular to the c axis. The maximum uncer
tainty in the estimation of the degree of polarization is indicated by the error bar 
in Fig. 9. The uncertainty at the ends of the range is greater because of the poor
er instrument response at these wavelengths (see Fig. 2b). The specimen orienta
tion with respect to the E (electric) vector of the incident electron beam may 
influence the intensity of certain emissions and therefore must be considered 
when investigating the CL emission from Si02 crystals or polycrystalline speci
mens. 
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Fig. 9. The degree of polarization (see text) of the visible CL emission spectra of natural clear 
crystal quartz comparing the emission from polished faces cut perpendicular and parallel to the 
c axis is represented by a scatter plot. The line plot shows the negligible degree of polarization 
in CL spectra oriented at 90° with respect to each other, but collected from the polished (z) face 
perpendicular to the c axis 
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4.5 
Bulk vs Microanalytical Techniques; 
Amorphous Silicon Dioxide 

4.5.1 
Precious Opal 

MARION A. STEVENS KALCEFF et al. 

Defect centers in natural hydrated amorphous silicon dioxide (opal) have been 
identified and imaged with high sensitivity and high spatial resolution using CL 
microanalysis (Stevens Kalceff et al. 1996a,b). Color in precious gem opal is due 
to diffraction effects from regularly stacked, three dimensional arrays of uni
formly sized, close packed microspheres of amorphous silica (150-400 nm in 
diameter) (Darragh et al. 1976). Water, silica, air, etc. may fill the voids between the 
spheres. Desirable diffraction effects are optimized in grains with regular, dis
tinct, unfilled intersphere voids (Segnit et al. 1965). TEM imaging confirms the 
amorphous nature of sedimentary opal (Rossman 1994). 

Four typical Australian natural precious opal specimens mined from sedimen
tary host rocks (McOrist et al. 1995) from widely separated regions were investi
gated, including two specimens of white opal from Coober Pedy (central South 
Australia) and two specimens of black opal from Lightning Ridge (northern 
NSW). The concentration of impurities in common opal specimens obtained 
from the same deposits associated with the precious opal were determined using 
neutron activation analysis (NAA) by McOrist et al. (1995). The major impurities 
are similar in all specimens and include principally Al (7000-8000 ppm) with sig
nificant concentrations (500-2000 ppm) of Fe, Ti, Na and K. In general impurity 
concentrations are greater in the black opal specimens. Physically absorbed water 
molecules (4-9% by weight) (Darragh et al. 1966, 1976; Segnit et al.1965; Graetsch 
et al. 1990) or chemically bonded single or twin non-bridging hydroxyl (terminal 
-0 H) groups (Segnit et al. 1965) in concentrations of order 1000 ppm, are also pre
sent. 

High sensitivity, high spatial resolution detection of local defect centers by CL 
microanalysis provides information which complements bulk analyses of pre
cious opal. CL images of the black opal are distinguished by distinct 'bright' mot
tled regions which are absent in CL micrographs of white opal. 'Dark' regions 
intersected with bright narrow features are typical of the CL images of both types 
of opal. The boundaries between 'dark' and 'bright' features in the CL micrographs 
are well defined (see Fig. 10) and correspond to the grain boundaries between the 
common opal intergrain regions and the precious opal grains of the black opal 
and white opal specimens. CL spectra (e.g. Fig. 11) between 1.5-3.5 eV (i.e. 
-850-350 nm) were collected at 295 K in scan mode for the common opal inter
grain regions (Fig. lla) and the precious opal grains of the black opal (Fig. lIb) 
and white opal (Fig. 11 c) specimens. Figure 11 shows that characteristic intrinsic 
defects may contribute to the CL emission from opal (Stevens Kalceff et al.1997b). 
A spectrum from pure hydrated amorphous silicon dioxide is included for com
parison (Fig. lId). The intensity of the CL emission is particularly low from white 
opal and from the precious grains of black opal. The intergrain regions are char
acterized by bright CL indicating a relatively higher concentration of impurities 
Idefects than in the precious grains. The CLspectra from the bright intergrain 
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Fig. 10. Panchromatic CL micrograph of Australian precious black opal showing grain bound
aries between 'bright' intergrain regions and 'dark' precious grain regions. The dimension mark
er indicates 10 f.1m 

and dark precious grain regions are similar although the intensities are typically 
an order of magnitude less from the precious grains. CL microanalysis indicates 
the intergrain region is composed predominantly of amorphous silicon dioxide, 
with sub micron sized light absorbing particles (e.g. titanium and iron oxides and 
carbon) which provide the desirable high contrast in black opal specimens 
(Stevens Kalceff et al. 1997b). 

The CL spectra were also collected as a function of specimen temperature 
(between -5 and 295 K) and exposure to stationary and scanned electron irradi
ation, which provide additional valuable information assisting identification of 
the defects. Corrected CL spectra were fitted and identified with particular defect 
centers with reference to CL analyses of ultrapure specimens of silicon dioxide 
(Stevens Kalceff et al. 1997b). The relative intensities of the CL emissions from 
impurity defects are not necessarily related to the relative concentrations of the 
impurities. Impurities may be present in nonluminescent configurations (e.g. 
Fe2+, uncompensated substitutional Al3+). The intensity of particular CL emis
sions may be reduced by competitive nonradiative de-excitation processes, in par
ticular specimens or regions of specimens. Additionally, as a consequence of mul
tiple mechanisms of energy transfer of varying efficiency, competitive radiative 
and nonradiative processes may exist for each defect center, influenced by the 
concentration and distribution of other defect centers (e.g. impurity ions) found 
in each particular specimen (Remond et al. 1992a). The lack of correlation 
between the CL intensities from microscopic volumes and bulk element concen
tration may also reflect the inhomogeneity of the natural specimens, although it 
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Fig.H. CL spectra (30 keY, 
0.25 IlA) of a 'bright' inter
grain and b 'dark' precious 
grain regions in Australian 
black opal, and c white opal 
at 295 K. The CL intensities 
are normalized to the 
2.8 eV emission and the 
intensity scale has been 
expanded for easier com
parison of the lower inten
sity emissions below 2 e V. 
The CL spectrum of pure 
amorphous silicon dioxide 
is included for 
comparison (d) 
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is noted that typical CL spectral profiles are similar for all the opal specimens (see 
Fig. 11). Bulk analyses identify the major impurities present which assists with 
possible identification of the CL emissions (Stevens Kalceff et al. 1997b). Table 2 
summarizes the proposed possible identification of the resolved CL emissions 
from precious opal. 

4.6 
Irradiation Kinetics of the 1.9 eV 
Cathodoluminescence Emission; Si02 Polymorphs 

If the CL emission is continuously monitored as a function of irradiation expo
sure, the CL emission kinetics may be determined. Typical irradiation response 
spectra of the 1.9 eV CL emission are shown in Fig. 12. The normalized 1.9 eV 
CL emission intensity is plotted as a function of electron beam irradiation expo
sure. The natural crystalline silicon dioxide specimen was continuously irradiat
ed with an scanning electron beam of energy 30 keY and current 0.25 ~A at nor
mal incidence. Each spectrum was obtained from a previously unirradiated area 
of the specimen. While the electron beam parameters were maintained for each 
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Fig. 12. Normalized irradiation response of the -1.9 eV emission as a function of the normal
ized area scanned by the 30 keY, 0.20 IlA focused electron beam from (a) z cut a-Si02 at 295 K 

spectrum, the power density delivered to each new interaction volume was var
ied by changing the area over which the specimen was irradiated. The 1.9 eV CL 
irradiation response in hydrated specimens is characterized by an initial increase 
and maximizing of the luminescence, after which the emission decays until 
approximately stabilizing (slow decay) after longer irradiation times. Thus Fig. 12 
shows that the 1.9 eV CL intensity varies in a characteristic manner during irra
diation time and is correlated with the power density in the interaction volume 
and the beam induced electric field. The rate of evolution of the characteristic CL 
emission response depends on the power density delivered to the interaction 
volume. 

Figure 13 shows the irradiation kinetics of the -1.9 e V CL emission from a 
range of silicon dioxide polymorphs. The -1.9 eV emission from silicon dioxide 
consists of at least two overlapping emissions associated with the NBOHC with 
bridging Si-O bond precursor, while the -1.95 eV emission is associated with the 
nonbridging hydroxyl Si-OH precursor (Stevens Kalceff and Phillips 1995a). As 
has been shown (Stevens Kalceff and Phillips 1995a), the 1.95 eV emission atten
uates due to the radiolysis of the O-H bond and subsequent migration of the 
hydrogen associated defects such as H+ and OH- (see Figs. 4-7) to the periphery 
of the irradiated volume (see Fig. 1). The overlapping 1.91 eV emission saturates 
and reaches equilibrium within the specimen interaction volume. 

The -1.9 e V emission from crystalline silicon dioxide, resulting from focused 
and defocused beam irradiation of the polished face perpendicular to the c axis 
(i.e. z cut) and defocused beam irradiation of the polished face perpendicular to 
the a axis (i.e. x cut), are compared in Fig. 13a. There is an extra irradiation sen
sitive component in CL from the z face (indicated by the arrow), which also atten-
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uates with continuing irradiation. Thermal and electro-migration of mobile 
defect species is enhanced along the c axis channels in quartz (Ramseyer and 
Mullis 1990; Kats 1962a,b; Halliburton et al. 1981; Markes and Halliburton 1979; 
Edwards and Beall Fowler 1982). It is possible that this extra component is the 
result of radiolysis of nonbridging oxygen precursors other than Si-OH which is 
the defect precursor associated with the major attenuating component resolved at 
l.95 eV (see Figs. 4-7). In the z cut specimen, the c axis channels allow the elec
tric field induced migration of ions, away from the resultant NBOHC. These 
NBOHCs may then recombine with holes in the valance band edge and produce 
CL emission at -l.9 e V. 

In Fig. 13b, the l.9 eV irradiation response spectra of z cut a-Sial at T=295 K 
and T=80 K are compared. Figure 13b shows that the irradiation induced migra-

Fig. 13a-f. Irradiation 
response of the -1.9 eV emis
sion from silicon dioxide 
polymorphs: a z and x cut a
Sial at 295 K; b z cut a-Sial 
at 80 K and 295 K; crose 
quartz at 295 K; d amethyst at 
295 K; e hydrated and anhy
drous a-Sial; f black inter
grain and white precious opal 
irradiated in scan mode at 
295 K 
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tion of the hydrogen associated mobile defect species produced by the radiolysis 
of the nonbridging hydroxyl center is thermally assisted. The irradiation response 
spectra produced by focused and defocused irradiation of the crystal growth 
faces of rose quartz and amethyst perpendicular to the a axis are shown in 
Fig. 13c,d respectively. The spectral response (Fig. 13), CL images and CL spectra 
(not shown) indicate the presence of NBOHC with nonbridging impurity (e.g. 
hydroxyl) center precursors, as well as a contribution from the intrinsic NBOHC 
with Si-O bond precursor. 

The 1.95 eV component is absent in the irradiation response spectrum for 
anhydrous fused amorphous silicon dioxide plotted in Fig. Be. In contrast the 
irradiation response spectrum from the hydrated specimen shows a component 
that attenuates within seconds. Migration in amorphous Si02 specimens is 
enhanced through the relatively open lattice structure, along grain boundaries, 
and at the surface (Devine et al. 1987; Kingery et al. 1975). For example, the oxy
gen diffusion coefficient in a-Si02 (p=2.2 g cm-3) is greater than in a-Si02 

(p=2.7 g cm-3) as diffusion is inhibited in the more dense polymorphs (Itoh et al. 
1990; Devine et al.1987). In a-Si02, charges trapped by defects at grain boundaries 
produce enhanced electric fields, which result in efficient electromigration of 
charged mobile defect species, such as the highly mobile hydrogen defect species 
(Griscom 1985). 

The irradiation response spectra in Fig. 13f have been obtained at 295 K dur
ing the scanned irradiation of areas of specimen (-30x20 11m2) of intergrain 
regions of black opal and precious opal grains of white opal specimens. The spec
tra were obtained in scanned mode to average local inhomogeneities and to 
enable the initial stages of the irradiation response to be investigated by reducing 
the rate of evolution of the irradiation response, which depends on the power 
density delivered to the interaction volume. It can be seen that although the inten
sity of the emission is greater from the black intergrain region, consistent with a 
higher defect concentration, the irradiation response spectra are very similar in 
form. The irradiation sensitive component attenuates during the initial stages of 
irradiation. It is noted that with continuing irradiation, the -1.9 e V emission 
intensity from opal continues to increase, rather than saturate like the 1.9 eV 
emission from other Si02 polymorphs shown in Fig. 13. This increase in CL emis
sion is likely to be associated with impurity defects. 

4.7 
Electron Irradiation Induced Damage 
of Silicon Dioxide 

Silicon dioxide polymorphs are sensitive to the effects of electron irradiation as 
indicated by the irradiation response spectra in Fig. 13. Electron beam irradiation 
produces characteristic, reproducible permanent changes in the surface topogra
phy, CL images and CL spectra of silicon dioxide polymorphs. Topographical, 
compositional and electronic defect structure analysis considering the effects of 
polymorph structure, temperature, and beam irradiation time has enabled the 
beam induced changes and their development to be characterized (Stevens 
Kalceff and Phillips 1995b; Stevens Kalceff et al. 1996b). 
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4.7.1 
Crystalline Silicon Dioxide 
The electron beam induces outgrowths on a-Si02 which have previously been 
characterized for ultrapure specimens using atomic force microscopy and CL 
microscopy and spectroscopy (Stevens Kalceff and Phillips 1995a,b; Stevens 
Kalceff et al. 1996b). These characteristic outgrowths are also observed on the 
different crystal faces of ultrapure and natural clear quartz, rose quartz, and 
amethyst specimens. The development of the outgrowths is strongly correlated 
with reproducible, characteristic changes in the spatial distribution of the 
monochromatic CL images resulting from stationary electron beam irradiation 
at normal incidence. CL microanalysis indicates that the processes involved in 
the volume changes correlate with defect center formation and/or migration. CL 
microanalysis suggests that the development of the outgrowths is associated 
with rapid and substantial local migration of oxygen which diffuses as °2- in sil
icon dioxide (see Fig. 1; Edwards and Beall Fowler 1982). Thus electron irradia
tion of quartz results in oxygen enrichment of the surface regions, which has 
also been observed during EPMA (Fialin and Remond 1990) and XPS (Brow 
1994) experiments on Si02 (see also Cazaux 1986b). It has been proposed 
(Stevens Kalceff and Phillips 1995a,b) that a proportion of the excess oxygen 
accumulating at the surface is incorporated in the a-Si02 (quartz) structure in 
the form of peroxy linkages in which there are two rather than one bridging 
oxygen atoms between adjacent silicon atoms (Griscom 1985,1991; Edwards and 
Beall Fowler 1982). As oxygen is incorporated into the a-Si02 structure, the for
mation of peroxy linkages may cause an expansion of the surface region and 
some disruption of the crystalline order, resulting in amorphous outgrowths. 
Electron, ion and neutron irradiation induced amorphization of a-Si02 has 
been reported (Reimer 1985; Itoh et al. 1994; Corazza et al. 1996 and references 
therein). 

The expansion of the a-Si02 surface damages the conductive coating during 
irradiation which results in the increase in the magnitude of the radial compo
nent of the localized irradiation induced electric field at the surface (see Fig. 1) 
(Cazaux 1986a,b). This effect is illustrated in Fig. 14a,b which shows atomic force 
micrographs and secondary electron images (SEI) of an annular outgrowth on 
the a-Si02 surface produced by continuous irradiation with a 30 keY, 0.250 flA 
defocused electron beam. The annular profile of the outgrowth in Fig. 14, pro
duced by defocused irradiation of the crystalline specimens, is the result of oxy
gen accumulating at the surface region, and then migrating to the periphery of 
the beam induced charge distribution (Cazaux 1986b) under the influence of the 
radial component of the electric field (see Fig. 1). 

In Fig. 14c,d the monochromatic CL images associated with the outgrowth 
produced by the defocused irradiation of quartz are shown: In Fig. 14c the 
-2.7 eV CL (blue) emission associated with the radiative recombination of the 
STE is imaged. In Fig. 14d, the -1.9 eV (red) emission associated with the 
NBOHC is imaged. The reproducible characteristic evolution of the monochro
matic CL gives insight into processes that are responsible for changes in the sur
face topography (Stevens Kalceff et al. 1996b). Similar AFM, SEI and CL images 
are seen from irradiated natural clear quartz, rose quartz and amethyst. For 
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Fig. 14.a SEM secondary electron image; b atomic force micrograph (unprocessed image); c 
-1.9 eV monochromatic CL image; d -2.7 eV monochromatic CL image of a-Si02 irradiated 
with a defocused 30 KeV, 0.25 /lA, -15 /lm diameter electron beam for 600 s. The dimension 
marker indicates 10 /lm 

example, Fig. 15 shows the CL image of well crystallized rose quartz (see Ross
man's review: Rossman 1994 and references therein) from the unpolished crys
tal growth face perpendicular to the a axis. The origin of the (red) luminescent 
vein feature in Fig. 14 is unknown, but is likely to be related to an inclusion of 
foreign material or immobile impurity associated defects, rather than NBOHC 
with Si-OH precursor, as the CL emission from the vein is relatively insensitive 
to electron beam irradiation. It is believed that possibly interstitial impurity 
defects (P, Ti) are associated with the color of the rose quartz crystal (Rossman 
1994). 

The 1.9 eV CL image is attributed to the migration of mobile hydrogen defects 
to the edge of the irradiated volume, resulting in an increase in the concentration 
of nonbridging hydroxyl defects, which are precursors for the -1.9 eV emission. 
It is noted that the 1.9 eV emission is quenched within the irradiated volume and 
that the -1.9 eV CL ring is not observed in irradiated anhydrous crystalline sili
con dioxide specimens. The attenuation of the 2.7 eV emission is due to the 
increase in the concentration of °2- just within the boundary of the interaction 
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Fig. 15. Panchromatic image of CL from the unpolished (x) crystal growth face of rose quartz 
perpendicular to the a axis. Note the CL ring image produced by stationary defocused 30 keY, 
0.25 flA electron beam irradiation (see Fig. 14c). The dimension marker indicates 10 flm 

volume, which provides a competitive nonradiative alternative for the relaxation 
of the STE responsible for the -2.7 eV emission in crystalline polymorphs of sil
icon dioxide. 

The significance of charging effects and their relation to the development of 
defect migration and radiation damage in SiOz have important implications in the 
application and interpretation of CL and other electron probe techniques. 

5 
Conclusions 

Cathodoluminescence microanalysis enables high resolution, high sensitivity 
defect structure determination (Yacobi and Holt 1990; Remond et al. 1992a; 
Stevens Kalceff and Phillips 1996; Steeds 1992). Cathodoluminescence investiga
tions of pure synthetic quartz, hydrated and anhydrous (amorphous) fused sili
con dioxide, opal, amethyst, rose quartz and natural clear crystal quartz show that 
intrinsic defects make a significant contribution to the CL emission from SiOz' 
and in particular irradiated SiOz' It is necessary to characterize possible intrinsic 
contributions to prevent misinterpretation of the CL images, as the CL spectra 
from silicon dioxide polymorphs are typified by broad overlapping emissions. In 
Table I, proposed associations of commonly reported CL emissions from silicon 
dioxide polymorphs are listed. It is important to note that many of the proposed 
identifications are tentative and further work is needed to resolve the inconsis
tencies (Walker 1997) in the silicon dioxide literature. 
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Some of the results of the present work are listed in Table 2. The mean CL emis
sion positions and mean FWHM of the resolved Gaussian bands from ultrapure 
quartz and pure anhydrous and hydrated amorphous silicon dioxide are summa
rized and possible identifications and lor associations suggested. In addition the 
determination of the irradiation and temperature response of crystalline and 
amorphous silicon dioxide CL emissions has enabled processes of defect forma
tion and subsequent electrodiffusion of mobile species due to the influence of a 
localized electric field induced by trapped charges within the interaction volume 
to be investigated. 

The characteristic changes in the surface topography of ultrapure synthetic 
and natural Si02 during irradiation are highly correlated with the changes 
observed in the CL micrographs, and therefore CL microanalysis gives insight 
into the microscopic diffusion processes contributing to the changes in irradia
tion damaged Si02 polymorphs. The irradiation induced electro migration of 
charged species has consequences for the choice of beam parameters and inter
pretation of electron probe techniques. CL microanalysis and optical CL 
microscopy are powerful complementary techniques in the geosciences. 
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CHAPTER 9 

Brittle Deformation in Sandstone Diagenesis 
as Revealed by Scanned Cathodoluminescence 
Imaging with Application to Characterization 
of Fractured Reservoirs 

KITTY L. MILLIKEN, STEPHEN E. LAUBACH 

1 
Introduction 

The stable observing conditions, high magnifications, and sensitive light detec
tion that are characteristic of scanning electron microscope-based cathodolu
minescence (scanned-CL) imaging overcome several of the disadvantages of 
conventional light microscope-based CL systems, allowing more routine appli
cation of this petrographic method for description of micron-scale textural rela
tionships between detrital grains, cements, and fractures in sandstones. 
Scanned-CL imaging has great utility for documenting the interrelation 
between deformation and diagenesis at the micrometer scale in siliciclastic 
rocks. A survey of sandstone units of widely varying age, location, and burial 
history suggests that quartz-lined and quartz-filled microfractures are nearly 
ubiquitous in lithified quartzose sandstones. Because fractures formed in asso
ciation with quartz precipitation are prevalent in quartz-cemented siliciclastic 
hydrocarbon reservoir rocks, scanned-CL imaging of microfractures can poten
tially yield important information on subsurface fracture populations that have 
economic significance. 

2 
Methods 

Images described here were produced using Oxford Instrument's photomulti
plier CL detectors CL302 and P2 installed on JEOL T330A and T300 SEMs. Light 
is collected with the parabolic mirror inserted about 1 mm above an epoxy
impregnated, carbon-coated, polished thin section. Panchromatic images are 
observed on the CRT of the SEM and recorded on Polaroid film. An accelerat
ing voltage of 10 kV with sample current set near 90% of the maximum for the 
SEM provides adequate photon emission for examining the luminescence vari
ations in authigenic (relatively dark luminescent) and detrital quartz (relatively 
bright luminescent). Many of the CL photomicrographs in our studies are taken 
after several minutes of beam exposure, thus taking advantage of the beam
induced enhancement of CL emission in quartz to achieve higher contrast in the 
image. Because this chapter reviews interpretations of deformation history as 

9 
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revealed by the CL contrast between detrital and authigenic quartz, quantitative 
assessment of emission intensity and color, and the variables affecting these 
parameters, are not critical. 

3 
Previous Cathodoluminescence Applications 
in Siliciclastic Rocks 

In a now-classic paper, R. F. Sipple (1968) used light microscope-based CL to show 
that many apparent sutured boundaries in sandstones arise by quartz cementa
tion rather than by pressure solution. Sipple also described quartz-filled fractures 
in sand grains and recognized the implications of this observation for the inter
pretation of polycrystallinity in quartz. Routine use of the methods described in 
Sipple's paper was difficult (restricted to relatively low magnifications and requir
ing long exposure times for photographic recording of the luminescence) and sig
nificant applications of this pioneering study were not immediately forthcoming. 

Since the late 1970s, CL microscopy has been used to address several important 
issues in sandstone petrology. CL has particular utility for examining features in 
detrital and authigenic quartz. Quartz lacks the major compositional and textu
ral variability that makes other major sandstone components, such as feldspars 
and lithic fragments, amenable to application of petrographic and chemical 
methods that depend on large degrees of chemical and textural variation (e.g., 
back-scattered electron imaging). Large variations in CL intensity, however, arise 
from the relatively slight variations in trace element content or defect structure 
that characterize quartz of various origins (Sipple 1968 and numerous subse
quent publications). In the realm of chemical diagenesis, CL imaging clearly 
yields superior quantification of quartz cement volumes (Evans et al. 1988), and 
CL zoning in quartz cements has been used to study cement timing and parage
nesis, in a manner analogous to CL studies of carbonate cementation (e.g., Hogg 
et al. 1992). As recognized by Sipple (1968), CL images are an important key to 
deciphering the role of local pressure solution vs silica import as a cause for 
quartz cementation (Houseknecht 1984,1987,1991). 

It has also been suggested that CL colors (Matter and Ramseyer 1985; Owen 
1991; Kennedy and Arikan 1990) and CL textures (Milliken 1994a) in detrital 
quartz grains might be useful as provenance indicators in siliciclastic rocks. With 
this goal in mind, a number of studies have focused on characterization of CL 
properties of quartz, especially in crystalline rocks that represent potentially sig
nificant sources of sediment (e.g., Zinkernagel1978; Sprunt et al. 1978; Sprunt and 
Nur 1979; Ramseyer et al.1988). Practical applications of this approach to prove
nance determination (e.g., Owen and Carrozzi 1986; Owen and Anders 1988) have 
been few, however, and additional basic studies on the systematics of quartz CL 
character in various igneous and metamorphic rocks and in modern sediments 
are clearly warranted. 

Certain analysis methods in sandstone petrology can be used in combination 
with scanned-CL to overcome the uncertainties that result from the small-scale 
and sometimes cryptic mixing of authigenic and detrital quartz that occurs 
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through cementation and brittle deformation (see following section). For exam
ple, laser-extraction isotope analysis (Hervig et al. 1995) and fluid inclusion anal
ysis (e.g., Burley et al. 1989) take advantage of scanned-CL to characterize with 
greater certainty the nature of the material analyzed. 

Like Sipple, subsequent workers have recognized the utility of the CL contrast 
between detrital and authigenic quartz for documenting the mechanisms of 
grain-scale deformation in sandstones (Onash 1990,1994; Morad et al. 1991; Hip
pler 1993; Dunn 1993; Fowles and Burley 1994; Milliken 1994b; Dickinson and 
Milliken 1995). This aspect of CL imaging is of interest because it provides a 
strong link between the chemical and deformational histories of sandstones, and, 
additionally, finds significant practical applications in the description of frac
tured reservoirs (Laubach 1997a). 

4 
Cathodoluminescence Evidence for Brittle Deformation 
at Small Scales in Sandstones 

Survey of a wide variety of quartz-rich sandstones of different ages and burial his
tories (to date, 26 stratigraphic units ranging in age from Cambrian to Oligocene) 
reveals that brittle deformation of detrital grains occurs to some degree in many, 
perhaps most, sandstones. Perhaps because fractured surfaces present kinetically 
favored sites for quartz precipitation, small intragranular microfractures are prone 
to being filled in or 'healed' by authigenic quartz in optical continuity with the 
detrital grain. Such precipitation results in fractures that, commonly, are virtually 
invisible using conventional light microscopy as well as with secondary electron 
and back-scattered electron imaging. In some cases, intra- or transgranular 
micro fractures correspond to planes of fluid inclusions that are visible to the 
trained eye (Laubach 1989). In other cases, quartz-filled fractures manifest virtu
ally no overt evidence in light microscopy and are only revealed by CL imaging 
(Fig. 1). 

Brittle deformation features in sandstones have a wide range of complexity and 
scale. Described in the following sections are some of the principal styles of brit
tle deformation that are commonly revealed by scanned-CL imaging of quartz in 
sandstones. 

4.1 
Simple Intragranular Fractures 

Simple intragranular opening-mode (extension) fractures are the most common 
type of brittle deformation observed in sandstones. Clearly, some of these intra
grain fractures are inherited. Distinguishing post-depositional fractures from 
those inherited from the sand source is a challenge that is partially resolved by 
panchromatic scanned-CL imaging. Examination of the fracture fill at high mag
nification may reveal either continuity or truncation of the cement where the 
fracture intersects the grain surface (Laubach 1997). Fractures identified as inher
ited based on textural relations also commonly are filled with quartz that differs 
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Fig. lA-C. Quartz-cemented and microfractured sandstone as revealed by secondary electron 
imaging (A), scanned-CL-imaging (B), and plane light microscopy (C). White arrows in the 
right-center region of the images indicate equivalent locations at the edge of a quartz-lined pore. 
Travis Peak Formation, Cretaceous, East Texas. Scale bars are 100 j.Im 

in luminescence brightness from adjacent cement. It is likely that color informa
tion obtained through the use of filters in the light collection system will in the 
future provide more straightforward discrimination of inherited vs in situ origins 
for simple intragranular fractures. 

Another category of intragranular fracture has curved to straight traces 
arranged in simple to complex intersecting patterns, and commonly radiating from 
points of grain contact and displaying a wide range of orientations (Fig. 2). Such 
fractures commonly have distinctive triangular shapes and small length:width 
ratios (they are short and wide). The arrangement and shape of these microfrac
tures are similar to that of microfractures produced in uniaxial compaction exper
iments on wet sand packs (Gallagher et al. 1974; Schutjens 1991; Zhang et al. 1990; 
Elias and Hajash 1992). These fractures probably represent deformation associated 
with sediment compaction (with or without a superposed tectonic stress field) at a 
time when significant intergranular porosity existed in the rock. 
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Fig.2A,B. Grain interaction fractures. Canyon Sandstone, Permian, West Texas 

A third category of intragrain fracture cuts indiscriminately across grains. These 
intragrain fractures have shapes and orientation patterns that match those of 
nearby large trans granular fractures. They are simply the smallest size fractions 
of fracture populations that grew after cementation and compaction made the 
sandstone relatively homogeneous mechanically. 
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Intragrain fractures in these three categories can be distinguished using criteria 
described by Laubach (1997). Using scanned-CL, point -counts from fine to medium 
sandstones in ten formations show that inherited fractures visible as cement-ftlled 
features make up about 10% of intragrain fractures, with the balance about equal
ly split between the other two categories. Fluid-inclusion planes do not always cor
respond to cement-filled fractures, probably because many inherited fluid-inclu
sion planes were created or modified in a metamorphic environment and lack the 
compositional differences or defects that cause CL contrast (Sprunt et al. 1978). 

One interesting aspect of these ubiquitous intragranular fractures is that they 
are a major cause of apparent polycrystallinity in detrital quartz grains and ren
der the use of polycrystallinity questionable for provenance determination (e.g., 
Sipple 1968; Morad et al. 1991; Dickinson and Milliken 1995). 

4.2 
Fractures Affiliated with Concavo-convex 
and Sutured Grain Boundaries 

In highly compacted, yet still-porous, sandstones, local concentration of simple 
intragranular fractures leads to the development of crushed grains (e.g. Dickin
son and Milliken 1995; Fig. 3). Development of intragranular fractures tends to be 
spatially heterogeneous, with highly variable degrees of grain crushing even in 
adjacent grains of similar mineralogy. Controls on the distribution of intragran
ular fractures are not always apparent, but include factors such as the local pack
ing arrangement and also pre-existing zones of weakness such as inherited frac-

Fig. 3. Crushed grain boundary from the subsurface Frio Formation Texas Gulf coast. Field of 
view is uniform quartz with only minor visible microporosity. Dark luminescing quartz is authi
genic whereas the detrital grains and their fragments are bright 
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tures or crystal boundaries in polycrystalline grains. Propagation of cracks from 
pore-spaces and pre-existing cracks has been noted in compaction experiments 
(e.g., Adams and Sines 1978; Wong 1982). Thus, it is likely that intragranular frac
turing in certain circumstances is a self-ramifying process on the micrometer
scale, because the initial fracturing of a grain leads to an increase in load to the 
point of failure on nearby grains and pores. 

A significant number of interpenetrating grain boundaries, ranging in complex
ity from simple concavo-convex contacts described above, to stylolites, are associ
ated with a prominent degree of brittle deformation. CL images reveal that many 
cases of apparently sutured boundaries arise almost entirely by spatial redistribu
tion of grain fragments rather than volume loss. Many grains show a pronounced 
increase in intensity of brecciation immediately adjacent to the region of maximum 
curvature of the grain contact. In such areas, intense crushing of the indented grain 
produces a finely comminuted aggregate of <5-10 11m particles that are near the 
limit of the instrument's spatial resolution with CL imaging. This microns-wide 
region of highly comminuted and displaced grain debris suggests a history of 
repeated localized fracturing in what might be termed a "brittle process zone" 
(Fig. 4). Progressive evolution of crushing along such a zone typically leads to a tri
angular region of concentrated microfractures within the indented grain (Fig. 5). 

polycrystalline grain 

\ ) ( r 
arcuate grain boundary 

monocrystalline grain 

light microscope view 

o 
quam 
cement 

monocrystalline grain 

scanned-CL view 

Fig. 4. Line drawings that contrast two petrographic views of sand grains having a concavo-con
vex contact. Conventional light microscopy, either with plane-polarized light or with crossed 
polars, reveals an arcuate grain boundary that is strongly suggestive of compaction through 
pressure dissolution and volume loss from the upper polycrystalline grain. Scanned-CL 
microscopy reveals that polycrystallinity in upper grain arises from brittle deformation includ
ing a zone of highly comminuted silt-size rubble along contact. Fragments of crushed grain have 
been cemented by authigenic quartz 
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Fig. 5. Well-developed triangular crush zone, Hickory Formation, Cambrian, Central Texas. Field 
of view is uniformly quartz with only minor amounts of microporosity 

Along more highly sutured contacts, finely crushed grain debris tends to be less 
abundant, and brittle deformation is instead manifested as microfractures local
ized on grain promontories (Fig. 6). In all cases of apparent pressure solution, 
from simple concavo-convex grain boundaries to stylolites, volume loss estimat
ed from scanned-CL images is typically much less than that determined from 
conventional petrography. Although some actual volume loss may occur, estimat
ing that loss is severely complicated by the complex, multidimensional particle 
rearrangement that accompanies the repeated heterogeneous deformation. 

The association of microfractures with a range of apparent pressure solution 
features suggests that brittle deformation is integral in some way to the pressure 
solution mechanism (Milliken 1994b; Dickinson and Milliken 1995). A genetic 
association between brittle processes and pressure solution has been suggested 
by numerous workers (e.g., Gratz 1991), based upon theoretical models of stress 
(Fletcher and Pollard 1981; Wood 1981), observations from compaction experi
ments (e.g., Maxwell 1960), relationships between stylolites and macroscopic 
veins in outcrop and core (Choukroune 1969; Nelson 1981; Heydari and Moore 
1993), and associated stylolites and microfractures at the thin section scale 
(Onash 1990; Morad et al. 1991; Raynaud and Carrio-Schaffhauser 1992). 

It is possible that enhancement of quartz solubility at grain contacts occurs as 
a direct result of extreme particle size reduction (e.g., Petrovich 1981; Holdren 
and Speyer 1985). In this view, fracturing is the primary or initial process active 
in the pressure solution mechanism, followed by the secondary process of disso
lution. This is consistent with observation of numerous micro fractures in rocks 
that lack abundant stylolites. 
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Fig. 6. Fractures propagating from region of maximum curvature along sutured grain boundary. 
Field of view is entirely quartz. Breathitt Formation, Pennysylvanian, eastern Kentucky 

4.3 
Transgranular Fractures and Crack-Seal Deformation 

Transgranular and trans cement fractures, though less common than simple intra
granular fractures, are far more prevalent than previous optical microscopy or 
conventional CL observations suggested (Laubach 1997a,b). Based on scanned-CL 
observations, such fractures can be grouped into categories based on fracture 
shapes and fracture patterns with respect to detrital grains (Laubach 1997a; his 
Table 2, p. 612). Planar fractures that cut indiscriminately grains and cement most 
closely resemble large (Le., visible without magnification) quartz-lined veins. 
They have similar internal mineral fill patterns, orientations (Laubach 1997a,b), 
and size distributions (Marrett and Laubach 1997). In many ways, these 
microfractures and associated macrofractures are simply different size fractions 
of the same fracture sets. 

Displacement and fragmentation of wall-rock grains and CL-zoned cements 
attests to an episodic history of repeated fracturing and cementation, creating 
"crack-seal" microstructure (Ramsay 1980) (Fig. 7). Even in structural settings 
distant from folds and faults, quartz-cemented sandstones commonly contain 
large quartz-lined and -bridged fractures that have crack-seal microstructures 
that show that these fractures were opening as quartz cement precipitated 
(Laubach 1988). Interestingly, in large fractures the increase in fracture volume 
due to crack opening is typically greater that the decrease due to cement precipi
tation, such that fracture porosity is preserved (Laubach 1997a,b). In these frac
tures, quartz crystals precipitated locally in open fracture pore space preserve 
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crack-seal microstructures. The spatial distribution of contemporaneous CL 
cement zones and primary fluid inclusions within such veins can be exceedingly 
complex. 

Images of the walls and tips of crack-seal veins show how crack-seal structure 
evolves in sandstones. Small cracks are not always precisely located parallel to 
those formed at earlier stages of fracture growth. Instead, on a small scale (1 to 
tens of micrometers), the paths of transgranular microfractures are influenced by 
local heterogeneities such as grain-cement boundaries or contacts between 
cement and pore space, leading to heterogeneous crack development and forma
tion of complex intergrowths of detrital quartz and authigenic minerals of vari
able age (Fig. 7). Because some small fractures are not completely fIlled, they 
become the locus of repeated fracture. These observations show that, even in 
macroscopically undeformed rocks, complex structures can develop as a result of 
episodic fracture growth. 

Information revealed by CL imaging allows distinction to be made among 
authigenic phases formed at different stages of the deformation history. CL imag
ing also shows that closed micro fractures, which are locally marked by fluid inclu
sion planes, were sealed by precipitation of material transported over distances 
greater than grain scale, rather than healed by local-scale diffusive mass transfer. 

Fig. 7. Complex grain/cement intergrowth in a crack-seal fracture fill. Repetitive fracturing has 
transported highly angular slivers of bright luminescing detrital quartz relatively large distances 
across the fracture. Luminescence variations that suggest complex intergrowths of different gen
erations of authigenic quartz are indicative of fracture movement synchronous with quartz pre
cipitation leading to fracturing and overgrowth of the earlier-formed cement. Frontier Forma
tion, Wyoming. Scale bar is 100 !lm 
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Thus, fluid inclusions associated with quartz-lined micro fractures are primary 
rather than secondary and can be used for investigating evolution of fluid prop
erties during diagenesis and deformation. Integrating fluid inclusion, geochemi
cal, and structural data through the use of CL imaging is an intriguing avenue for 
future work. 

4.4 
Deformation Bands 

Deformation bands are curviplanar millimeter to meter-scale zones where sand
stone is more indurated and typically shows diminished porosity and permeabil
ity. Some deformation bands are zones where these changes in rock properties 
correspond to locally denser grain packing than in adjacent rock, whereas others 
show reduced particle size as a result of localized grain crushing. 

Some deformation bands show no evidence of slip parallel to band surfaces 
and reflect localized compaction (Hill 1989) but others are clearly faults (Aydin 
and Johnson 1983; Fowles and Burley 1994; Antonellini et al.l994;Antonellini and 
Aydin 1994,1995; Milliken 1996a,b). Scanned-CL observations from the Cambri
an Hickory Formation of central Texas help to clarify how such bands grow. In 
this example, a sequence of fabrics from edge to center probably represent pro
gressive stages in band development. Band edges are relatively porous and con
tain sand-size grains with abundant quartz-filled intragranular fractures. In con
trast, band centers display a bimodal particle size distribution with large, round
ed, and virtually unfractured sand-size particles surrounded by a highly 
comminuted microrubble (gouge) of angular silt-size debris (Fig. 8). Band devel
opment apparently begins as a planar zone of localized grain crushing. 

As particle shape heterogeneity increases, localized breakage leads to further 
particle size reduction. The sand-size, rounded grains in band centers probably 
survive simply because these particles avoided breakage up to the point that fur
ther displacement was accommodated entirely within comminuted silt-size rub
ble. Porosity and permeability reduction within the deformation band arise from 
a combination of particle size reduction and quartz cementation (Fig. 8). As in the 
case of apparent pressure solution, silica mobilization in deformation bands may 
be promoted by increase in surface area of detrital quartz through mechanical 
particle size reduction. 

These microstructural observations are compatible with a process of fault
zone thickening at the grain scale that occurs as a diffuse front of brittle defor
mation that migrates laterally into the host rock, a pattern characteristic of many 
natural fault zones that become thicker as they accommodate greater displace
ment (Aydin and Johnson 1978; Martel 1990). Experiments within a variety of 
rock types show that artificial faults can increase in thickness as grains in the host 
rock adjacent to the fault become fractured then incorporated into the fault (see 
references in Martel 1990). 
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Fig. 8. Secondary electron image (A) and scanned-CL-image (8) of the central region of a defor
mation band in the Cambrian Hickory Sandstone Central Texas. Note the angular shapes of the 
quartz particles (bright-luminescing) which are cemented by a significant component of authi
genic quartz (dark luminescence). Minor amounts of microporosity remain in the uncemented 
portions of the interparticle space 
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5 
Application to Fractured Reservoirs 

Improved understanding of diagenetic processes and petrophysical hetero
geneities that result from deformation band development illustrate one way 
scanned-CL analysis can be applied to fractured reservoir studies. For example, 
bands have significant detrimental effects on sandstone reservoir continuity 
(Fowles and Burley 1994; Antonellini et al. 1994). Another approach is to use 
scanned-CL measurements of microfractures as a diagnostic tool for inferring the 
properties oflarge fractures (Laubach 1997). 

Direct measurement of the attributes of large fractures is extremely challeng
ing because such fractures rarely intersect wellbores where they can be observed. 
The consequence is an unacceptably high level of uncertainty about even the most 
basic fracture attributes critical for exploration and development success. As this 
review shows, in many siliciclastic petroleum reservoirs, micro fractures, with 
sizes of microns to millimeters, are more common than large fractures and can be 
sampled effectively even in small volumes of rock. In some cases the properties of 
large fractures can be inferred from observation of micro fractures and associat
ed diagenetic minerals in the rock matrix. 
Among the fracture attributes that can be inferred from observation of small frac
tures are size distribution (Marrett and Laubach 1997), degree of mineral flll 
(Laubach and Milliken 1996), and orientation (Laubach 1997a,b). Size distribu
tion is one of the most useful parameters because of its influence on permeabili
ty and other rock properties (such as seismic velocity) (Marrett et al. 1997). 
Scanned-CL observation of micro fractures extends the range of observational 
data on fracture populations by more than three orders of magnitude. This allows 
power-law scaling patterns of fracture populations to be deduced from small core 
samples that may not contain fractures visible to the unaided eye. This area of 
application of scanned-CL observations has great promise. 

In concert with conventional paragenetic analysis, scanned-CL observations of 
microfractures can be used to estimate the degree to which fracture networks 
have been filled with authigenic cements (Laubach and Milliken 1996). This is 
accomplished by dividing cements on the basis of timing of cement precipitation 
relative to fracture growth (Fig. 9). Because large fractures are rarely encountered 
in core, scanned-CL observations of microfractures are used to fix the time(s) of 
fracture formation. 

According to this classification, syn- and postkinematic cements are those 
available to fill fractures. However, because synkinematic quartz tends to incom
pletely fill fractures, preliminary and unpublished data from our laboratory sug
gest that it is postkinematic cement that best predicts the degree to which frac
ture are filled. 

Such estimates can yield valuable predictions of well performance in areas 
where natural fractures are the dominant conduits for fluid flow to the well. For 
example, Fig. 10 shows comparisons of post-stimulation production outcomes for 
paired natural gas wells in East Texas and Wyoming. The geologic and engineer
ing characteristics of these paired wells are similar in each region. The rocks con
tain reservoir storage volume and natural fractures provide intrareservoir flow 
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I{{ltd Preklnematlc cement _ Synklnematic cement Postklnematlc cement 
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Fig. 9a-c. Classification of cement types according to time of cement precipitation relative to 
fracture opening (after Laubach and Milliken 1996). a Prekinematic, b Synkinematic. Note 
crack-seal structures and preservation of fracture porosity. c Postkinematic. Postkinematic 
cement is principally responsible for closing fractures 
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Fig. 10. Postkinematic cement and porosity at several depths in natural gas wells East Texas and 
Wyoming. Postkinematic cement is shown as a proportion of total cement. Timing of cement 
precipitation relative to fracture opening was determined using scanned-CL observation of 
microfracture patterns and conventional analysis of cement petrogenesis 

pathways. Key differences between wells are overall rate of fluid production (pro
ducer vs non-producer) and postkinematic cement volume. High values of 
postkinematic cement imply that natural fractures are cemented shut, and in this 
case uniformly high values of postkinematic cement accurately predict low fluid 
production and vice versa. 
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Scanned-CL observations also can be used directly to measure fracture orien
tations. Fluid-inclusion planes have been used as structural markers in metamor
phic rocks since Tuttle (1949). Laubach (1989) identified post-depositional 
micro fractures in macroscopically undeformed sedimentary sandstones using 
optical microscopy and showed that they formed at the same time as large quartz
lined fractures. CL equipment available then did not resolve the authigenic quartz 
surrounding the fluid inclusions. Without a capability to image cross-cutting rela
tions between cement and microvein fill, such microstructural observations were 
of limited value, because of the possibility that many of the micro fractures 
observed were inherited (Laubach 1989; Anders and Wiltschko 1994). 

Scanned-CL observations allow measurements of a large number of microfrac
tures to be rapidly compiled, making practical the use of micro fractures as guides 
to the strike of larger fractures (Laubach 1997b). Scanned-CL not only allows 
inherited fractures to be identified, but also reveals cross-cutting relations among 
fractures, so that the sequence of fracture formation can be deduced. Scanned-CL 
observations also reveal fracture shapes and patterns, so that the smallest but 
most abundant microfractures can be used as proxies for large fractures . 
For example, Fig. 11 shows micro fracture orientation data from a major fractured 
oil reservoir in Texas (S. Laubach, unpublished report 1997). Microfractures used 
in this plot are all intragranular. The main micro fracture trend matches exactly 
the orientation of large fractures measured independently in horizontal core. 
Cross-cutting relations, visible using scanned-CL, show that the subsidiary 
micro fracture trend represents a younger fracture set. Such information is a 
highly cost effective and powerful guide to oil- and gas-field development prac
tices. 

Fig. 11. Microfracture strikes 
in three samples from a 
major fractured Texas silici
clastic oil reservoir (from S. 
Laubach, unpublished report 
1997). Independent measure
ment of large fractures in the 
same well shows strike of 
N30E±10. All microfractures 
used are intragranular (cate
gory Id Laubach 1997) 

N 

Vector mean = 25 
Confidence angle = 10 

QAb9886c 
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Scanned-CL is superior to other methods for microstructure characterization 
because the relation of fractures to diagenetic phases can be imaged. Although 
microfractures due to drilling, core expansion/contraction, core handling, and 
sample preparation are often present, scanned-CL reveals those that are partly 
filled with authigenic mineral precipitates and that reliably represent a sample of 
subsurface fracture populations. 

6 
Conclusions 

Localization of quartz precipitation in microfractures in some cases produces 
sandstones that contain significant amounts of authigenic quartz within frac
tured detrital grains. Quantitative determination of this intragranular fracture
filling quartz is nearly impossible using conventional microscopy; thus, scanned
CL imaging of sandstones has important ramifications for understanding chemi
cal as well as physical aspects of sandstone diagenesis. 

Crack-seal structures visible with CL imaging also demonstrate that quartz 
cement precipitation and fracture development are intimately linked (Laubach 
1988; Laubach 1997). This genetic association needs to be accounted for in mod
els of quartz precipitation and fracture development. 

Scanned-CL observations distinguish three categories of microscopic frac
tures. Some of these can be used to determine orientations of large fractures, sig
nificantly enhancing the value of core observations in siliciclastic reservoirs. 
Although large fractures play the most important role in performance of 
petroleum reservoirs, research in progress suggests that microstructural observa
tions can also be used to infer the openness and size distribution of large frac
tures. Such information is vital to cost-effective development of many fractured 
siliciclastic hydrocarbon reservoirs. 
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CHAPTER 10 

High-Resolution Cathodoluminescence 
Studies of Feldspar Minerals 

JENS GOTZE, MATTHIAS R. KRBETSCHEK, 

DIRK HABERMANN, DIETER WOLF 

1 
Introduction 

Feldspars are the most important rock-forming minerals occurring in igneous, 
metamorphic and sedimentary rocks. Cathodoluminescence (CL) of feldspars is 
an important tool in interpreting genetic conditions of rock formation and alter
ation (Marshall 1988). Furthermore, feldspars are widely used as dosimeters in 
dating geological and archaeological materials by thermally or optically stimulat
ed luminescence (TL, OSL). 

Feldspars formed under different conditions may show different lumines
cence emission characteristics, depending on crystallization environment and 
trace-element uptake during growth or recrystallization. Thus, different CL col
ors permit rapid visual distinction of different feldspar phases, compositional 
zoning, fine-scale structures, and mineral intergrowth (Fig. lSA-C). Usually it is 
quite easy to distinguish the distribution of alkali feldspars and plagioclases 
using CL. Furthermore, variations in color and intensity, which probably repre
sent variations in the concentration of activators or defects, can be used to dis
tinguish different feldspar generations or to provide useful information in 
provenance evaluation of clastic sediments. Within single feldspar grains, alter
ation, exsolution, zoning, and related phenomena are often revealed by CL. 
Moreover, the sharp contrast between detrital and authigenic feldspars enables 
authigenic overgrowths on detrital feldspar grains to be detected (Kastner 1971). 
Several studies have illustrated the usefulness of CL investigations in the study 
of authigenic feldspar in sandstones or carbonate rocks (Marshall 1988 and ref
erences therein) . 

In the present study CL characteristics of terrestrial feldspar samples covering 
the Or-Ab-An ternary system of lunar plagioclases and of Ba-feldspar (celsian) 
were analyzed by optical and high-resolution spectral CL to investigate the caus
es of the different luminescence behavior of feldspar and to identify possible acti
vator elements. 

10 
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2 
Analytical Procedure 

In the present study CL spectra of 30 feldspar samples were measured covering 
the Or-Ab-An ternary system (Fig. I). The samples were characterized by CL and 
optical microscopy, X-ray diffraction, major- and trace-element analysis. Addi
tional samples of lunar plagioclases from Luna 20 and Luna 24 and Ba-feldspar 
(celsian) were also investigated. 

Monomineralic feldspar fractions were separated from mineral pieces and 
rocks. After careful crushing and manual separation under a microscope, the 
material was milled and sieved. Heavy-liquid density separation was carried out 
on the 100-200 Ilm grain size fraction followed by HCI etching (10%). Combined 
X-ray diffraction analysis and quantitative analysis of major elements were used 
to characterize the feldspar samples. Difficulties of measuring the concentrations 
of trace elements in feldspar minerals at low levels by electron probes often pre
vent a correlation between CL intensity and the concentration of possible activa
tor elements. Therefore, trace element contents were measured using ICP-MS and 
atomic emission spectrometry, although these methods allow no spatial resolu
tion of the element distribution within the analyzed crystals. 

Optical and CL microscopy were carried out on polished thin sections of the 
samples using a "hot cathode" CL microscope at 14 kV and with a current densi-

Or 

Abo 25 50 75 

mol-% 
Fig. 1. The ternary Or-Ab-An feldspar system showing the position of the samples investigated 
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ty of ca. 10 IlAfmm2• To prevent the build-up of electrical charge during CL oper
ations, the thin sections were coated with carbon. Color slides were taken with 
Kodak Ektachrome 400 He. 

CL spectra were obtained using an EG&G digital triple-grating spectrograph 
with liquid nitrogen cooling and a Si-based charge-coupled (CCD) detector. The 
CCD camera was attached to the CL microscope by a l.5 m quartz fiber guide 
(Neuser et al. 1995). CL spectra were measured in the range 320-1100 nm using 
standardized conditions (accumulation time 10 s, spot width 30 Ilm) and were 
corrected for the spectral response of the instrument. 

3 
Crystal Structure and Chemistry 
of Feldspar Minerals 

Feldspars are MT40g alumosilicates whose structures are composed of corner
sharing AI04and Si04 tetrahedra (T site) linked in an infinite three-dimension
al array (Ribbe 1983). Charge compensating cations (K+, Na+, Ca2+, Ba2+) occu
py large, irregular cavities in the tetrahedral framework (M site; Fig. 2). Most 
natural feldspars occur in the Or-Ab-An ternary with the general formula 
KxNayCal-(x+y)A12_(x+y)Si2+(x+yPg. Feldspars with K and Na in the M site form sol
id solutions of the alkali feldspar series, whereas a complete range of composi
tion is observed between Na and Ca in the plagioclase series (Fig. 1). Feldspars 
of the K-Ba series ("hyalophane"), K-Na-Ba ternaries, NaBSi30 g (reedmergner
ite), or NH4AlSi30 g (buddingtonite) are rarely observed. If boron substitutes for 
Al in tetrahedral coordination, the mineral reedmergnerite (NaBSi30 g) can 
occur, especially in authigenic feldspar in sediments (Smith and Brown 1988) or 
sodic feldspar from peralkaline environments (Cerny 1994). Furthermore, a 
wide variety of compounds with feldspar topology has been synthesized with 
Rb, NH4, Sr, Ba, and Pb in M sites, and Fe3+, B, Ga, Ge, and AlSiP in T sites (Bruno 
and Pentinghaus 1974). 

At high temperatures feldspars form more extensive solid solutions. During 
cooling alkali feldspars segregate because of the differences in cation size of K+ 
(1.33 A) and Na+ (0.97 A) into separate phases and form perthite (albite in ortho
clase) or antiperthite (orthoclase in albite). The similar ionic radii ofNa+ and Ca2+ 
(0.99 A) cause a complete range of composition within the plagioclase series. How
ever, perfect long-range Al,Si order within the plagioclase structure is only achiev
able in pure albite and anorthite. In the intermediate plagioclase composition 
range incommensurate structures e1 and e2 are formed which result in the exis
tence of a miscibility gap between them (Putnis 1992). Thus, compositions around 
Anso exsolve into two phases, e1+e2, which coexist as lamellar intergrowths. 

Numerous elements can substitute for K, Na, Ca, Si and Al in feldspar, includ
ing B, Ba, Be, Cs, Fe, Ga, Ge, Li, Mg, Mn, P, Pb, Rb, (rare-earth elements) REEfY, Sn, 
Sr, Ti (e.g. Heier 1962; Rhodes 1969; Lyakhovich 1972; Bruno and Pentinghaus 
1974; Ribbe 1983; Smith and Brown 1988; Parsons 1994). Factors governing the 
incorporation of the different elements into feldspar are ionic characteristics, 
structural aspects and physico-chemical conditions during mineral formation. 
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Fig. 2. Schematic feldspar structure with four-fold rings of individual T[and T2tetrahedra (T
site) with a pair of tetrahedra pointing up and a pair pointing down. Cations occupy the large 
cavities (M-site) between the rings 

In K-feldspar large cations enter the M sites (e.g. compatible Ba, Sr and incom
patible Li, Rb, Cs, Tl, Pb, and NH4), whereas the number of substituents in plagio
clases is limited (Sr, Ba, Li, Eu and negligible contents of the large compatibles Rb, 
Cs, Tl) because of the smaller cations in the M site. Small cations are incorporat
ed into the tetrahedral T sites (mainly Fe3+, Ga, P, B, Ti, Ge, and Be). Some of these 
substituting elements in natural feldspars can act as luminescence activators 
depending on the crystallographic position, valence and bonding state. 

Petrov (1994) compiled 20 paramagnetic centers in alkali feldspar which were 
detected by EPR measurements. He distinguished between thermally stable para
magnetic centers (cations Fe3+ and Mn2+ with dS electron configuration) and ther
mally metastable centers which generally can be reactivated by natural or artifi
cial irradiation. Petrov (1994) summarized the thermally metastable paramagnet
ic centers into four main groups: (1) cations with unusual valence (TP+, 
[Pb-Pbj3+), (2) anions with unusual valence (OI-/LMi and OI-/LYiXLZ;), with Y = 
AL, Na,Ag, Pb, Z = Na and M = e.g. Si4+, Mg2+ (3) Bomn radicals (Si033-,Si033- /27 AI, 
P03z-, N02), and (4) organic radicals (CzHs, CH3). The most widely distributed 
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centers in natural feldspars are 0- defects as well as Ti3+ and Fe3+ impurities 
(Marfunin et al. 1967; Ioffe and Yanchevskaya 1968; Marfunin and Bershov 1970; 
Weeks 1973; Matyash et al. 1981; Petrov 1994). 

4 
Cathodoluminescence 

4.1 
General 

Most of the feldspars in samples from igneous and metamorphic rocks exhibit 
CL colors of bright blue, greenish-yellow, violet, and red. The CL emissions of 
both terrestrial and lunar feldspars generally consist of three broad emission 
bands: a strong blue emission (420-500 nm), one emission band in the green 
(540-570 nm), and one red band on the edge of the infra-red (690-760 nm). The 
overall emission color depends on the relative intensities of the three main emis
sion bands. The variable incorporation of divalent and trivalent activator ele
ments in the crystal causes plagioclase to exhibit practically all CL colors, where
as alkali feldspars dominantly luminesce in blue and red. In many plagioclases 
the infrared band is dominant but, since only the tail of this band is in the visi
ble range, it often has little effect on the visual color. Accordingly, blue and green 
luminescing feldspars with an intense red-infrared emission band can occur. 
Smith and Stenstrom (1965), Gorz et al. (1970) and Sippel (1971) found a polar
ization of the CL emission in all feldspars except adularia and sanidine. 

Authigenic feldspars are often described as either non-luminescent or darkly 
luminescent (Kastner 1991; Kastner and Siever 1979). Authigenic feldspar, which 
is assumed to form at low temperature, seems to have low concentrations of trace 
elements « 100 ppm Mn, Ti, Fe; Escobar and Mariano 1976) and lattice defects. 
Walker and Burley (1991) and Gotze et al. (1996) observed both white and brown 
luminescing orthoclase overgrowths and low albite in sandstones using high-sen
sitivity CL microscopes. Although the causes of the dull or absent CL in authi
genic feldspar are still unknown, the fact alone was still put to good use in detect
ing their presence (Fig. 15D) 

Although variations in CL color recorded by optical CL give important textu
ral information, CL spectroscopy was used to record CL colors and emission 
intensities quantitatively and to provide information on the nature of lumines
cence centers. The comparison of the CL spectra of the different feldspars shows 
significant differences between the samples investigated. The emission bands and 
peaks can be related to defects as well as activator elements incorporated in the 
feldspar structure (Table 1). The incorporation of activator elements in the 
feldspar seems to be determined by the P, T and redox conditions during forma
tion of the parent rocks (Rokatschuk et al. 1989). Therefore, typomorphic lumi
nescence properties are caused by the structural incorporation of, e.g., Eu2+, Fe3+, 
TI+, Ce3+, Mn2+ (e.g., Gorobets et al. 1989). 

The blue emission occurring in almost all feldspars has been related to struc
tural defects (electron-hole recombinations at various hole centers) similar to 
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Table 1. Characteristic luminescence emission peaks and associated activators in feldspars 

Activator Color Peak Method Reference 

Tl+ UV 280nm PL Gorobets et al. (1989) 

Pb2+ UV 280nm RL Tarashchan et aI. (1975) 

UV 330nm TL Huntleyet aI. (1991) 

TL,IR-OSL Krbetschek et aI. (1996) 

Ce3+ UV 355nm CL 

Bluish-green 490nm CL Laud et aI. (1971) 

Eu2+ Blue 420nm CL Mariano and Ring (1975) 

TL, RL Jaek et al. (1996) 

Cu2+ Blue 420±5 nm CL Mariano et aI. (1973) 

TL, RL Jaek et aI. (1996) 

AI-O--Al Blut! 450-480 nm TL,RL Marfunin (1979) 

CL WaIker (1985) 

Ti3+ Blue 460±10 nm CL Mariano et aI. (1973) 

450nm CL Geake et aI. (1973) 

Ga3+ Bluish-green 500nm CL De St. Jorre and Smith (1988) 

O--Si ... M+ Bluish-green 500-510 nm TL,RL Marfunin and Bershov (1970) 

Mn2+ Greenish-yellow 559nm CL Sippel and Spencer (1970) 

570±5 nm CL Mariano et aI. (1973) 

540-561 nm CL Mora and Ramseyer (1992) 

550-565 nm CL,TL Gotze et al. (1996) 

Fe3+ Red/IR 700±1O nm CL Mariano et el. (1973) 

705-730nm CL Sippel and Spencer (1970) 

700-780 nm CL Geake et aI. (1973) 

690-760 nm RL Boroznovskaya et al. (1982) 

680-745 nm CL Mora and Ramseyer (1992) 

688-740 nm CL,TL Gotze et al. (1996) 

Sm3+ Red SeveraI peaks CL Mariano et aI. (1973) 

Blue-IR See Fig. 13 CL Gotze et aI. (1996) 

Dy3+,Eu3+ Blue-IR SeveraI peaks CL 

Tb3+, Nd3+ See Fig. 13 CL Gotze et al. (1996, 1999) 

IR 860nm CL Gotze et al. (1996) 
Krbetschek et al. (1998) 

Cr3+ IR 880nm RL Boroznovskaya et aI. (1996) 

those in quartz and other silicates. It has a much shorter decay time at room 
temperature than the other bands (Walker 1985). Variabilities in position and 
shape of the blue peak indicated that there is more than one luminescence cen
ter involved in the blue emission. Finch and Klein (1996), for instance, detected 
AI-O--AI as well as Si-O--Si paramagnetic defects in blue luminescing alkali 
feldspar. 
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4.1.1 
AI-O--AI 

251 

The CL emission band between 450 and 480 nm which occurs in both alkali 
feldspars and plagioclases is caused by the substitution of AP+ for Si4+ in feldspar 
(e.g. Marfunin 1979). Speit and Lehmann (1982) ascribed TL emission bands 
between 400 and 475 nm in various feldspars to this center. The 0-/227 Al (or AI
O--AI) center forms with two Al atoms, one of which is "structural AI" and the 
other "impurity AI". This oxygen hole center adjacent to two Al ions is the most 
common center in feldspars, except in those with very high An content (Speit and 
Lehmann 1982). The formation of short-range disordered domains is due to AI
O-AI clustering associated with structural defects in their local environment 
(Petrov et al.1993). The 0-/227 Al centers are preferentially formed in feldspar with 
large M cations (K, Ba), e.g. orthoclase, sanidine, and hyalophane. Therefore, the 
intensity of the blue CL emission is generally higher in alkali feldspars than in 
plagioclases. Variations in the peak position are caused by different types of AI-
0--AI centers, associated with two non-equivalent sites for the impurity Al (Kirsh 
et al. 1987). 

4.1.2 
Copper 
Another emission in the blue at 420 nm due to Cu2+ was detected in synthetic and 
natural feldspars (Mariano et al. 1973; Jaek et al. 1996). Since copper is distribut
ed in feldspars as divalent ion in the Ca-site, the CL can be assigned to a hole 
trapped near a Cu2+ impurity (Matyash et al.1982). Cu contents were measured in 
feldspars generally between 1 and 30 ppm (Smith and Brown 1988). 

4.1.3 
Titanium 
Mariano and Ring (1975) suggested that the blue emission (460 nm) in feldspars 
is due to TP+ activation. Titanium is incorporated in natural and synthetic 
feldspars in concentrations of a few hundreds ppm up to 0.1 wt-%. Generally, the 
Ti concentrations in alkali feldspars are higher than in plagioclases and Ti con
tent tends to be higher in volcanic than in low-temperature rocks (Smith and 
Brown 1988). The TP+ electron center (TP++e-) was detected in various ordered 
and disordered feldspars assuming that titanium was initially incorporated as 
Ti4+ in Al sites (Marfunin and Bershov 1970; Speit and Lehmann 1982). According 
to Mariano (1973) it is not clear yet whether TP+ is an activator or a sensitizer 
enhancing intrinsic CL. Kirsh et al. (1987) concluded that the Ti4+ ion or Ti044-

group forms an electron trap from which electrons can be released during heat
ing. 

4.1.4 
Si-O-... M2+ 
An additional emission band is situated at 500-510 nm in the CL spectra of 
almost all alkali feldspars investigated (Fig. 3). From EPR measurements it was 
concluded that this luminescence emission is associated with a hole on an oxy
gen adjacent to a divalent impurity ion (Si-0-... M2+; Marfunin and Bershov 
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Fig. 3. CL emission spectrum of a bright blue luminescing orthoclase sample from Bodenmais, 
Germany. The spectrum is dominated by two emission bands at 450 nm (Al-O--Al center) and 
500 nm (Si-O-... M2+ center) which are the most common in K-feldspars 

1970; Matyash et al. 1982). It was suggested that this center must be stabilized 
by the divalent metal ion M2+ in a T site adjacent to the oxygen (most likely 
Mg2+, Zn2+ or Be2+; Marfunin and Bershov 1970; Speit and Lehmann 1982; Petrov 
1994). 

4.1.5 
Gallium 
De St. Jorre and Smith (1988) reported gallium enriched albite (up to 4000 ppm 
Ga) from rare metal deposits in Canada showing bright blue CL with a similar 
spectrum as obtained from a Ga-doped plagioclase with a maximum emission 
around 500 nm. They concluded that probably a minimum concentration of 
800 ppm Ga triggers the blue CL color in albite. It is uncertain whether Ga behaves 
as a CL activator or enhances the formation of lattice defects. In most of the sam
ples investigated the Ga content was too low (generally <200 ppm) to correlate 
with the CL intensity of the 500 nm peak. 

4.1.6 
Manganese 
The green emission band centered around 560 nm is due to Mn2+ in M sites 
(most probably Ca2+ sites) and is especially detected in plagioclases. The 
Mn2+ emission is less common in K-feldspars because of the difficulty of the 
Mn2+-K+ substitution. Generally, feldspars contain between 2 and 200 ppm man
ganese with a tendency for a tenfold increase from K-feldspar (5-50 ppm) to 
anorthite (Smith and Brown 1988). Most of the investigated alkali feldspars have 
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Fig. 4. Intensity of the green peak (550-565 nm) in relation to the Mn concentration of the 
feldspars investigated 

Mn concentrations <10 ppm. There is no spectroscopic evidence to show which 
of the four calcium sites Mn2+ occupies in anorthite (Geake et al. 1971; Telfer 
and Walker 1978). Although the position of the green peak changes (compare 
with Table 1), the wavelength of this peak cannot be correlated directly with 
the feldspar composition. Mora and Ramseyer (1992) reported a shift of the 
green peak toward shorter wavelengths with increasing anorthite content. Mea
surements on synthetic anorthites (Telfer and Walker 1978) and natural plagio
clases (Mora and Ramseyer 1994; G6tze et al. 1996) have shown a clear correla
tion between the intensity of the green emission band and the manganese 
content up to a critical self-quenching value of about 1 mole-% Mn2+ (Fig. 4). 
The suggestion that Mn contents below 20 ppm can act as CL activators was con
firmed. 

An intense yellow emission with a maximum at 571 nm was observed in celsian 
(Fig. 15E and Fig. 5). In general, alkali feldspars contain 103-104 ppm Ba whereas 
the Ba contents in plagioclases are considerably lower (100-3000 ppm). In various 
occurrences (e.g., Mn deposits), Ba contents increase through the hyalophane 
series towards the end member celsian (Smith and Brown 1988). The results sug
gest that Mn2+ is the dominant activator in Ba-feldspar. 

Furthermore, Mn2+ activation is always common in extraterrestrial plagio
clases. In all lunar plagioclases investigated the emission due to Mn2+ is the most 
intensive (Fig. 6). This confirms results of Geake et al. (1973), who reported Mn
activated luminescence in plagioclases from Apollo samples and meteorites. 
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Fig. 5. Bright yellow-greenish luminescing Ba-feldspar (celsian) from Big Creek, California 
(compare with Fig. 15E) showing a strong Mn2+-activated CL emission band with a maximum 
at 571 nm 

4.1.7 
Iron 
Smith and Stenstrom (1965) first observed a red emission of feldspars in CL. 
Geake et al. (1973), Telfer and Walker (1975, 1978), and White et al. (1986) showed 
that the red emission band around 700 nm is due to FeH which occupies A}3+ 
tetrahedral sites in the feldspar. The deep-red luminescence is due to the 4Tl~6Al 
transition of Fe3+ (Geake and Walker 1975; White et al. 1986). Reddish-orange 
emission in feldspars may also result from vitrification of plagioclase by shock 
waves (Sippel and Spencer 1970) or lattice damage due to impact events (Ram
seyer et al. 1992). 

Generally, the Fe3+ emission is present in all terrestrial feldspar types. An 
absorption spectrum for Fe3+ in orthoclase published by White et al. (1986) is 
identical to the excitation spectrum observed by Walker (1985) in bytownite. In 
most natural feldspars the intensity of the red peak is governed by the incorpora
tion of Fe3+ and the maximum CL intensity in feldspar samples, doped with Fe3+, 
was found at 1.5% (Telfer and Walker 1978). A strong temperature dependence of 
the integrated intensity of the Fe3+ luminescence band was observed by White et 
al (1986), who reported a rapid increase of the luminescence intensity with 
decreasing temperature. 

Fe3+ substitutes for A}3+ in the TlO position in ordered alkali feldspars (e.g. low 
albite) and in the Tl and T2 positions, as well as in tetrahedra of type TOPH, in 
disordered ones (Petrov et al.1989; Petrov 1994). In plagioclases three lattice posi
tions of trivalent iron are still under discussion. With increasing total Fe20 3 con
centration the substitution of Fe3+ at tetrahedral positions increases whereas the 
concentration of AI-O--AI centers decreases (Petrov 1994). Natural feldspars con-
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Fig.6a,b. CL emission spectra of green luminescing lunar plagioclases from Luna 20 (a) and 
Luna 24 (b) (see Fig. lSI,K). Both spectra are dominated by the Mn2+-activated emission band. 
In the Luna 24 sample Fe3+ is clearly detectable by the red emission band at 690 nm 

tain a maximum of 4 wt-% iron (Smith and Brown 1988). A few hundred up to 
104 ppm of Fe is fairly common. Generally, total iron increases with An-content 
from Ano to An90 with the highest values (ca. 1 wt-%) in volcanic bytownite and 
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the lowest «100 ppm) in pegmatitic albites (Smith 1983). However, much of the 
iron chemically measured as traces in feldspar is probably not structurally incor
porated but is instead present in an accessory phase such as hematite (Marshall 
1988; Mora and Ramseyer 1992). 

An intense red CL emission is especially reported from feldspars of alkaline 
rocks or carbonatite localities. Red luminescing feldspars typically characterize 
fenitization processes since the fenitization solutions contain Fe3+ which can be 
incorporated into the feldspar (Mariano 1978; Rae and Chambers 1988; Kempe et 
al. 1999). The red color of Fe3+ in albite is a characteristic feature of albitization in 
rare-metal deposits (Fig. 15F, Fig. 7). In contrast, the red emission band is weak or 
absent in lunar plagioclases (Fig. 151, Fig. 6a) which has been ascribed to low oxy
gen partial pressure (f02) during plagioclase crystallization (Geake et al. 1971, 
1973). Nevertheless, the occurrence of the CL emission band at ca. 700 nm 
(Fig. 15K, Fig. 6b) indicates that Fe3+ activated CL is common in lunar plagio
clases. Although this emission is generally less intense in lunar than in most ter
restrial feldspars, the results indicate that at least some of the iron in lunar pla
gioclases is ferric iron (G6tze et al. 1999a). 

In calcic plagioclases iron occurs as both Fe2+ in the large-cation sites and Fe3+ 

in tetrahedral sites depending on the oxidation state of the host rock. The role of 
Fe2+ as CL activator (emission band at 550-570 nm, Mariano et al. 1973) or 
quencher (Geake et al. 1972, 1973) was controversially discussed. Mariano (1978) 
published a CL spectrum of a synthetic plagioclase with 2 wt-% FeO. Generally, 
such high concentrations of iron are assumed to quench the luminescence. Possi
bly, the peak detected at 550 nm is caused by minor concentrations of Mn2+ which 
were incorporated as traces in the iron sample used for doping. Mora and Ram-

60000 ,-------------------------------------------------------. 

2' 
c: 
:> 

50000 

40000 

~ 30000 
Z. .;;; 
c: 
.l!! 
.5 
~ 20000 

10000 

Albite, 
Khaldzan Buregteg 

O ~====~==~~==~~~_+----_r~==~====+=~~ 
300 400 500 600 700 800 900 1000 1100 

wavelength [nml 

Fig. 7. CL emission spectrum of red luminescing albite from Khaldzan Buregte, Mongolia (com
pare Fig. lSF) which has formed during albitization of a granite 
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seyer (1992) and G6tze et al. (1996) showed that Mn2+ activation already occurs at 
concentrations as low as 20 ppm. 

The sensitivity of the red peak position to anorthite content has been previ
ously reported (e.g. Sippel and Spencer 1970; Geake et al. 1973; Telfer and Walker 
1975; Mora and Ramseyer 1992). In Fig. 8 the dependence of the red peak position 
on An content for investigated plagioclases is illustrated. There is a shift from 
688 nm to 740 nm over the range An98-Ans. Both the structural state of the pla
gioclase and the tetrahedral site occupancy of Fe3+ can also affect the position of 
the red peak (Telfer and Walker 1982; Petrov et al. 1989). Boroznovskaya et al. 
(1982) distinguished different structural sites of Fe3+ in calcic plagioclase by ESR, 
one of which should be especially responsible for the red luminescence peak. 
Considering this fact, the intensity and position of the red peak could not be 
directly correlated with the bulk content of structural Fe3+ in plagioclase. Fur
thermore, the existence of incommensurate structures within the plagioclase 
series can influence the position of the red peak. In the intermediate composition 
around Anso plagioclases exsolve into two phases, e1 +e2, which coexist as lamellar 
intergrowths (Putnis 1992). Probably, these structural peculiarities can explain 
the existence of a slight splitting of peaks around 700 nm (see Fig. 9) or gaps with
in the shift of the red peak position. 
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Fig. 9. CL emission spectra of three labradorite samples from different localities. The shape of 
the red emission bands indicates two maxima within a composite peak 

A shift of the red peak in alkali feldspars depending on the Or content is shown in 
Fig. 10. This correlation is similar to that observed in phosphorescence spectra of 
alkali feldspars (Diitsch and Krbetschek 1997; Fig. 11). The monoclinic feldspar 
varieties (sanidine, orthoclase) show the same behavior as the triclinic ones (micro
cline, anorthoclase). A possible explanation of this effect could be the influence of 
the K+-Na+ substitution on the crystal field (Schlafer and Gliemann 1980). The 
incorporation of the larger potassium ion causes a stretching of the lattice resulting 
in non-linear variations of the cell dimensions and thus, a shift of the red peak. 
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4.1.8 
Rare-Earth Elements 
Some other substituting trace elements in feldspars can act as luminescence cen
ters. Rare-earth element activation responsible for CL is known since Mariano et 
al. (1973) synthesized doped plagioclase. The REE ions Eu2+, Sm3+, and Ce3+ were 
found to be effective as activators in synthetic feldspar samples (Mariano and Ring 
1975; Laud et al. 1971; Jaek et al.1996), whereas these elements occur rarely in suf
ficient amounts in natural feldspars to be activators (Marshall 1988}. The REE and 
Y occur as trivalent ions in feldspars except Ce4+ and Eu2+. The partition of Eu2+ 

into plagioclases is more efficient than the trivalent REE because of the similarity 
to Sr2+. The contents of REE and Yare significantly higher in plagioclases (up to 
10 ppm, La, Ce, Eu up to 100 ppm) than in K-feldspar (Smith and Brown 1988). 

CL investigations of magmatic, metamorphic and sedimentary feldspars indi
cate that, in contrast to previous assumptions, REE activated CL in feldspars is 
common (G6tze et al. 1999b). The blue-violet Eu2+ activated luminescence at 
420 nm was detected in plagioclases of hydrothermal and Greisen deposits, and 
regional metamorphic rocks (amphibolite facies). It is uncommon in plagioclases 
of granitoids, crustal pegmatites and REE formations (Gorobets et al. 1989). Ce3+ 

activation was reported from plagioclase of regional metamorphic rocks showing 
variations in dependence on P, T conditions of rock formation (Rokatschuk et al. 
1989; Kusnetsov and Kramarenko 1995). 
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Fig. 12. CL emission spectrum of a labradorite sample from Bautzen, Germany (compare with 
Fig. lSG). The blue-violet luminescing outer rim of the plagioclase crystal shows a strong emis
sion band at 420 nm which can be related to Eu2+ activation 
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Table 2. Contents of REE 
(ppm) detected in an albite 
sample from Spruce Pine, 
USA, by ICP-MS (compare 
with Figs. 13, ISH) 

Element 

La 

Ce 

Pr 

Nd 

Sm 

Eu 

Gd 
Tb 

Dy 

Ho 

Er 

Tm 

Yb 
Lu 

Content (ppm) 

27.4 

49.5 

6.02 

18.4 

3.28 

0.06 

2.01 

0.26 

0.98 

0.14 

0.38 

0.06 

0.43 

0.07 

261 

The influence of the crystal field on shape and position of REE luminescence 
spectra significantly differs for divalent and trivalent REE ions. Mariano et al. 
(1973) reported a broad band emission of Eu2+ at approximately 420 nm in a 
doped (200 ppm Eu2+) synthetic anorthite showing deep blue luminescence 
(Fig. IsG). This emission band (Fig. 12) is caused by the transition between the 
4f6-sd state configuration and the 8S7/2level of the 4£7 ground state configuration 
(Mariano and Ring 1975). In contrast, trivalent ions of the rare-earth show nar
row emission lines which reflect the transitions between excited state wave func
tions lying inside closed electronic shells. These transitions are more or less 
shielded from the local crystal field and thus, the positions of the emission lines 
are relatively constant (Fig. 13). In selected samples, strong REE activated CL was 
observed (Fig ISH, Table 2) which could be related to Sm3+, Dy3+, Nd3+, and Tb3+. 
In these feldspars REE accordingly play an important role in controlling CL and 
thus, variations in the REE distribution within single feldspar crystals can be 
detected. 

4.1.9 
Thallium and Lead 
The substitution of K+ in alkali feldspars by TI+ or Pb2+ results in luminescence 
around 280 nm in the UV (Marfunin 1979; Gorobets et al. 1989). However, 
Krbetschek et al. (1996) reported a 280 nm emission in IRSL in samples with no 
determinable lead content, which is contrary to this finding. Garcia-Guinea et 
al. (1996) suggested that an emission band in TL at 290 nm is associated either 
with the presence of crystalline phases of albite or with Na/K exsolution inter
faces. 

Lead is probably one of the elements which is preferentially incorporated in 
feldspar and not as microinclusions of minerals. The data compiled by Smith and 
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Brown (1988) illustrate that most alkali feldspars contain 10-1000 ppm Pb and 
plagioclases 1-100 ppm. The highest values were measured in amazonites of peg
matites (ca. 1000 ppm Pb). Tarashchan et al. (1973) and Marfunin (1979) report
ed a luminescence band in the UV at 280 nm in amazonites and other feldspars 
which they related to Pb2+. Pb2+ can produce the paramagnetic center Pb1+ by cap
ture of an electron. If this electron is delocalized at two Pb2+ ions, a [Pb-Pb p+ cen
ter arises charge compensated by AI,Si exchange at adjacent tetrahedral position. 
The [Pb-PbJ3+ dimetric center was described by Petrov et al. (1993) as a chro
mophore of the blue-green color of micro cline (amazonite). Unlike K-feldspar, 
plagioclases are less commonly colored because of the lack of lead in the large
cation site. High concentrations of Pb in amazonite can also lead to the formation 
of a Pb-O-... X center, where the divalent ion X is likely Mg2+ (Speit and Lehmann 
1982). The Pb content in other feldspars is probably too low to cause detectable 
concentrations of this center. Only in amazonite was Pb2+ observed, substituting 
for K+ and O--Pb on the oxygen (Marfunin and Bershov 1970). 

Thallium tends to concentrate in residual fluids, e.g. in rare-metal pegmatites. 
Therefore, the highest TI contents were measured in rare-element granitic peg
matites with up to 3000 ppm (Shmakin 1979). In feldspars of granitic rocks most 
values lie below 10 ppm (Smith and Brown 1988). Boroznovskaya et al. (1996) 
detected enhanced Tl+ activated luminescence (280 nm) in feldspar of rare-metal 
mineralizations and proposed the ratio of the Mn2+/TI+ emission intensity to 
determine the relative acidity-alkalinity in rare-metal pegmatites. 

4.1.10 
Other Bands 
During the present study an emission band was firstly detected in the IR around 
860 nm (Fig. 14). This emission was observed in two samples of an adularia and 
an orthoclase. The energy (1.45 eV) is identical to the excitation energy used for 
optically stimulated luminescence (IR-OSL). This emission is also visible in 
induced radioluminescence of micro cline and orthoclase (Trautmann et al. 1998), 
where it is much more intensive than the emission bands in the visible and UV 
region. The signal decreases with irradiation time, which can be interpreted as 
luminescent trapping of electrons. No link to a specific type of defect or activator 
could be found, accordingly the 860 nm emission needs to be further investigat
ed. Boroznovskaya et al. (1996) reported an emission at 880 nm which they relat
ed to the presence of Cr3+. However, their published RL spectra do not show any 
emission band in this region. 

An emission band was detected at 330 nm in TL, IRSL and phosphorescence 
spectra of feldspars (e.g. Luff and Townsend 1993; Huntley et al. 1991; Krbetschek 
et al. 1996) but has not been reported yet from CL spectra. This emission was 
found as dominant in the albite corner of the feldspar ternary and has also been 
measured as the main emission in mid- to high-Na feldspar fractions from sedi
ments. Spectral measurements have shown this emission often as a prominent 
high-temperature TL emission. However, Prescott et al. (1994) did not detect the 
330 nm emission in any of their samples covering the whole feldspar ternary. 
Although the relation to a specific defect type is still under discussion, this emis
sion was found to be suitable for luminescence dating (Krbetschek et al. 1998). 
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Fig. 14. Adular from Rachital, Switzerland showing a CL emission band of unknown origin in 
the IR at 860 nm 

5 
Conclusions 

The research on spectral information of the CL emission from feldspar minerals 
can be dated back to the 1960s (Smith and Stenstrom 1965). Up to now numerous 
studies have led to important knowledge about the CL behavior of feldspars and 
its relation to specific types of crystal defects and trace-element activators. The 
present study summarizes results of systematic CL investigations within the 
ternary feldspar system Or-Ab-An. Although the samples investigated show sig
nificant differences in CL colors and CL spectra, some general conclusions were 
drawn. The most common CL emission bands in feldspars are caused by defects 
of the type AI-O--AI (450 nm, especially in K-feldspar), O--Si. .. M+ (around 
500 nm in alkali feldspars) and the incorporation of Mn2+ into the M-position (ca. 
560 nm) and Fe3+ into the T-position (around 700 nm) of the feldspar structure, 
respectively. Mn2+ is the main activator in most terrestrial and lunar plagioclases 
as well as in Ba-feldspar (celsian). Other elements which can act as activators of 
CL emission in feldspars are TI, Pb, Cu, some REE and probably Cr. The incorpo
ration of these activator elements into the feldspar structure is mainly deter
mined by the element supply and the P, T and redox conditions during formation 
of the parent rocks. Therefore, the evaluation of the CL emission spectra can pro
vide important information concerning physico-chemical conditions of rock and 
mineral formation and alteration. The comparison of the CL spectra with results 
of other luminescence techniques illustrates that the main emission bands in CL 
spectra were also detected in TL, IR-OSL and phosphorescence spectra 
(Krbetschek et al. 1998). Differences in the relative intensities of the emission 
bands however show very different mechanisms of luminescence production. 
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Fig. 15A-K. CL micrographs of selected feldspar samples. Scale bar is 200 !-1m. A Plagioclase 
sample of a granite sample from Eibenstock, Germany showing zoning under CL which is not 
discernible by polarizing microscopy. The twin lamellae are visible due to intensity variations 
which are caused by the orientations of the subcrystals. B Zoned blue luminescing K-feldspar 
(paradoxite) crystals from Euba, Germany. C Intergrowth of blue-violet luminescing micro cline 
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and red luminescing albite in a perthite sample from Arendal, Norway. D Detrital K-feldspar 
(Ko.9Nllo.lAlSi30swith traces of Ti, Nb) with authigenic overgrowth of nearly pure K-feldspar 
from a fluvial sediment (Oder River, Germany). E Bright yellow-greenish luminescing Ba
feldspar (celsian) from Big Creek, Fresno, California in a matrix of complex Ba-silicates (for 
spectrum see Fig. 5). F Deep red luminescing albite (spectrum see Fig. 7) replacing K-feldspar 
during albitization of a granite from Khaldzan Buregte, Mongolia. G Labradorite crystal from 
Bautzen, Germany showing a violet luminescing rim which is caused by Eu2+ activation (com
pare with Fig. 12). H Green luminescing albite from Spruce Pine, USA, with violet luminescing 
alteration zones which are caused by strong REE activation (compare with Fig. l3). I Green lumi
nescing anorthite clast from lunar soil (Luna 20). K Green luminescing anorthite grain from 
lunar soil (Luna 24) showing zoning under CL 
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CHAPTER 11 

Application of Cathodoluminescence 
to Carbonate Diagenesis 

HANS G. MACHEL 

1 
Introduction 

Cathodoluminescence (CL) petrography is a popular tool in investigations of car
bonate rocks and their diagenesis. The most widespread use of CL in carbonate 
studies is in cement stratigraphy using zoned cements. Visual CL colors and 
intensities are commonly correlated with analyzed Mn2+ and Fe2+ contents and 
then used, often in conjunction with other geochemical data (such as stable and 
radiogenic isotope data, fluid inclusion and paleomagnetic data, etc.), to interpret 
salinity, temperature, and Eh of the paleo-formation waters, and possibly paleo
fluid flow directions. Such applications of CL have great potential for applied 
research, e.g., via establishing porosity evolution in hydrocarbon reservoirs (e.g., 
several articles in Barker and Kopp 1991). Another popular use of CL is to identi
fy marine components (cements or biochems, mainly brachiopods) that are unal
tered or least altered by recrystallization, in order to determine the isotopic com
position of paleo-ocean water (e.g., Popp et al. 1986; Lohmann and Walker 1989; 
Tobin et al. 1996). 

In a comprehensive analysis of the factors that govern CL in calcite and 
dolomite, Machel and Burton (1991) identified 26 factors in five groups, which 
govern the CL color, intensity, and zonation of diagenetic carbonates (Fig. 1). 
On the basis of a critical literature analysis, Machel and Burton (1991) further 
claimed that, although some of the above factors had been considered in con
ventional CL work, many previously unconsidered factors also can have sig
nificant effects on CL. For example, at invariant pH/Eh, CL zonation in diage
netic carbonates can be generated solely from changes in Ca2+ activity, precip
itation rate, or temperature. CL zonation may also result from changes in salin
ity or pH/Eh. On the other hand, determining pH and Eh at the time of 
precipitation from observed CL and corresponding Mn2+ and Fe2+ concentra
tions, which has been common practice, is impossible with the present state of 
knowledge. Furthermore, data from modern groundwater aquifers indicate that 
it is unlikely that diagenetically coeval calcite cements form over more than a 
few kilometers to a few tens of kilometers of flow distance, let alone over sev
eral tens of kilometers, except under very uncommon circumstances. Hence, 
standard cement stratigraphic correlations may not be valid or only on a rela
tively small scale. 

11 
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1. ACTIVATORS, SENSITIZERS, QUENCHERS 
2. DISTRIBUTION COEFFICIENTS AND ACTMTY RATIOS 

- ACTIVITY COEFFICIENTS 
- ACTIVITY OF CALCIUM 
- GROWTH RATES 
- TEMPERATURE 
- CRYSTAL SURFACE STRUCTURE 
- VARIOUS CHEMICAL SPECIES IN SOLUTION 
- BULK SOLUTION DISEQUILIBRIUM 

3. TYPES OF ZONING 
- CONCENTRIC 
- SECTOR(AL) 

4.CONCENTRATIONS OF A'8, S'8, AND Q'8 IN SOLUTION 
- CHANGES IN REDOX-POTENTIAL 

HANS G. MACHEL 

• PHASES CONTROLLING Mn AND Fe CONCENTRATIONS 
• CHEMICAL EQUILIBRIUM, KINETICS, MICROBES 
• INTERDEPENDENT REDOX-REACTIONS 
• ELECTROCHEMICAL EQUILIBRIUM 
• INTERDEPENDENT PARTITIONIN,G 
• NOT ONLY pHIEh CHANGES 
• NOT ONLY METEORIC WATER 

- CLOSED SYSTEM DIAGENESIS 
- ORGANIC MATTER AND CLAY MINERAL DIAGENESIS 
- EXOTIC SOURCES OF FLUIDS 

5. TEMPORAL AND SPATIAL VARIATIONS IN SOLUTION CHEMISTRY 
- SATURATION STATES 
- Eh, Mn and Fa CONCENTRATION CHANGES 
- RATES OF CHANGE OF FLUID PARAMETERS 

Fig. 1. Factors that govern CL in diagenetic carbonates 

Indent in the years since, progress has been made in some of the areas mentioned 
above, but not in others. Moreover, the paper by Machel and Burton (1991) has 
not only clarified the subject matter but also, and regrettably, caused some confu
sion. As Bruckschen et al. (1997, p. 89) pointed out: "The overinterpretation of 
luminescence patterns in carbonate cements on one hand, but also the overcriti
cal objections against these studies by another group of researchers [sic 1 resulted 
in a somewhat confusing discussion about the value of the concept of cement 
stratigraphy." These thoughts provide the basis for the present chapter. Its objec
tives are twofold: (l) to discuss the factors that govern CL in calcite and dolomite, 
focussing on those that are especially important for diagenetic studies; and (2) to 
point out the most important implications of these factors to applied studies of 
carbonate diagenesis. This chapter, although based on Machel and Burton (1991), 
presents not only a review but also some important new findings and thoughts 
that are based on several salient studies that have been published since 1991. 

2 
Factors That Govern Cathodoluminescence 
in Diagenetic Calcite and Dolomite 

Almost all CL in carbonates is caused by trace elements, including rare earth ele
ments (REEs), in solid solution, which act as activators, sensitizers, and quenchers 
(Fig. 2). These elements respond in the same capacities, i.e., as activators, sensi
tizers, and quenchers, respectively, to different types of excitation (electron 
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. 

AC11VATORS SENSITIZERS QUENCHERS 
> 10-20 ppm > 10 ppm >30-35 ppm 

Mn2+ Pb2+ Fe2+ 

Sm3+ Ce3+ Fe3+ 
Tb3+ etc .. ? Ni2+ 

D~ Co2+ 

Eu2+ etc .. ? 
Eu3+ 
etc .. ? 

Fig. 2. Possible activators, sensitizers and quenchers of luminescence, and their effective mini
mum concentrations, in calcite and dolomite 

beams, UV-excitation=photoluminescence, X-rays, etc.), as governed by princi
ples of crystal physics (e.g., Marfunin 1979). Hence, it is admissible to compare the 
results of electron excitation with those of other methods of excitation. In partic
ular, comparison of CL and photoluminescence are made further below when 
necessary. In addition, some carbonates exhibit an intrinsic luminescence 
('intrinsic blue' in the case of calcite) that is very weak and visible only when acti
vators are essentially absent (e.g., Mason and Mariano 1990; Mason 1994). 

Mn2+ appears to be the most important activator and Fe2+ the most important 
quencher in diagenetic calcites and dolomites because, of all known elements, 
they are most abundant and/or most effective, and they appear to be positively 
correlated to observed or measured luminescence intensities (e.g., Machel et al. 
1991). For this reason, much of the discussion that follows will use Mn2+ and Fe2+ 
as the principal trace elements. However, the other elements may well be domi
nant in certain settings. 

2.1 
Activators, Sensitizers, Quenchers 

2.1.1 
Manganese 
As little as 10-20 ppm Mn2+ in solid solution is sufficient to produce visually 
detectable luminescence, if total Fe contents are below about 150 ppm (Machel et 
al. 1991; Neuser et al. 1996). Mn2+-activated CL in calcite and dolomite (for Ca2+-
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substitution) emits in a band from about 570 to 640 nm, which appears yellow to 
orange/red (Machel et al. 1991). Conversely, CL emission can be used, with suitable 
calibration using other methods, as an analytical tool to detect activator elements. 
For example, concentrations as low as 10 ppm (5 ppm for some elements; Fraser 
1990) can be detected with proton induced X-ray emission (PIXE) (Bruckschen et 
al. 1993; Habermann et al. 1996a). Even lower concentrations of 0.1 ppm Mn2+ can 
be detected with high resolution spectrometric analysis of CL (HRS-CL) and/or 
quantitative high resolution analysis of CL (QHRS-CL) (Habermann 1997; Haber
mann et al. 1996a,b, and this volume). However, such low concentrations do not 
produce CL that is visible in standard luminescence microscopes. 

Recent experimental work has shown that the intensity and wavelength of 
Mn2+-activated CL in calcite varies with temperature, the type of medium in 
which heating takes place, and with the magnesium content. This is understand
able in light of the fact that CL of Mn2+ occurs via transitions of outer electrons 
whose energy states and transitions depend on lattice coordination (Marfunin 
1979; Machel et al. 1991). In particular, heating in H20-vapor generally promotes 
greater CL intensity than heating in CO2, and the wavelength increases or the 
band width decreases or increases with heating, depending on the Mg2+-content 
(Mason 1994,1997,1998). Mason explained the effect of heating on CL intensity 
as the results of the annihilation of lattice defects, and the changes in wavelength 
and band width as results of local redistribution of the activator ions. Apparent
ly, the concentration dependence of CL on Mn2+ is not as simple as previously 
thought. The significance of these findings for studies of carbonate diagenesis has 
yet to be determined. 

2.1.2 
Rare Earth Elements 
Several REEs are activators of CL in carbonates (Mason and Mariano 1990; 
Machel et al. 1991). The most important and best known REE activators are Sm3+, 
Eu2+ and Eu3+, Tb3+, Dy3+, and perhaps Ho3+ and others. Sm3+-activated lumines
cence can be visually indistinguishable from that activated by Mn2+, emission 
from Eu-containing calcite is red or blue and also can be similar to Mn-activated 
CL, whereas Tb3+ and Dy3+ activate green and cream-white luminescence, respec
tively (Mason and Mariano 1990; Machel et al. 1991; Habermann et al. 1996a,b). 
Spectral analysis shows that REEs almost invariable go in pairs or in groups, and 
that REE-activated luminescence is outshone by the much stronger Mn-activated 
CL, if Mn2+ is present at > 10 ppm (Habermann et al. 1996a,b). Visual lumines
cence detection limits for rare earths are on the order of 10 ppm, and calculated 
detection limits by HRS-CLlQHRS-CL are in the ppb range (Habermann 1997; 
Habermann et al. this volume). 

Most CL of REEs is caused by energy transitions of inner electrons (e.g., Mar
funin 1979; Machel et al. 1991). Hence, most CL of REEs is not dependent on lat
tice defects and/or coordination and/or physical processes that change them 
(such as heating). In some cases, however, outer f-electrons are involved in CL, 
such as in Ce3+ and Eu2+. This leads to some influence of the crystal field in Ce3+ 
and Eu2+ CL in some silicates (Goetze, 1999), and perhaps also in some carbon
ates. 
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2.1.3 
Major Sensitizers 
Pb2+ and Ce3+ are important sensitizers of Mn2+-activated luminescence in car
bonates. In photoluminescence, where sensitization is particularly effective (rela
tively little activation of the activator elements), sensitizers appear to be effective 
at concentrations as low as 10 ppm (Gies 1976). 

2.1.4 
Major Quenchers 
Quenchers of Mn2+-activated luminescence in carbonates are Fe2+, Co2+, Ni2+, and 
Fe3+. Ferrous iron, Fe2+, commonly is considered to be the only quencher in natu
ral carbonates, but Fe3+ and Ni2+ probably are important in at least some cases 
(Machel et al. 1991). The concentrations at which quenchers appear to be effective 
may vary from element to element. Effective minimum concentrations as low as 
30-35 ppm have been reported in studies of photoluminescence (Gies 1976), and 
quenchers may be effective at similarly low concentrations in CL. 

The interplay of Mn2+ and total Fe (divalent and trivalent) in determining the 
luminescence characteristics of natural carbonates is not well understood. It 
appears possible that the Fe2+/Mn2+ ratio exerts a control on at least the intensity 
of carbonate luminescence. However, it is more likely that the absolute concentra
tions of Mn2+ and Fe2+ (self-quenching and quenching, respectively) determine 
the CL intensity (Habermann, personal communication, 1997). In either case, log 
Fe/log Mn plots are a useful way of illustrating the CL behavior of carbonates as 
a function of Mn and Fe concentrations in solid solution (Fig. 3; from Machel et 
al.1991). Recent analytical data show that some calcites plot in "wrong" fields, e.g., 
some bright samples plot in the dull field (Neuser et al.1996). In such samples fac
tors other than Mn and Fe contents, probably the presence of sensitizers, are 
involved in CL. Also, the effective concentrations of quenchers and effects of 
quencher/Mn-ratios may well depend on temperature, as indirectly suggested by 
the studies by Mason (1994, 1997, 1998). Effects of heating on quenchers have not 
been investigated experimentally. 

2.2 
Distribution Coefficients and Activity Ratios 

The recognition that CL in carbonates is governed by trace elements in solid solu
tion necessitates a discussion of the factors that govern CL in calcite and dolomite 
in the context of the distribution law(s) of aqueous trace element geochemistry. 
The same laws can be used to express REE concentrations in diagenetic carbon
ates, and similar laws are used in igneous systems where element partitioning 
takes place in melts rather than in water. 

Trace element incorporation into solids from aqueous solution commonly is 
described by one of two relationships (e.g., Mcintyre 1963), i.e., the Homogeneous 
Distribution Equation or the related Heterogeneous Distribution Equation. In the 
first case the distribution of trace elements is uniform throughout the whole sol
id or growth zone, either because the trace/major ion ratios in the fluid do not 
change during precipitation ("open system"), or because the solid continuously 
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Fig. 3. Fields for CL in calcite and dolomite. (After Machel et aI. (1991). Non-luminescence is due 
to low Mn (activator) concentrations (lower left), and extinction is due to Fe-quenching (lower 
right) as well as self-quenching by Mn (right and upper right) 

recrystallizes during crystal growth. In the second case, the solid does not reequi
librate with the solution, and the trace element concentration in the solid changes 
continuously as the solution concentration changes with crystal growth ("closed 
system"). 

For carbonates, the Homogeneous Distribution Law is used most often, as 
expressed in the following equation: 

(1) 

where D'Me is the distribution coefficient, XMe,+ and Xc.2+ are the mole fractions of 
a trace element Me2+ (substituting for calcium) and calcium Ca2+, respectively, in 
the solid, s; mMe2+ and mc.'+ designate molal concentrations in the liquid, 1. D'Me is 
also called the "effective distribution coefficient" or "partition coefficient" (Morse 
and Bender 1990), in order to indicate that the measured D'Me values are non-ther
modynamic and valid only under the specific experimental conditions used. If ele
ment incorporation is defined thermodynamically, activities rather than concen
trations are used in the equation for the Homogeneous Distribution Law: 

(XM 2. / Xc 2. )s D = e a 

Me (aMe2• / aca2.») (2) 
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where DMe is the thermodynamic distribution coefficient; the activity of an ion, 
ai' is the product of the activity coefficient, Yi' and the molal concentration, mi· DMe 

and D* Me are related by 

(3) 

where yCa2+ and yMe2+ are the total activity coefficients which include ionic 
strength and ion pairing effects for Ca2+ and Me2+ in solution, respectively. The 
advantage of thermodynamic distribution coefficients is that they can be applied 
to solutions of widely different compositions, and thermodynamic distribution 
coefficients are used in all quantitative discussions below. 

According to the Homogeneous Distribution Law, a crystal is enriched or 
depleted in trace elements relative to the liquid by the factor of DMe, depending on 
whether DMe is greater or smaller than 1, respectively. Furthermore, the trace ele
mental concentrations in solid solution are identical throughout the crystal in an 
open system or where the crystal constantly recrystallizes during growth (Fig. 4, 

HOMOGENEOUS ELEMENT PARTITIONING 

OPEN SYSTEM 
DMe>1---

liquid 
II 

crystal center solid 
zone boundary 

crystal margin 
zone boundary 

CLOSED SYSTEM 

Fig. 4. Homogeneous element partitioning between solid and liquid with constant Me2+/Ca2+ ratio 
for a trace element, Me2+, substituting for Ca2+. Left For an open system, the liquid composition is 
marked by a circle. The solids are illustrated as horizontal lines of constant composition with dis
tance from crystal center to margin, or between boundaries of a (concentric) growth zone. For 
DMe=1, the Me2+/Ca2+ ratio in the solid is equal to the Me2+/Ca2+ ratio in the liquid. For DMe <1, the 
solid is depleted relative to the liquid by a factor of DMe; for DMe> 1, the solid is enriched relative to 
the liquid by a factor of DMe. Right In a closed system, Cj and Cf represent concentrations of trace 
elements in carbonates in equilibrium with initial and final solution compositions, respectively. 
Directions of arrows show trends in solid compositions with fluid evolution over time. Such ele
ment distribution can be represented using the Heterogeneous Distribution Law (McIntyre 1963) 
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left). On the other hand, the trace element concentrations in solid solution 
decrease (increase) from an initial value, ci ' to a final value, Cf' depending on 
whether DMe is smaller (greater) than one (Fig. 4, right), when the system is closed 
and/or recrystallization is inhibited. If growth of such a crystal is episodic, it will 
be zoned. 

The fundamental value of the Homogeneous Distribution Law is that the fluid 
(aMe2+/aCa2+)1 ratio can be back-calculated from the measured (XMe2+/XCa2+)s 
ratio in calcite or dolomite. Accurate back-calculation of the (aMe2+/aCa2+)1 ratio 
depends on: (a) activity coefficients, which are functions of ionic strength and ion 
pairing; (b) concentrations of elements in solution; and DMe values, which depend 
on (c) kinetics, (d) temperature, and (e) surface structure of the solid (see Machel 
and Burton 1991 for a more detailed discussion). 

A number of DMe values are known experimentally or from calculations based 
on laboratory experiments. Accordingly, DMn values of calcite range from 2.5 to 
1700, DFe values range from 1 to >20; other transition metals, including Co, Ni, 
probably are incorporated similarly to Mn and Fe and, hence, their DMe values 
probably are greater than 1; calculated DREE values are D Ce=1500, DSm=1400, 
DTb=700, DDy=600, DEu=900. DMe values for dolomite are higher by factors of 
about 1.2 for Mn2+ and 2.5 for Fe2+ relative to those for calcite (see Machel and 
Burton 1991 for literature sources). 

There are several important points that have to be considered when back-cal
culating fluid compositions from solid compositions. These points are implicit in 
the above equations and include the roles of the activity coefficients, activity of 
calcium, growth rates, temperature, crystal surface structure, various chemical 
species in solution, and bulk solution disequilibrium. 

2.2.1 
Activity Coefficients 
Concentrations of trace elements in the solids are governed by the (aMe2+/aCa2+)1 
ratio rather than by the absolute cation activities or concentrations in aqueous 
solution. For example, calcite with 4125 ppm Mn2+, corresponding to a particular 
CL color and intensity, can precipitate from a near-surface meteoric water or from 
a deep subsurface brine, as long as both fluids have the same (aMe2+/aCa2+)1 ratio 
(Fig. 5). Thus, only the (aMe2+/aCa2+)1 ratio can be back-calculated. 

2.2.2 
Activity of Calcium 
Machel and Burton (1991) calculated the effects of variations in aCa2+ on trace 
element incorporation and CL in diagenetic calcite, using typical diagenetic con
ditions and limits for Mn2+ and Fe2+. One of their examples was a solution with 
aCa2+=10-2.5, aMn2+ and aFe2+=IQ-7, which precipitates calcite with dull CL (x in 
Fig. 6). Once the solution aCa2+ decreases from 10-2.5 to 10-3, calcite with bright CL 
forms (y in Fig. 6). These considerations show that CL zonation in diagenetic car
bonates can be generated at invariant aMn2+ and aFe2+ (i.e., invariant pH/Eh), 
solely as a result of changes in aCa2+. 
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Fig. 5. A shallow freshwater aquifer and a deep brine with widely different bulk solution 
chemistries (TDS=total dissolved solids) produce calcite with the same Mn2+ composition 
because (aMn2+/aCa2+)l are equal in both solutions. Calculations were done for DMn=lS, 
YMn=YC.=l for freshwater and YMn=YC.=O.2 for brine (yvalues were calculated using SOLMINEQ, 
Kharaka et al.1988). The values chosen for solution Mn2+ and Ca2+ concentrations and TDS rep
resent average fresh waters and brines (Veizer (1983) 
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Fig. 6. Dependence of Mn2+ in calcite on solution log aCa2+ for DMn=lS. Dashed lines show cal
culations for solutions with log aMn2+=-6 to -9. (After Machel and Burton 1991, their Fig. 3 A) 
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2.2.3 
Growth Rates 
Distribution coefficients for both Mn and Fe depend on crystal growth rate. 
Generally DMe values are at their maxima (for D> 1) and minima (for D< 1) at 
low growth rates and approach unity for very high rates (McIntyre 1963). For 
calcite, DMn values were determined experimentally at 25°C to vary from DMn=5 
to 60 over precipitation rates from 12000 to 12 fimol m-2 h-1; DMn=1.33 to 18.8 
over rates from 300,000 to 60 flmol m-2 h-1; DMn=3.8 to 16 over rates from 
45,000 to 450 flmol m-2 h-1; and DFe values at 25°C vary from 1.9 to 3.7 over rates 
from 50,000 to 800 flmol m-2 h-l (see Machel and Burton 1991 for literature 
sources). 

In another example, Machel and Burton (1991; their Fig. 3C,D) used a solution 
with aMn2+=1O-8 and aFe2+=10-7 that precipitates calcite at a rate equivalent to log 
DMn=0.7 and log DFe=0.2. These DMe values correspond to a rate of 20,000 flmol 
m-2 h-l at 25°C. Such calcite is non-luminescent. With decreasing precipitation 
rate to 1,000 flmol m-2 h- 1, the DMe values increase to log DMn=1.2 and log DFe=O.5, 
forming calcite with dull CL. These calculations demonstrate that CL zonation in 
diagenetic carbonates can be generated at invariant aMn2+ and aFe2+ (i.e., invari
ant pH/Eh) solely as a result of changes in precipitation rate. 

Changes in precipitation rate from 20,000 to 1,000 flmol m-2 h-l may occur 
close to recharge areas of confined carbonate aquifers (typically a few kilometers) 
where the calcite saturation state decreases relatively rapidly downflow. Farther 
downflow the precipitation rates will continue to decrease as the solution 
approaches equilibrium for calcite. Thus, the effects of precipitation rate in pro
ducing CL zonation will be even more pronounced from a few kilometers to tens 
of kilometers downflow. Also, precipitation rates and aCa2+ will decrease con
comitantly in closed systems, and their combined effects will magnify changes in 
Mn2+ or Fe2+ incorporation. 

2.2.4 
Temperature 
Experimental data by Bodine et al. (1965) and Dromgoole and Walter (1990) indi
cate that temperature has the potential to change trace element contents even if 
no other fluid parameters vary (Machel and Burton 1991). In many natural 
aquifers, temperature will increase downflow concomitantly with increases in 
salinity and decreases in precipitation rate. Therefore, aCa2+, rate and tempera
ture all act on CL sympathetically. 

2.2.5 
Crystal Surface Structure 
During crystal growth, crystallographically non-equivalent faces may incorporate 
elements to different degrees, which commonly leads to sector(al) zonation (fur
ther discussed below). The magnitude of the involved processes can be expressed 
with DMe values. For example, Reeder and Paquette (1989) calculated a multipli
cation factor of 7 to 8 variation for DMn and DMg associated with sector(al) zoning 
in natural calcite, and they consider the surface structure effect to be of the same 
order of magnitude as the rate and temperature effects. In fact, these factors are 
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interdependent and all affect DMe values by influencing ion adsorption and incor
poration on crystal surfaces. 

2.2.6 
Various Chemical Species in Solution 
Various chemical species in solution (e.g., H+, S042-, P043-) influence the incor
poration of Mn2+ and Fe2+ in carbonates. There are no systematic investigations 
of the dependence of DMn and DFe values on fluid composition, but factors such as 
the activity of S042. and PC02 (pH) have significant effects on DMg, and may also 
be important in determining DMn and DFe (e.g., Burton and Walter 1988; Mucci et 
a1.1989). The significance of these effects for carbonate CL is not known. 

2.2.7 
Bulk Solution Disequilibrium Partitioning 
Application of the thermodynamic Homogeneous Distribution Equation (Eq. 2) 
assumes that trace element incorporation occurs by bulk solution equilibrium 
partitioning, i.e., crystal compositions are homogeneous and proportional, by a 
factor of DMe, to bulk solution (aMe2+/aCa2+)j' In nature, however, element incor
poration during precipitation, recrystallization, or replacement may occur via 
bulk solution disequilibrium partitioning (Machel1990). Thereby, trace element 
incorporation during crystal growth takes place from thin, surface-adsorbed or 
surface-bonded fluid layers with compositions different from the solution occu
pying the bulk of the pore space (Fig. 7). The elemental (and isotopic) composi-

BULK 
SOLUTION 

fluid film 

Fig. 7. Bulk solution disequilibrium partitioning between a cement and a liquid. Patterns in the 
solids designate different CL. Element partitioning takes place between the solid and a fluid film 
with composition different from the bulk solution 
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tions of minerals formed in bulk solution disequilibrium are determined by the 
compositions of the surface fluid layers, as well as by crystal growth rates and 
temperature. 

A special case of bulk solution disequilibrium element partitioning is crystals 
that form in restricted pore spaces (micro environments) which have 
(aMe2+/aCa2+)1 different from that of the bulk solution. Zonal sequences may be 
inconsistent within a single thin section, or consistent within one thin section but 
inconsistent between thin sections from different horizons at one locality, or 
between localities. Such cases are quite common in the geologic record (e.g., 
Emery and Dickson 1989; Horbury and Adams 1989; Tobin and Walker 1996). 
Cases of multichambered ammonites with cement patterns that vary from cham
ber to chamber can be purchased at almost any mineral-rock fair. 

Another, hitherto almost entirely unknown phenomenon of potential impor
tance to CL is the effect of bacteria on trace element partitioning. In a recent 
experimental study, Mortimer et al. (1997) showed that manganese and calcium 
incorporation in microbially formed siderite did not reflect bulk solution equi
librium. Rather, manganese and calcium were found to be inversely proportional 
to the rate of microbial activity. Similar effects must be expected for microbially 
formed calcites and dolomites and for other trace elements. 

2.3 
Types of Zoning 

Several types of zoning (zonation) can be revealed by CL. This section addresses 
those types that form during crystal growth and, therefore, could potentially be 
used for correlation (sequence stratigraphy) and back-calculation of fluid com
positions. Recrystallization and/or replacement generally disturbs or obliterates 
growth zones and results in crystals with unzoned, "mottled" or "blotchy" lumi
nescence. Such patterns can be used to identify recrystallization but are not dis
cussed in this chapter. 

2.3.1 
Concentric Zoning 
Concentric zones are parallel to growth surfaces of crystals and commonly have 
widths between a few microns to several millimeters (Fig. 8 A). This zoning pat
tern is a record of crystal morphology during growth (Reeder 1991). A common 
succession of "simple" concentric zoning is non-, to bright-, to dull-CL, to-non. In 
some cases concentric zonation is cyclic, i.e., two or three CL colors and intensi
ties occur repetitively, possibly reflecting a cyclic pore water evolution. 

There are many factors causing concentric zoning, including changes in bulk 
solution composition, changes in growth rate, and changes in temperature. Crystals 
have concentric CL colors that fade into one another if one or more of these factors 
change gradually. If changes are rapid while a crystal is growing, or if changes occur 
while crystal growth is temporarily halted, sharp concentric zoning results. Hence, 
sharp zonal boundaries mayor may not indicate a hiatus in crystal growth. 

Oscillatory zoning is another type of concentric zoning. Oscillatory zones are 
rarely wider than a few microns, and typically there is a multiple alternation of 
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Fig. 8A-D. Common zoning types in carbonates. A Simple concentric zoning. B Oscillatory zon
ing. C Sector(al) zoning. D Intrasector(al) zoning 

two zones about equally thick but with different CL colors/intensities (Fig. 8B). In 
many cases, oscillatory zoning occurs within simple concentric zones. Therefore, 
oscillatory zoning generally is easy to distinguish from simple concentric zoning 
but may be mistaken for cyclic zonation in some cases. Oscillatory zoning appears 
to form only in systems far from equilibrium as a result of certain diffusion-pre
cipitation processes on growing crystal surfaces ("geochemical self-organiza
tion") (e.g., Reeder 1991; Ortoleva 1994). 

2.3.2 
Sector(al) Zonation 
Sector(al) zoning results from differences in cement composition that vary for 
time-equivalent, but crystallographically non-equivalent, growth sectors (e.g., 
Reeder and Paquette 1989; Reeder 1991), giving rise to different CL intensities 
of adjacent sectors (Fig. 8 C). Highly irregular sectors result when crystal mor
phology changes during growth. Triangular blocks, arrowhead blocks, and fir
tree arrays with sharply defined zigzag boundaries are special types of sector 
zoning. Intrasector(al) zoning is a special sub-type of compositional zoning of 
trace elements in time-equivalent regions within a single growth sector of syn
thetic and natural calcite (Fig. 8D). Sector zoning and intrasectoral zoning are 
types of disequilibrium partitioning because crystallographically non-equiva
lent faces, or parts of faces, that grew simultaneously have compositional differ
ences, i.e., adjacent faces grow with different DMe values (Reeder 1991; Fouke and 
Reeder 1992). 
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2.4 
Concentrations and Activities of Activators, 
Sensitizers, and Quenchers in Diagenetic Fluids 

HANS G. MACHEL 

There are four groups of processes that determine the trace element concentra
tions in diagenetic fluids, and hence in precipitating carbonates: changes in 
redox-potential, closed system element partitioning, organic matter maturation, 
and clay mineral diagenesis. In addition, exotic sources may contribute trace ele
ments. These aspects are discussed below. 

2.4.1 
Changes in Redox-Potential 
Changes in redox-potential (Eh) in solution affect concentrations of elements 
which have different valence states, including Fe and Mn. Such changes are caused 
by redox-reactions, which commonly are expressed as pH/Eh diagrams. A popu
lar version of a pH/Eh diagram with superimposed fields of non, bright, dull, and 
non luminescence is shown in Fig. 9A. Similar diagrams have been in use in stud
ies of carbonates, particularly in meteoric diagenesis, since the mid-1970s (Car
penter and Oglesby 1976; Oglesby 1976). 

When computing and applying such pH/Eh diagrams, all authors explicitly or 
implicitly have made numerous assumptions, including: (1) the concentrations of 
Mn2+ and Fe2+ in aqueous solution are controlled by chemical equilibrium of 
redox-reactions including specific Mn-oxides and Fe-oxides, i.e., Mn4+02, and 
Fe3+OOH or Fe3+(OH)3 or Fe3+20 3 (depending on the author); (2) meteoric 
groundwater aquifers are in chemical equilibrium (i.e., they are devoid of any 
kinetic inhibition of redox-reactions, and are not microbially dominated); (3) the 
concentrations of Mn2+ and Fe2+ in aqueous solution are independently, rather 
than interdependently, controlled by reduction of the above oxides; (4) meteoric 
groundwater aquifers are in electrochemical equilibrium; (5) the amount of Mn2+ 
incorporation in calcite is not influenced by the amount of Fe2+ in solution, and 
vice versa; (6) changes in Eh (and/or minor pH changes) is/are the sole causes of 
CL zonation in diagenetic carbonates; and (7) the observed CL changes can only 
occur in meteoric groundwater systems. All of these assumptions can be shown to 
be incorrect in many, if not most, cases (Machel and Burton 1991). This, unfortu
nately, seriously limits the applicability of diagrams such as Fig. 9 A. It may well 
be that the rock with which one is dealing formed in an aqueous system whose 
pH/Eh characteristics were entirely different, perhaps like in the hypothetical 
example shown in Fig. 9B. 

2.4.2 
Closed System Diagenesis 
Trace element variations in diagenetic fluids can be governed by the degree of 
"openness" of the system. In open systems (unlimited water supply, relatively high 
flow rates), carbonate cementation, recrystallization, and replacement have no 
noticeable effect on fluid composition. In "semi-closed" and "closed" systems that 
contain low contents of clay minerals and organics, carbonate cementation (and 
often recrystallization) will lead to increases in the fluid concentrations of ele-
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Fig. 9. A Superimposed stability fields for Mn02 and Mn2+ (near top, less inclined lines) and 
Fe(OH)3 and Fe2+ (below and center, more inclined lines) defined by Eh and pH. The lines labeled 
-5 and -9 show positions of equilibrium between the mineral oxides and specified activities, a, 
of Mn2+ or Fe2+ from aMe2+:1O-S-10-9• B Hypothetical pH/Eh diagram for CL in diagenetic car
bonates. The axes are not to scale. Other boundaries between CL fields are feasible, depending 
on which mineral and amorphous phases control pH/Eh in the system. The commonly observed 
CL sequence of non-bright-dull(-non) might be formed with decreasing Eh, as shown in left 
portion of diagram. Another possible CL sequence is non-bright-non-dull-non, as shown on the 
right. (After Machel and Burton 1991) 

ments with D Me <1 and to decreases of element concentrations with DMe> 1 (Fig. 4, 
right). The magnitudes of such concentration changes depend on the degree of 
openness of the system, and on DMe values. These considerations imply that closed 
system precipitation can be the sole cause of variable CL color and intensities in 
carbonates. The changes in CL would be unidirectional as fluids become progres
sively depleted/enriched in the trace elements. 

2.4.3 
Organic Matter and Clay Mineral Diagenesis 
Organic matter and clay mineral diagenesis are possible sources and sinks of 
many trace elements, including all known activators, sensitizers, and quenchers of 
CL in carbonates. Hence, diagenesis of clay minerals and organic matter can lead 
to CL zonation in diagenetic carbonates. Organic matter preferentially hosts Ag, 
[Co], Cr,Cu, [Eu], Ga, La, Mn,Mo,Ni,Pb, Te, U, V, Y, and [Zn], while other elements 
are associated mostly with clay minerals, e.g., B, Ba, Be, Co, Cs, Hf, [Mo], [Pb], Rb, 
Sc, Se, Th (e.g., Khawlie and Carozzi 1976; Parekh et al. 1977; Leventhal and 
Hostermann 1982; elements without square brackets are confirmed, those with 
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square brackets are suspected, by these authors to be associated with clay miner
als and organic matter). Furthermore, iron compounds, such as siderite, pyrite, 
hematite, or limonite, also host Co and Ni, potentially important quenchers. 

Many of the above elements are released into pore waters during compaction 
and concomitant burial diagenesis. Release of trace elements commonly takes 
place sequentially, because the various minerals and organic components react 
over extended intervals of burial depth rather than all at once. It is reasonable to 
conclude, therefore, that sequential elemental release is an important cause of 
zonation. Cases have been reported in which CL colors and intensities, and corre
sponding trace element contents, of carbonates are related to the proximity of ter
rigenous influence (e.g., Nelson et al. 1989). 

2.4.4 
Exotic Sources of Fluids 
Large amounts of elements in dissolved or colloidal form can be supplied by con
tinental runoff to shelf carbonates in coastal proximity (e.g., Kremling 1983), or 
to carbonates that are subaerially exposed. Many carbonates are dissected by tec
tonic or karstic fracture systems that act as conduits for hydrothermal and/or 
meteoric fluids, as exemplified by several case studies (e.g., Viau and Oldershaw 
1984; Gregg and Hagni 1986; Amieux and Jeanbourquin 1989). CL zonation obvi
ously can result from the gradual or sudden influx of exotic fluids. 

2.5 
Temporal and Spatial Variations 
in Solution Chemistry 

In diagenetic environments, particularly in shallow meteoric (fresh water) 
aquifers, two or more fluid parameters usually vary spatially in a systematic pat
tern: salinity, activity coefficients, and temperature increase downflow, whereas 
precipitation rate (saturation state), Eh, and aCa2+ increase upflow (Fig. 10) (e.g., 
Freeze and Cherry 1979). The groundwater commonly is supersaturated for cal
cite near the recharge area (except right at the point of recharge) and then 
becomes progressively less saturated through precipitation towards the discharge 
area, causing decreasing precipitation rates and decreasing aCa2+ downflow. How
ever, these trends may be highly variable spatially and/or temporally. For exam
ple, salinity and saturation states may vary on time-scales ranging from seasons 
to years, and in highly permeable systems even in response to very short-lived 
events such as heavy rainfall. Also, the effects of trace element partitioning in bulk 
solution disequilibrium, introduction of exotic fluids, clay mineral and organic 
matter diagenesis, electrochemical {dis )equilibrium, and bacteria, albeit nearly 
always present, vary less systematically and are nearly unpredictable (Fig. 10). 
Consequently, there is the potential for developing cyclic and/or erratic, non-cor
relatable zonation from fluctuating solution properties. 

Of special importance are hydrocarbon traps located within local or regional 
groundwater systems, as they have a tendency to leak and, thereby, contaminate 
the groundwater with liquid and/or gaseous hydrocarbons (Fig. 11). The resulting 
strongly reducing plumes may be vertical or follow the groundwater flow pattern. 



Application of Cathodoluminescence to Carbonate Diagenesis 

\ \ \ \ \ \ 
RECHARGE AREA 

\\\ 

/ 

DISCHARGE AREA • 
salinity, activity coemdants. temperature .. 

.. precipitation rate, Eh, aca2+ 
bsd-partitioning ? exotic fluid sources? 
clay mineral and organic matter diagenesis? 
electrochemical equilibrium? bacteria? 

Fig. 10. Geochemical trends in an idealized, confined carbonate aquifer 

287 

They have diagenetic effects quite different from those in the surrounding, more 
oxidizing groundwater, with enhanced formation of magnetite, siderite, calcite, 
dolomite, Fe-sulfides, or other phenomena (Barker et al. 1991; Burton et al. 1993; 
MacheI1995). 

Three spatial and temporal variations appear to be more common and/or 
important than the others mentioned above. These are changes in saturation 
state, Eh changes accompanied by changes in Mn and Fe concentrations (activi
ties), and the rates of such changes. 

2.S.1 
Saturation States 
The presence of carbonate cement(s} necessitates supersaturation with respect to 
the carbonate mineral(s} in question, i.e., most commonly calcite. The question 
arises, therefore, what governs calcite saturation states in carbonate aquifers, and 
where and when such aquifers are supersaturated with respect to calcite. 

Studies of modern carbonate and siliciclastic aquifers show that the ground
waters are commonly not supersaturated for calcite but merely saturated or even 
undersaturated, in which case no carbonate precipitation or even carbonate dis
solution occur. Several well-studied regional carbonate aquifers, located in very 
different climates and hydrologic settings, demonstrate this point, i.e., an aquifer 
of the humid Valley and Ridge Province in Pennsylvania, where 20% of the sam
ples are saturated and 80% are undersaturated with respect to calcite (Jacobson 
and Langmuir 1970; Langmuir and Whittemore 1971; sample depths of 
30-150 m); a tropical to subtropical limestone aquifer of central Florida, where 
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Fig. 11. Schematic illustration of four hydrocarbon traps embedded in an active topography
driven groundwater flow system. For simplicity, the flow domain is assumed to be isotropic and 
homogeneous except for the traps. Geochemical plumes form where hydrocarbons leak into the 
groundwater. In this particular example, the plumes follow the regional ground water flow 
because the leaking hydrocarbons are either dissolved in, or have the same density as, the 
groundwater. The plumes are nearly vertical when the hydrocarbons escape as a separate phase 
with densities lower than the ground water. (See Mache11995) 

66% of the samples are supersaturated with respect to calcite, 24% are saturated, 
and 10% are undersaturated (Back and Hanshaw 1970; Hanshaw et al. 1971; sam
ples from depths of 50-400 m); a dolomite aquifer of Manitoba in a semihumid 
temperate climate, where 20% of the samples are supersaturated with respect to 
both calcite and dolomite, 62% are saturated, and 8% are significantly undersatu
rated (Render 1970; Goff 1971; samples from 10-50 m of depth); and the Chalk 
Aquifer of Berkshire, UK., where 38 of 41 samples are undersaturated for calcite 
(Edmunds et al. 1987). In addition, there is indirect evidence for a lack of super
saturation from carbonate cement studies. In the Floridan Aquifer, for example, 
none of the calcite cements investigated by Budd et al. (1993) are in isotopic (8180 
and 813C) and trace element (Fe, Mn, Sr) equilibrium with the extant aquifer 
waters, suggesting that these rocks have been basically inert with respect to cal
cite cementation during the past 5-10 m.y. 

These data indicate that shallow carbonate (as well as siliciclastic) aquifers 
contain relatively few and/or small areas of calcite supersaturation, and that car
bonate cementation may be restricted to a fairly small (and distant) time interval 
in the history of an aquifer. This must be considered in studies of cement stratig
raphy (see Sect. 3). 
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2.5.2 
Eh, Mn2+ and Fe2+ Concentration Changes 
Groundwater that travels from upland recharge to lowland discharge areas com
monly exhibits a decline in the measured Eh if flow is under confined conditions 
(e.g., Freeze and Cherry 1979). Often there is a concomitant slight increase in pH. 
Such pH/Eh changes are inferred to increase Mn2+ and Fe2+ concentrations, as 
well as the concentrations of the reduced species of other elements with variable 
oxidation states. Measurements from recent carbonate and siliciclastic ground
water aquifers indicate, however, that Mn2+ and Fe2+ concentrations commonly do 
not increase concomitantly with a drop in Eh, or steady decreases in Eh are 
accompanied by erratic increases and/or decreases in Mn2+ and/or Fe2+. A case in 
point is the Chalk Aquifer of Berkshire, UK, where a relatively sharp decrease in 
Eh defines a redox boundary about 35 km downflow from the recharge area, and 
where the Mn and Fe concentrations in aqueous solution vary erratically, albeit 
sympathetically, in the reducing part of the aquifer (Fig. 12) (Edmunds et al. 
1987). In other aquifers the redox boundary may be as close as 15 km to the 
recharge area, and the elemental compositions vary even more erratically 
(Edmunds 1973; Edmunds et al. 1982 1984). These data must also be considered 
in studies of cement stratigraphy. 

Fig. 12. Measured Eh, total Fe and Mn in the Berkshire Chalk aquifer (Edmunds et al. 1987). The 
redox boundary is defined by a sharp drop from values of Eh~300 m V to values of Eh:::;lOO m V, 
separating more oxidizing conditions near the recharge area from more reducing conditions 
closer to the discharge area. There are erratic but sympathetic trends in Mn and Fe downflow. 
Mn and Fe values typical for the more oxidizing part also occur in the more reducing part 
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2.5.3 
Rates of Change of Fluid Parameters 
It is common practice to correlate natural water pH/Eh conditions and mineral 
stability fields in pH/Eh diagrams with the sizes of CL zones (e.g., Barnaby and 
Rimstidt 1989). However, the sizes of CL fields in pH/Eh diagrams do not corre
late with cement abundances except when fluid Eh and pH values change steadi
ly, either temporally or spatially. The relative amounts of bright or dull calcites are 
controlled mainly by the rates of pore water pH/Eh evolution, rather than by the 
size of stability fields. Similar arguments can be made with respect to rates of 
change in precipitation rate or other fluid parameters. Two examples illustrating 
this point are discussed in Machel and Burton (1991). 

3 
Implications for and Application to Studies 
of Carbonate Diagenesis 

Many studies have demonstrated the terrific potential of CL to reveal textural 
details of cementation and recrystallization, and of complicated paragenetic rela
tionships that otherwise would not be detectable, and CL has proved to be indis
pensable as a tool to identify geochemically distinct and internally homogeneous 
domains for microdrilling and various microbeam techniques (Meyers 1976; 
studies reviewed in Meyers 1991; Bruckschen et al. 1992; Pedone et al. 1994; 
Braithwaite and Rizzi 1997, and many others). On the other hand, interpretations 
of pore water evolution, especially in the 1970s and 1980s, were/are often based on 
oversimplified assumptions (Machel1985; Machel and Burton 1991). Most recent 
studies have attempted to consider a number of the factors discussed in the pre
vious sections. Admittedly, diagenetic studies are hampered by a limited knowl
edge of some of these factors, and the potential significance of others. For exam
ple, trace element disequilibrium partitioning due to microbes has not been rec
ognized until relatively recently. 

3.1 
Activators, Sensitizers, Quenchers 

The possible presence and/or concentrations in cements of all activators and sen
sitizers are best revealed by means of CL-spectrophotometry (e.g., Machel et al. 
1991; Habermann et al.1996a,b). This method is faster than other analytical pro
cedures, it is non-destructive, there are no possibilities of contamination during 
sample preparation, and small (a few flm) spots can be analyzed. On the other 
hand, the presence and amounts of quenchers cannot be determined. Another 
approach is to compare CL intensities, measured photometrically, with element 
concentrations measured by atomic adsorption, inductively coupled plasma, 
microprobe analysis, etc. (e.g.) Hemming et al. 1989; Lee and Harwood 1989). 
Visual inspection, leading to the well known classification of non, dull, and bright 
luminescence, as well as recognition of colors associated with certain activators, 
is still useful but only qualitatively and for textural investigations. 
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The role of REEs in diagenetic carbonates deserves special consideration 
because they are activators at very low concentrations (see above). For many years 
REE activation in diagenetic carbonates has been ignored. However, a number of 
studies have identified REE and/or REE-activated luminescence in carbonates. In 
general, diagenesis leads to a relative enrichment in the carbonates of the light 
REEs, and to a relative enrichment of the heavy REEs in organic components and 
clay minerals (Parekh et al. 1977; Schieber 1988). Other studies have shown that 
dolostones were enriched in REEs relative to limestones (Kubanek and Parhek 
1976). REE-activated luminescence is known from samples that range from 
hydrothermal carbonates (e.g., Gies 1976) to Holocene and Pleistocene corals 
(Scherer and Seitz 1980). Further examples of REE-activated CL in marine sedi
ments and limestones, sinter calcites and similar speleothems, and hydrothermal 
vein fillings are provided by Richter et al. (1995) and Habermann et al. (1996a,b). 

3.2 
Back-Calculation of Fluid Composition 

The (aMe2+/aCa2+») ratios of the bulk solution at the time of precipitation may be 
back-calculated from the measured (XMe2+/XCa2+)s of the concentric growth 
zones and a DMe value, using the distribution equations 1 and 2, discussed previ
ously. Distribution coefficients and activity ratios are related to activity coeffi
cients, aCa2+, growth rates, temperature, crystal surface structure, fluid composi
tion, and bulk solution disequilibrium partitioning, and several of these factors 
are interrelated. Ideally, these factors should be known in order to quantify the 
magnitudes of their effects on luminescence. 

The obvious approach is to combine CL studies with other geochemical meth
ods. For example, temperature and salinity can often be determined or estimated 
using oxygen isotope and/or fluid inclusion data (e.g., Braithwaite and Rizzi 
1997). Growth rates, however, can be determined successfully in only some cases, 
i.e., in recent or geologically very young aquifers that are well-studied. For exam
ple, Handford et al. (1984) calculated aragonite cement growth rates from the 
thicknesses of cements precipitated in subaerially exposed carbonate sediment 
mounds, and Herman and Lorah (1988) conducted direct measurements of cal
cite precipitated onto seed crystals placed in travertine-depositing streams. In 
these well defined diagenetic environments, reasonable choices can be made for 
DMe in order to back-calculate (aMe2+/aCa2+») ratios of the bulk solution at the 
time of precipitation. Growth rates in most ancient aquifers, however, are next to 
impossible to estimate. Related to this point, saturation states must be known or 
estimated, and there are case studies that provide extensive data bases on satura
tion states in aquifers (see above). 

3.3 
Growth Rates 

The fact that growth rates change distribution coefficients indicates that the rate 
of precipitation (as well as temperature) must be known or estimated for an accu
rate back-calculation of fluid composition from DMe and (aMe2+/aCa2+)s values. In 



292 HANS G. MACHEL 

order to estimate precipitation rates, however, both the saturation state for calcite 
(or dolomite) and the bulk fluid compositions must be well known, which usual
ly is not possible (this is a classic Catch 22, as the fluid composition is what one 
wants to back-calculate originally). 

Hence, all back-calculations of fluid composition using trace element distribu
tion laws necessarily yield inaccurate results, the values obtained depend on the 
assumptions used for the fluid composition. Reasonable estimates of precipita
tion rates can be made only for recent aquifers whose composition and tempera
ture can be measured. For ancient diagenetic carbonates, this is a nearly impossi
ble task. In addition, changes in growth rate may lead to incorrect cement or zone 
correlations (see below). 

3.4 
Bulk Solution Disequilibrium 

Bulk solution disequilibrium partitioning may be difficult to recognize but is 
most commonly represented by fairly large trace element variations, and erratic 
CL distribution ("blotchy", irregular), between petrographically coeval phases 
over small distances (Machel 1990). Other textural indications of bulk solution 
disequilibrium are oscillatory and sector(al) zoning. 

The fact that crystals may grow in bulk solution disequilibrium has several 
important implications. Firstly, crystals or crystal zones with different CL color 
and/or intensity are not necessarily formed from different bulk fluids but can be 
synchronous (see also Sect. 3.5). Secondly, back-calculations of (aMe2+/aCa2+)} 
from crystals or crystal zones identified by CL may merely determine the compo
sition of surface-adsorbed or surface-bonded fluid films or of restricted pore 
spaces, rather than the bulk solution composition. In either case, the composition 
of the bulk solution cannot be back-calculated accurately in systems with pro
nounced and spatially variable bulk solution disequilibrium (Machel 1990). 
Thirdly, attempts have to be made to identify whether any of the carbonate 
cements under investigation may be formed by or with the mediation of bacteria 
(or other microbes). Lastly, and perhaps most importantly, crystals formed in 
bulk solution disequilibrium and/or restricted micro environments should not be 
used for correlation in cement stratigraphy. 

3.5 
Zoning and Correlation 

Conventional applications of correlation to cement stratigraphy have been 
reviewed by Meyers (1991) and will not be repeated here. This section discusses 
the potential and the pitfalls of using the various types of cements and zonation 
for correlation and back-calculation of fluid composition, as they appear in light 
of the factors discussed in Sect. 2 above. 

Simple concentric zoning, especially of cements of one growth form, can be 
used for correlation and, in some cases, for back-calculation of the bulk fluid 
composition. Cyclic zoning, representing periodic changes in bulk fluid composi
tion, can be utilized for the same purposes. However, there is one important 
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caveat, based on the recognition that different faces/sectors may have different 
effective DMe (see Sect. 2.3.2). In the humble opinion of this writer, this caveat may 
well be one of the most important yet usually ignored pitfalls in cement stratig
raphy. The three examples shown in Fig. 13 (first presented in Machel and Burton 
1991, but repeated here because of their importance) illustrate this point. Two 
growth forms of calcite, GF-1 and GF-2, with different DMn values, form simulta
neously in a carbonate aquifer at three locations, A, B, and C. Differences in 
growth forms are due to subtle changes in fluid chemistry along the flow path 
(variations in SOi-, temperature, Mg2+, etc.). The conditions are such that GF-1 
forms at A and C, and GF-2 forms at B. The (aMn2+/aCa2+)} is identical at A and B 
but smaller at C. Cement zones at A and B have different CL due to different Mn 
contents. The differences in these cements result solely from their different 
growth forms and corresponding DMn values, even though the crystals formed 
simultaneously and from the same fluid (with respect to (aMn2+/aCa2+)}). Yet, 
according to conventional wisdom the zones at A and B would not be correlated 
as time-equivalent because the crystals have different growth forms and CL. This 
would be an incorrect interpretation. Furthermore, cement zones formed at Band 
C have the same Mn content and CL because their different growth forms and cor
responding DMn values offset the effects of the change in fluid composition with 
respect to (aMn2+/aCa2+)}. According to conventional wisdom, correlation of 
zones with equal CL would indicate precipitation from the same fluid. However, 
this interpretation would be incorrect as well, as the fluid composition at B differs 

T"~ MIR~ Or: C~M~tJT ~TRATIGRAP"Y? 
CRYSTAL A B C 

Mn= 500 ppm 200 ppm 200 ppm 

°Mn= 15 6 15 

(aMn2+/aCa2+)1 = 6 x 10.5 6 X 10-5 2.4 X 10-5 

CL 0 0 
Fig. 13. Three concentrically zoned calcite cement crystals grown coevally at locations A, B, and 
C in an aquifer, showing the effect of growth forms on CL for two fluid compositions (after 
Machel and Burton 1991). GF-l and GF-2 are two growth forms with different DMn values. The 
(aMn2+/aCa2+), is identical at A and B but smaller at C. See text for further explanation 
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from that at C. Thirdly, the concentric zones at A and C have different CL result
ing from the change in fluid composition. Cements A and C normally would not 
be correlated as time-equivalent because they have different CL. This interpreta
tion would also be incorrect because these crystals are coeval. 

These examples illustrate that growth forms should be identified before corre
lations of cements or zones are attempted, and that spatial (and temporal) varia
tions in fluid chemistry must be considered. Unfortunately, identification of 
growth forms commonly is difficult to impossible in thin section and usually is 
not done, unless the crystals face open spaces such as remaining primary voids, 
molds, and vugs. One has to wonder, therefore, how many of the published stud
ies failed to correlate different growth forms from the same fluid as coeval or mis
takenly correlated cements that are not coeval. Additional data, such as isotope 
ratios and fluid inclusion homogenization temperatures and freezing point 
depressions, should be used in connection with CL for unambiguous interpreta
tions. 

All crystals and zoning patterns that are formed by bulk solution disequilibri
um partitioning and in restricted pore spaces, including oscillatory and sector(al) 
zoning, should be avoided for correlation and for back-calculation of fluid com
position. These types of zones can seldom be correlated, and their composition 
clearly does not represent the bulk pore fluid(s). In rare cases, however, sector 
zones could be used for correlation, if crystallographically equivalent sectors are 
compared. A case in point is the study by Hendry and Marshall (1991) who found 
a regional consistency in the observed sector zone pattern in Jurassic sparry cal
cites (these crystals display an unusually complex combination of sector zonation 
and sector-specific lamellar or polygonal zonation). However, the trace element 
variations in these crystals bear no simple relationship with either the chemical 
evolution of the bulk pore fluid or the relative overall growth rates of the crystals. 

3.6 
Saturation States 

It is common practice in cement stratigraphic interpretations to correlate calcite 
cements or cement zones over several tens to hundreds of kilometers (e.g., Mey
ers 1991; Bruckschen et al. 1992). Thereby, apparently correlatable cements have 
been interpreted as synchronous or diachronous precipitates, and zonal 
sequences such as non-bright-dull, or variations thereof, have been attributed 
routinely to decreases in Eh. Such interpretations assume, explicitly or implicitly, 
that the aquifers were supersaturated with respect to calcite over tens to hundreds 
of km of flow distance. Although these assumptions may be justified in some cas
es, they often are not. Rather, the geochemical data available from modern 
aquifers (see Sect. 2.5.1) indicate that one should expect carbonate cementation in 
carbonate aquifers to be localized in supersaturated areas or patches. Only in 
exceptional circumstances (presumably with very high permeability, correspond
ingly fast flow rates, and homogeneous rock composition without significant local 
anomalies) can carbonate cements be formed simultaneously over large dis
tances. Even then the CL characteristics may not be identical in the simultane
ously formed cements (Fig. l3). 
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3.7 
Activity of Calcium and Salinity Gradients 

Changes in aCa2+ (=yCa2+mCa2+) in natural aquifers occur because of two pro
cesses: (1) variations in mCa2+ from precipitation and dissolution reactions, evap
oration and dilution; or (2) changes in yCa2+ due to salinity variations. If aMe2+ is 
constant, a downflow gradient in salinity, which is common in shallow aquifers 
(Fig. 10), is likely to cause a concomitant gradient in cement compositions via 
changes in yCa2+. The magnitude of the latter can be calculated using SOLMINEQ 
and similar programs, and may be sufficient to generate changes in CL (Machel 
and Burton 1991). 

These considerations indicate, once again, that it is very unlikely that carbon
ate cements or cement zones form with identical composition, and synchronous
ly, over several tens to hundreds of kilometers in meteoric groundwater aquifers. 
For cements forming along a large salinity gradient to have the same composi
tion, the (mMe2+/mCa2+)1 ratio must precisely balance the gradient in 
yMn2+/yCa2+ and yFe2+/yCa2+ along the flow path. This is extremely unlikely where 
flow distances are large and many independent processes influence Mn2+, Fe2+ 
and Ca2+ concentrations. 

3.8 
pH/Eh 

Many studies of carbonate diagenesis have interpreted CL zonations to reflect 
changes in pH/Eh, especially in terms of identifying a change from more oxidiz
ing to more reducing conditions (e.g., Meyers 1991, and references therein). The 
data discussed above and in Machel and Burton (1991) reveal, however, that the 
observed zonations may well have been caused by other processes, or that erratic 
CL patterns would have formed, had the paleoaquifer under investigation formed 
coeval carbonate cements. 

The data from the Berkshire aquifer (Fig. 12) serve to prove this point. The total 
concentrations of Fe and Mn are such that calcites precipitating upflow from the 
redox boundary would be largely non-luminescent, and those precipitating down
flow could range from non-luminescent to dull or bright luminescent (using rea
sonable distribution/partition coefficients and the CL fields shown in Fig. 3). Fur
thermore, it is important to recognize that non-luminescent cements (due to very 
low Mn and Fe concentrations) can precipitate even in the more reducing parts of 
a groundwater aquifers. Almost all conventional interpretations have placed such 
calcites near the recharge areas and/or in the oxidizing parts of the aquifers. 

On the other hand, the CL and corresponding Mn2+ and Fe2+ contents of calcite 
and dolomite cements could be used to determine the Eh (and pH) conditions of 
the paleoaquifer. This is possible if the following criteria/parameters are known 
or can be met/estimated with reasonable accuracy: (a) no elements other than 
Mn2+ and Fe2+ are involved in the CL of the samples under consideration; (b) bulk 
solution equilibrium partitioning was established or closely approached during 
cement precipitation; (c) all phases (crystalline or amorphous) that determined 
the element concentrations and the redox-potential of the paleo aquifer are 
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known; (d) the paleo aquifer attained, or closely approached, electrochemical 
equilibrium between all redox-couples during precipitation; (e) the rate of change 
of Eh and/or the precipitation rate are known. With the present state of knowl
edge, most of these criteria/parameters cannot be constrained. Consequently, the 
orientations, positions, and sequence of CL boundaries cannot be defined 
unequivocally (Fig. 9B). The commonly observed CL sequence of non-bright
dull-non (Meyers 1991) might be formed with decreasing Eh, as shown in Fig. 9A. 
Similarly, Bruckschen et al. (1997) identified two recurrent CL patterns in various 
cement stratigraphic studies, i.e., pattern #1, consisting of four generations (gen
eration 1: bright [yellow]-blotchy CL, with or without red-CL micro dolomite 
inclusions; generation 2: homogeneous intrinsic CL terminated by a bright [yel
low] CL zone; generation 3: a transition from moderate to dull orange CL; and 
generation 4: mainly intrinsic CL with a few bright yellow zones); and pattern # 2, 
similar to pattern # 1 but without the second generation [the zones addressed by 
Bruckschen et al. as "intrinsic CL" correspond to "non" above, as the weak intrin
sic blue CL mayor may not be visible]. Bruckschen et al. (1992 1997) interpreted 
both patterns to reflect decreasing Eh, with a return to oxidizing conditions dur
ing the formation of generation 4, and they contend that this pore water evolution 
reflects a complete basin evolutionary cycle from marine sedimentation via buri
al diagenesis to telogenetic meteoric diagenesis. Generation 2 is interpreted to 
reflect an early diagenetic influx of meteoric water. While this certainly is one 
possible interpretation for these patterns, it is not the only one. 

3.9 
The Problem of Scale 

The previous discussion clearly showed that several of the factors that govern CL 
in carbonates are scale-dependent, i.e., saturation indices (sizes and locations of 
supersaturated parts of an aquifer), changes in the activity of calcium, changes in 
salinity (and concomitant changes in activity coefficients), changes in Eh (minor 
pH), and changes in growth forms (related changes in effective distribution coef
ficients). For example, significant parts of many aquifers are saturated or under
saturated with respect to carbonates, which prohibits carbonate cementation, and 
the redox-boundaries commonly inferred to cause concomitant increases in Mn2+ 
and Fe2+ concentrations typically are fairly close to the recharge areas, i.e., within 
about 15-36 km (Edmunds 1973; Edmunds et al.1982, 1984, 1987). Consequently, 
it is highly unlikely that oxygenated groundwaters occur more than 100 km 
downflow from the recharge area in a confined aquifer. 

Conversely, the geochemical patterns observed in modern groundwater 
aquifers may not change systematically downflow. The effects of bulk solution 
disequilibrium partitioning, exotic fluid sources, clay mineral and organic matter 
diagenesis, electrochemical disequilibrium, as well as reducing plumes caused by 
leaking hydrocarbon traps, are superimposed on the above "regional" trends, but 
cannot be generalized. The magnitudes of these trends, and their effects on CL in 
diagenetic carbonates, will vary among and within aquifers, depending on aquifer 
size, flow rate, rock composition, climate, rainfall, and, particularly in deeper set
tings, the degree of hydrologic isolation through aquitards. 



Application of Cathodoluminescence to Carbonate Diagenesis 297 

These considerations lead to the general conclusion that cement stratigraphic 
correlations are more likely to be correct if the (paleo-) aquifer systems investi
gated are relatively small. This point is beautifully exemplified in Smackover oil 
and gas fields from Mississippi. Heydari and Moore (1993) showed that lumines
cence patterns of calcites are consistent within each field, but that calcites differ 
in the number of zones and CL intensity from field to field. Heydari and Moore 
(1993) noted that there is no compelling evidence that equivalent zones in sepa
rate fields precipitated simultaneously, and they correctly concluded (p. 44): "It is 
therefore unwise to correlate individual zones or groups of zones as time horizons 
from one field to another". 

On the other hand, a number of the factors discussed in this paper are princi
pally scale-independent. This includes the determination of the concentrations of 
activators, sensitizers, and quenchers, as well as bulk solution properties such as 
ionic composition, temperature, or flow direction, as determined from CL and/or 
from other methods used in conjunction (petrography, isotope geochemistry, flu
id inclusion analysis, paleomagnetic data, etc.). 

4 
Conclusions 

Many factors govern the CL color, intensity, and zonation of diagenetic carbon
ates. Most of these factors are reasonably well understood, but some have been 
recognized only relatively recently (e.g., the potential importance of microbially 
induced bulk solution disequilibrium). Studies of diagenetic carbonates using CL 
and corresponding trace element concentrations should consider as many as pos
sible of these factors, many of which can have dramatic effects on trace element 
partitioning and CL. There are numerous pitfalls in correlation and back-calcula
tion of fluid composition. In general, cement stratigraphic correlations are more 
likely to be correct if the (paleo-)aquifer system investigated is relatively small. 
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CHAPTER 12 

Cathodoluminescence of Carbonate Shells: 
Biochemical vs Diagenetic Process 

VINCENT BARBIN 

1 
Introduction 

Cathodoluminescence (CL), or the emission of photons in the visible range of the 
electromagnetic spectrum under cathodic excitation, is of increasing interest to 
geologists and is now routinely used in mineralogy, petrology and sedimentolo
gy (see reviews in Marshalll988; Remond et al. 1992; Neuser et al. 1996; Barbin 
and Schvoerer 1997). Presently, better knowledge of the physical causes of CL and 
the use of CL spectroscopy has widened the application of CL in the geosciences. 
This new generation of CL instruments in combination with micro-scale, trace
chemical analytical techniques has a great potential for improving CL interpre
tations. 

Paleontological and paleoenvironmental applications of CL microscopy are 
less well developed. More than 60 minerals have been identified in different 
organisms, with the most common being phosphate and carbonate salts of calci
um (Mann 1988; Lowenstam and Weiner 1989). It is well known that CL often 
reveals outlines and internal structures of fossils that are invisible in plane or 
polarized light microscopy (Fig. 1e,f). CL may also reveal textures more clearly, 
which aids the identification of poorly preserved fossils (Smith and Stenstrom 
1965; Long and Agrell 1965, Martin and Zeegers 1969; Miller and Clarkson 1980; 
Richter and Zinkernagel 1980; Faupl and Beran 1983; Smith et al. 1984; Martini et 
al. 1987; Amieux 1987; Miller 1988; Barbin et al. 1989; Grant et al. 1991; Baum
gartner-Mora and Baumgartner 1994; Kershaw 1994; Debenay et al. 1996a; Noth 
et al. 1997). 

This chapter deals with CL of biogenic carbonates. Since a decade ago, numer
ous, Recent, biogenic carbonates of different genera and environmental origins 
have been studied. Two aims were pursued: (1) to search for ontogenetic and pale
oenvironmental records in skeletal organisms using CL emission, and (2) to 
investigate how CL patterns differ between biochemical and diagenetic CL emis
sion. 

12 
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2 
Physical Fundamentals of Cathodoluminescence 
in Carbonates 

2.1 
Luminescence Centers 

305 

The luminescence in carbonate shells is caused by the same physical phenomena 
as those in abiogenically crystallized carbonate minerals. Luminescence centers 
are generally point defects in crystals such as free electrons, vacancies, and impu
rities. During energy dissipation of accelerated electrons within the crystal, these 
electrons may meet free electrons which can excite impurity centers and/or may 
be captured by gaps in the crystal structure. Among impurities, the ions of the 
transition group metals whose 3d electron configuration is partly filled (e.g. 
Mn2+, Fe3+) are very sensitive to external energy contributions. The emission of 
these centers depends strongly on the coordination polyhedra of the ions in the 
crystal and their nature. 

In contrast, electron transitions of partly filled or unfilled inner shells (e.g. 
RE£3+) are not appreciably influenced by the atomic environment (e.g. Marshall 
1988) and thus their emission is very similar in different crystals. Other, non
impurity related emissions may also contribute to the CL of natural crystals. 
These emissions are called intrinsic because they are caused by structural defects 
of the crystal lattice (e.g. Walker et al. 1989; Barbin and Schvoerer 1997 and refer
ences therein). 

The most commonly observed CL emissions in biogenic carbonates are caused 
by substitution of Mn2+ and structural defects. 

2.2 
The Luminescence of Calcite and Aragonite 

Calcite and aragonite, two polymorphs of CaC03, have only one possible substi
tution site for Mn2+, the Ca2+ site. Substitution within the lattice in biogenic car-

Fig. la-l.a CL photomicrograph of Bathymodiolus thermophilus from a hydrothermal vent (84 
PI), scale bar is 500 flm; b plane-polarized light photomicrograph of a tangential section of 
Bathymodiolus thermophilus, from a hydrothermal vent, scale bar is 500 flm; c same field of view 
as b but under CL; d CL photomicrograph of a Cretaceous dinosaur egg shell, Rocques-Hautes, 
Le Tholonet (France), tangential section, scale bar is 500 flm; e plane-polarized light photomi
crograph of a Middle Eocene foraminifera (Buliminidae), Avesa (Italy), scale bar is 100 flm; f 
same field of view as e but under CL; g CL photomicrograph of balanidae, Ensenada Bay (Bea
gle Channel, Argentina), scale bar is 500 flm; h CL photomicrograph of Margaritifera margari
tifera, River Sorkedalselva (Sweden), scale bar is 500 flm; i CL photomicrograph of Nautilus 
pompilius Cebu (Philippines), scale bar is 500 flm. Section A-B is the flPIXE transect shown in 
Fig. 5. Note the close correlation between flP1XE Mn distribution and yellow-green lumines
cence banding; j plane-polarized light photomicrograph of Crania sp., Josephine sea mount 
(Spain); k same field of view as j but under CL, scale bar is 250 flm; I CL photomicrograph of 
Carboniferous Comatoceras sp., Boggy Formation (Oklahoma, USA).Note the similarity of the 
CL pattern with Recent N. pompilius shown in i, scale bar is 500 flm 
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bonates is well documented by electron paramagnetic studies (e.g. Wildman 1970; 
Blanchard and Chasteen 1976a,b; White et al. 1977). The difference in the 
observed CL color, orange in calcite vs green in aragonite, is due to changes of 
crystal field parameters (e.g. Henderson and Imbusch 1989; Yang et al. 1995). The 
free Mn2+ energy levels are modified and the emission occurs as a result of the 
transition from the 4T 19 excited state to the 6 A1g ground state. Calcite has a rhom
bohedral structure while aragonite is orthorhombic. 

3 
Biomineralization of Shells 

A brief summary on the biomineralization processes helps to better understand 
the CL observations of carbonaceous skeletons and their causes. Biominerals are 
formed either extracellularly or intracellularly. Two main processes of biomineral
ization are known: biologically induced, which is considered as the primitive stage 
of biomineralization, and biologically controlled (i.e. matrix mediated process), 
which is under genetic control (e.g. Lowenstam 1981; Dubois and Chen 1989). In 
the latter, a morphologically complex structure nucleates and grows (e.g. calcite or 
aragonite skeleton) together with a genetically controlled macromolecular matrix 
of protein, polysaccharides and lipids. For example, matrix macromolecules 
involved in regulating the biological growth of calcite are known to share a car
boxylic-rich character that arises from the abundant amino-acids aspartate and 
glutamate. Aspartate causes preferential development of the {0001} and possibly 
the {T100} crystal plane of calcite (Teng and Dove 1997). The mantle of a mollusk 
is directly responsible for the growth of the crystals and the secretion of the organ
ic matrix of the shell. According to Wilbur and Saleuddin (1983), shell formation 
comprises four components: the external medium (e.g. seawater), the hemolymph 
and body tissues, the extrapallial fluid, and the shell. The extrapallial fluid lies 
between the mantle and the inner shell surface, the environment of shell deposi
tion. The complex assemblage of macromolecular constituents at the mineralizing 
site may differ between different species and between different layers in the same 
shell (Mann 1998). Nevertheless, the organic shell matrix of mollusks is considered 
to be highly organized prior to the nucleation of the first crystals, which explains 
the mechanical and crystallochemical properties observed in shells (Mann 1988). 
The bicarbonate of the shell is derived from two sources: the external medium and 
metabolic CO2, Conversion of metabolic CO2 to HC03 - is a reversible reaction cat
alyzed by carbonic anhydrase. Calcium ions then combine with HC03- releasing a 
proton to form CaCOy These carbonate crystals are formed within the extrapallial 
fluid which is supersaturated with respect to CaC03• Opening and closing of mol
lusk valves correlate with significant variations in the 02' pH, calcium and succinic 
acid concentrations of the extrapallial fluid (Lowenstam and Weiner 1989). Car
bonate saturation is attained either by a sufficient increase of the HC03' -concen
tration through transport by the outer mantle epithelium and/or by a sufficient 
decrease in the chelation of Ca2+ (Wilbur and Saleuddin 1983). The different shell 
layers are produced by individual palleal surfaces (ectostracum, mesostracum and 
endostracum). During the life of the shell, each epithelial cell changes and succes-
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sively contributes to form different shell layers. Calcite forms the foliated structure 
and frequently the prismatic layers, while aragonite forms the myostracum, pseu
doprismatic or cross lamellar and nacreous layers. Several other structures exist 
and mixed mineralogy is possible (e.g. Carter 1980). 

Echinoderms secrete a mesodermal skeleton composed of high magnesium 
calcite plates which are composed of aligned crystallites to form polycrystalline 
aggregates. These aggregates act optically as single calcite crystals (Dubois and 
Chen 1989; Smith 1990). 

The growth of calcite shells of articulate brachiopod is mainly controlled at the 
mantle margin of the valves (Williams 1968a,b). As in mollusk shells, at different 
periods of its life each cell of the outer epithelium secretes successively different 
layers (Fig. 2 in Barbin and Gaspard 1995). 

Barnacle shell growth is of two types: (1) concrescent shells or (2) noncon
crescent shells. Growth proceeds by secretion of calcite by the mantle epithelium 
(Bourget 1980). Internal growth bands have been observed. According to Bourget 
(1980), these bands are either formed during immersion or as doublets in contin
uously immersed animals. These bands are possibly of an endogenous rhythm 
kept in phase and reinforced by the semidiurnal tidal cycle. In addition, stress 
bands may also be caused by high temperature. 

Processes of foraminifera test calcification are not yet totally understood. The 
mechanism seems to be different for porcelaneous vs hyaline tests. The porcela
neous foraminifera have a large stock of inorganic carbon in vesicles which may 
be used for calcification, while in hyaline foraminifera calcification takes place 
outside the cytoplasm in an organic membrane (for more details see Debenay et 
al. 1996a and references therein) . Nevertheless, calcitic globular crystallites are 
recorded from all foraminiferal tests. These crystallites can be grouped into dif
ferent shapes ranging from rows or needles to rhombohedral crystals (Debenay et 
al. 1996b). Formation of foraminiferal tests is probably the result of two process
es: a physicochemical process under energetic control and a biological one under 
strict biological control (Debenay et al. 1996b). 

Calcification processes in algae were mainly studied in Rhodophyta and espe
cially in coralline algae. Two phases of mineralization are generally apparent: (1) 
acicular crystals probably of calcite form in the middle lamellae and outer cell 
walls, (2) more intense calcification occurs within the inner cell walls and per
pendicular to the wall surface (e.g. Pentecost 1991). Calcification involves high 
magnesium calcite. The second radial layer has a higher magnesium content than 
the first, magnesium-poor layer (e.g. Flajs 1977a,b; Bosence 1991). 

In avian eggshells, the calcite nucleation sites are spherulitic protein masses 
organized on the fibrous disulfide-linked proteins of the inner shell membranes. 
Oriented calcite nucleation occurs at these sites (Mann 1988). 

4 
Material and Methods 

Cathodoluminescence emission was detected with a high sensitivity (hot cath
ode) CL microscope (Ramseyer et al. 1989) at 30 keY accelerating voltage and 
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0.4 jlA/mm2 beam current density. Luminescence images were recorded on 
Ektachrome 400 color slide film (developed at 800 ASA) with exposure time rang
ing from 4 to 180 s. Observations were made on non-etched, uncovered thin sec
tions coated with an aluminium film. The CL emission was recorded using a PTI 
model 01-001 monochromator with a Hamamatsu R928 photomultiplier. Gener
ally, the monochromator was set for 10 nm resolution and was linked to the CL 
microscope via a flexible quartz optic fiber bundle through a fused silica window. 
Multiple scans (mean of ten measurements at each wavelength position) were 
used in order to eliminate noise. The spectra were corrected between 270 and 
740 nm for the spectral response of the instrument by means of a calibrated tung
sten lamp. Intensity is expressed in arbitrary units of photon counts. 

Particle induced X-ray emission (micro-PIXE) analyses were used to deter
mine trace element concentrations in biogenic carbonates using the GEO-PIXE 
program (Ryan et al. 1990). PIXE allows nearly non-destructive trace element 
analysis with high accuracy and precision. The detection limit (LOD) is 
10-100 ppm, depending on the analyzed element, and the spatial resolution 5 jlm. 
The same thin-section was used for PIXE analysis and CL microscopy. This 
method provides in situ trace chemical analysis and is ideal for the quantitative 
evaluation of the trace element-induced CL emission (e.g. Habermann et al.1997; 
Yang et al. 1995). 

5 
Sampling 

Numerous carbonaceous skeletal organisms were studied. Recent shells were cho
sen to study ecological effects such as shallow marine conditions, deep sea envi
ronments with stable or unstable conditions, nektonic living habitat or fresh 
water conditions (Table 1). 

All Recent shells were taken from living or freshly-killed organisms. Fossils 
were taken from environments such as asphalts or clays, where diagenetic alter
ations are slow. 

6 
Cathodoluminescence Detection Limit 

The main trace element activator of CL in carbonate exoskeletal organisms is 
Mn2+. In crystals, a concentration of 10 ppm allows a direct visual observation of 
the CL, while lower concentrations «5 ppm) are still detectable with spectro
scopic methods (e.g. Habermann et al. 1996, this Vol.; Machel, this Vol.; Marshall 
1988; and personal observations). For concentrations above 400 ppm there is no 
longer a linear relationship between Mn2+ concentration and CL intensity (El Ali 
et al. 1993). 

In biogenic calcite, Richter and Zinkernagel (1981) suggest that a Mn2+ con
centration of up to 20-40 ppm is necessary for visible CL emission in calcite and 
less in aragonite. Other observations show that a concentration <15 ppm is suffi-
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cient for visible CL emission and even less for spectroscopic detection (Yang et al. 
1995; Barbin 1998). The amount of Mn2+ in biogenic carbonates is generally below 
lOO ppm and frequently less than so ppm (Milliman 1974; Morrison and Brand 
1986). The previous assumption that biogenic carbonates are not luminescent is 
the result of technical problems: the first generation of CL microscopes were not 
able to detect low luminescence intensities, i.e. low Mn2+ concentrations. Similar
ly, the relative high detection limit of electron microprobes (""ISO ppm, 3cr-error) 
prevented studies of the relationship between Mn concentration and environ
mental conditions (e.g. Izuka 1988). 

While EI Ali et al. (1993) suggest that the quenching effect of Fe2+ is detectable 
only for concentrations> 1000 ppm, Machel (1983, this Vol.) found effects for con
centrations as low as 30-60 ppm. Apparently, the Fe2+/Mn2+ ratio and not solely 
the Fe2+ concentration is more important, but this point is still under debate 
(Machel, this Vol.). The amount of Fe in biogenic carbonates is generally below 
lOO ppm (Milliman, 1974). 

7 
Cathodoluminescence of Biogenic Carbonates 

7.1 
Previous Work 

7.1.1 
Cathodoluminescence Observations 
on Recent Organisms 
Few authors have studied CL emission of Recent skeletal organisms. Glover (1977) 
showed that with some exceptions, such as barnacles, oysters, sand dollars and 
some corals, the Mn level in calcareous marine organisms is considerably below 
lOO ppm and thus the exoskeletons show no or very weak CL emission. Sommer 
(1972) showed that regenerative calcite and vaterite in aragonitic bivalve shells 
(Amblema sp.) are locations with important fluctuations in the Mn concentration. 
Sommer (1972) also observed green luminescing aragonite in the marine gastro
pod Achitectonica. Richter and Zinkernagel (1980, 1981) performed the most 
important work on CL in Recent skeletal organisms. They described bright yel
low-green luminescence in the marine aragonitic gastropod Bittium and a zoned 
orange luminescence in Recent echinoid tests. They mentioned that individual CL 
zones clearly did not represent annual growth stages but only a sequence of zones 
represent more likely annual growth stages. The authors also state that ecological 
parameters such as the life habitat, e.g. sediment surface vs in the sediment, has 
an important influence on luminescence (Richter and Zinkernagel 1980). They 
also observed the phenomenon that echinoid tests, which do not show lumines
cence during initial excitation, become blue-luminescing after prolonged electron 
bombardment. Friedman (1993) indicated that the bulk of skeletal particles in 
many reefs are composed of non-luminescent aragonite. 
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7.1.2 
Cathodoluminescence Observations on Fossil Tests 
Numerous authors described luminescence in fossil shells but generally attribut
ed luminescence to be due to diagenetic alteration. Most authors still consider 
primary biogenic carbonates to be non-luminescent (e.g. Czerniakowski et al. 
1984; Popp et al.1986; Saelen 1989; Middleton et al.1991). Baumgartner-Mora and 
Baumgartner (1994) discussed some aspects of the diagenesis of foraminiferal 
tests, and observed that most foraminiferal tests exhibit a partially or totally 
homogenized texture under CL. They proposed that the growth structure of larg
er hyaline benthic foraminifera will be preserved only when they were penecon
temporaneously displaced into deep water. 

7.2 
This Work 

A large number of invertebrates secrete carbonate shells showing extremely rapid 
chemical fluctuations independent of mineralogy (aragonite or calcite), habitat 
(marine or continental), or environment. CL emission is thus likely in these car
bonate skeletons and should not exclusively be the result of post-mortem diage
netic alterations. Our studies show a general relationship between CL intensity 
and growth rhythms, but also a likely influence of environment and seawater 
chemistry. The comparison with well preserved fossil shells shows that CL pat
terns are similar in fossil and recent shells. 

7.2.1 
Mollusk Shells 
Fast growth of mollusk shells in shallow marine environments was illustrated by 
the study of a Pecten maximus grown in the Bay of Brest under precisely known 
conditions (Buestel et al. 1987; Barbin et al. 1991b; Schein et al. 1991). In this cal
citic shell, winter growth increments are clearly marked by orange luminescing 
lines even when growth lines are hidden by the foliated microstructure (Fig. 2d). 
Juvenile parts of the shells show a weak blue luminescence, similar to shell parts 
surrounding the orange luminescing winter growth lines. In addition, the lumi
nescence intensity is higher in the older adult parts of the shell when growth is 
slower. The maximum CL intensity is not directly related to the lowest growth 
rate, i.e. the winter stop, but more precisely during the continued low growth 
periods. The growth history of the shell is also found in the radial cross section 
of the resilifer. Other events such as summer storms or accidental stress are seen 
in CL emission but are generally not as intense as the winter growth increments. 
Bioeroded zones are often characterized by a bright luminescence and showing 
a palisade aspect due to the borrowing action of bacteria, sponges or algae 
(Barbin et al. 1991b). For example, the Mn2+ content in pristine Mitzuhopecten 
yessoensis shells may fluctuate between 3.5 and 12 ppm whereas the concentra
tion is between 42 and 55 ppm in the external probably biocorroded surface 
(Masuda and Hirano 1980). 

Other shells were studied from the natural shallow marine environment. In 
Mytilus edulis a calcitic outer layer and an aragonitic inner layer could be dis-
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tinguished on the basis of weak orange luminescing lines in the outer calcitic 
part (Fig. 2b,c). 

Oysters show luminescence in calcite and also sometimes in the aragonitic 
myostracum (Fig. 1; Fig. 3a,b in Barbin et al. 1991a). More interestingly, the lumi
nescing lines can be followed at the umbo where the calcitic shell is linked with 
the ligament (mineralized in aragonite, Stenzel 1962) through the boundary of 
calcite and aragonite (Fig. 2e). CL spectroscopy of the calcitic oysters shows the 
characteristic emission of Mn2+ in calcite at 615 nm and a second broad band 
which may be due to an intrinsic emission (Fig. 3). The shoulder on the short 
wavelength side of the peak may correspond to CL emission of aragonite. 

Energy (em-I) 

33333 25000 20000 16666 14285 

Mn2+ 

t 

300 400 500 600 700 

Wave length (nm) 
Fig. 3. CL spectrum of Mn2+ activated orange luminescing biogenic calcite (oyster, see Fig. 2£), 
200 flm spot size 

Fig. 2a-i.a CL photomicrograph of Miliolidae, Marseille Bay (France); scale bar is 250 flm; b 
plane-polarized light photomicrograph of Mytilus edulis, Leucate Pond (France); scale bar is 
500 flm; c same field of view as b but under CL; d CL photomicrograph of Pecten maxim us, Brest 
Bay (France), scale bar is 500 flm; e CL photomicrograph of Crassostrea gigas, Marennes-Oleron 
Basin (France), scale bar is 500 flID; f CL photomicrograph of Anodonta sp., La Neuville en Hez 
fresh water pond (France), scale bar is 500 flID; g CL photomicrograph of Lymnaea dyaphana, 
Tierra del Fuego National Park (Argentina),scale bar is 100 flm; h CL photomicrograph of Halio
this sp., University collection, scale bar is 500 flm; i same field of view as h but under plane
polarized light 
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In aragonitic marine bivalve shells, luminescence is very weak, nevertheless 
growth lines are detectable. In contrast, freshwater aragonitic bivalves, e.g. 
Anodonta sp. or Margaritifera margaritifera, show brighter green to yellow lumi
nescence (Fig. 1h, Fig. 2£). 

Gastropods (Patella sp.) and archaegastropods (Haliotis sp.) from shallow 
marine environments have mixed mineralogies (calcite and aragonite). In both 
cases calcite generally shows bright orange luminescence while aragonite exhibits 
dull blue to green and rarely a yellow luminescence. In Haliotis, the mineralogy 
and ultrastructure of the external shell-layer may differ among species. In some, 
this layer is totally calcitic while others are pure aragonitic and at least some have 
a mixed mineralogy. Dauphin et al. (1989) suggested that in Haliotis with a mixed 
mineralogy, the mantle epithelium can simultaneously secret the two poly
morphs. The studied specimens clearly show orange luminescing bands typical 
for calcite. At present, these bands are difficult to interpret because they are not 
present in all parts of the shell. Possible explanations are an original structure, 
regenerative parts of the shell, or bacterial activity (Fig. 2h,i). 

Cephalopods were studied in order to investigate shells of organisms living in 
the water column. Recent specimens of Nautilus pompilius and Nautilus 
macromphalus were investigated. A detailed description of shell luminescence 
found in N. pompilius and N. macromphalus are given in Barbin (1992). The lumi
nescence in N. macromphalus is a very weak blue with greenish bands (Fig. 1a in 
Barbin et al. 1995), while the N. pompilius shell shows CL emission consisting of 
alternating yellow and green bands (Fig. Ii) . The luminescence bands correlate in 
both specimens with growth lines. In Nautilus, the intensity of the luminescence 
increases with ontogeny. The CL spectrum of N. pompilius (Fig. 4; Figs. 2 and 3 in 
Barbin et al. 1995) confirms the optical observations that emission at 540 nm is 
mainly from Mn2+ substitution for Ca2+ in aragonite. An additional broad band in 
the blue range was detected which may be related to an intrinsic emission. PIXE 
analyses of the wall show a variable manganese concentration with values rang
ing from 10 ppm (Le. LOD) to 85 ppm (Fig. 5; Barbin et a1.1995; Barbin 1998). The 
measured Mn2+ variation correlates with the intensity of the CL emission (Barbin 
1998). Additional CL studies of cephalopod shells from Carboniferous (Miche
linoceras sp.) and Eocene (Euciphoceras regale) were performed in order to test 
the continuity of shell biogeochemistry since Carboniferous times. CL emission 
of E. regale is similar to that of N. pompilius, which exhibits yellow and green 
bands (Fig. 1c in Barbin et al. 1995). The intensity pattern as well as the width of 
the luminescence bands in E. regale are comparable to those observed in the shell 
of the Recent N. pompilius. The Michelinoceras sp. shell shows the characteristic 
CL pattern of alternating yellow and green luminescence, similar to that observed 
in N. pompilius (Fig. 11). The Carboniferous Comatoceras sp. shows essentially 
non- to bluish-luminescence comparable to the CL emission observed in Recent 
N. macromphalus. 

The original mineralogy of belemnites is still under discussion. Nevertheless, 
it seems that the prismatic structure is primary and that most of the rostra are 
originally calcitic (Veizer 1974; Saelen 1989). Under CL, belemnites show orange 
lines on a dull blue luminescing background. These lines are parallel to growth 
increments and may have a biochemical origin. 
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33333 25000 20000 16666 14285 12500 11111 

Mn2+ 

+ 

300 400 500 600 700 800 900 

Wave length (nm) 
Fig. 4. CL spectrum of Mn2+ activated yellow-green luminescing biogenic aragonite (nautilus, 
see Fig. 2f), 200 J.1m spot size 
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Fig. 5. PIXE analyses of Mn in the shell of Nautilus pompilius. The profile was taken along the A
B section shown on Fig. Ii. (Figure courtesy of C. Yang, for more details on PIXE analysis, see 
Yang et al. 1995) 
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The deep sea hydrothermal vent environment with chemosynthetic food sup
ply was studied with Bathymodiolus thermophilus (Schein et al. 1991). The CL 
emission of the calcitic shell is orange with fine, irregular intensive and thick 
bands which correspond to a highly variable Mn2+ concentration in the external 
layer of the shell (Fig. Ib,c). Superimposed on this fine zonation is a broader, 
zonation due to long term changes (Fig. la). 

7.2.2 
Echinoderm Tests 
Echinolds or crinoIds did not show significant luminescence, which contradicts 
previous observations on sand dollars (Glover 1977) and other echinolds (Richter 
and Zinkernagel1980, 1981). As skeletal concentration of Mn, Fe and Ni may dif
fer significantly between echinoId species from the same community (Stevenson 
and Ufret 1966) our observations cannot be generalized. 

7.2.3 
Foraminifera Tests 
Most Recent foraminifera are calcitic and only Robertinina is aragonitic. Porcela
neous foraminifera have high-Mg-calcite tests while some hyaline foraminifera 
have low-Mg-calcite tests. All studied planktonic foraminifera do not show CL 
emission, while almost all porcelaneous foraminifera have a more intensive 
orange emission (Fig. 2a) than hyaline foraminifera (Plate 1, Fig. 3 in Barbin et al. 
1991a). Aragonitic foraminifera show a weak greenish luminescence. 

7.2.4 
Brachiopod Shells 
Recent, living brachiopods from the four main super families, Terebratulacea, Ter
ebratellacea, Cancellothyridacea and Rhynchonellacea, from different environ
ments and bathymetries were studied under CL. The ventral valve has generally 
been used for analysis. The inner parts of Recent brachiopod shells often show 
orange luminescing bands (Plate 1, Figs. 1-6 in Barbin and Gaspard 1995). These 
bands are similar to those found in Pecten and are related to periods of low 
growth rate. The width of the luminescent bands changes during ontogeny of the 
individual, reflecting changes in winter, spawning seasons and disturbances. 
Thus, using CL to determine the state of diagenetic alterations of a brachiopod 
shell is questionable (Barbin and Gaspard 1995). Preliminary observations on 
inarticulate brachiopods show that they are generally more luminescent than are 
articulate ones (Fig. Ij,k). 

7.2.5 
Corals 
All studied corals are aragonitic and show dull blue-green luminescence, which 
does not provide more information than classical UV-light observations. 
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The Mn2+ content of barnacle shells primarily reflects the Mn2+ content of the ani
mal's aquatic environment (Gordon et al.1970). Blanchard and Chasteen (l976b) 
found a good correlation between the Mn2+ content of the shell and the position 
of the animal in the intertidal zone. 

Barnacle shells show orange luminescing bands ranging from low to bright 
intensity (Fig. 19). These bands may be related to internal growth bands, but there 
are not enough data to relate the CL emission to environmental factors. 

7.2.7 
Algae 
Encrusting coraline algae (Neogoniolithon sp.) from the shallow lagoon of Bahiret 
el Biban were used for this study. Under CL the Melobesia shows zones of orange 
luminescence (Plate I, Figs.1a,b and 2a,b in Barbin et al. 1991a,), whereby the 
peri thallium is more luminescent than the hypothallium. In a single micro ridge, 
successive layers may show different luminescence intensities, which may corre
spond to changes in the physicochemical conditions such as heavy rainfalls in the 
lagoon. 

7.2.8 
Eggshells 
Avian eggshells were studied in order to have material for comparison with 
dinosaur eggshells. Calcitic Palaeognathae eggs from Struthio (ostrich), Rhea and 
Dromaius (emu) from a breeding farm were used. Details on the microstructure 
of these eggshells are given by Dauphin (1990a,b) and references therein. All 
eggshells show a weak bluish emission without evidence of zonation. In contrast, 
the CL of dinosaur eggshells is generally a bright orange in pores and in cracks 
between them now filled with diagenetic calcite (Fig. 1d). The rest of the eggshell 
is non- to dull luminescent with weak orange luminescing growth lines in some 
specimens. Thus, the use of CL may help to evaluate the degree of diagenetic alter
ation of dinosaur eggshells as well as the growth of the eggshells. 

7.2.9 
Shell Repair 
Most of the previously studied invertebrates can repair damage inflicted to their 
shells by deposition of new shell material in the damaged area. Depending on 
phylum and even species, and environmental conditions, regeneration may be dif
ferent in mineralogy (calcite, aragonite or vaterite) and time of precipitation 
(Wilbur and Saleuddin 1983). Because differentiation between calcite and arago
nite is very difficult by optical mineralogy, areas with regenerative depositions 
may be overlooked. In addition, bulk analyses of the shell may erroneously indi
cate a mixed initial mineralogy. In CL the difference of calcite vs aragonite emis
sion, orange vs green-yellow, respectively, makes discrimination very easy. Shell 
repair was observed in Anadara senilis from Mbodiene Lagoon (Plate 2 and 
Fig. 2a,b in Barbin et al. 1991a) and in Lymnaea dyaphana from Tierra del Fuego 
National Park (Fig. 2g and Plate I, Fig. 6 in Barbin and Schvoerer 1997). The pres-
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ence of some orange luminescing calcitic areas in aragonitic shells is thus not 
always evidence of post-mortem diagenetic alterations. These areas may well rep
resent places of shell repair. 

Another interesting observation visible only under CL is the effect of resorp
tion during skeleton growth as in the case of echinolds in which luminescing 
zones are truncated (Richter and Zinkernagel1980, 1981) . 

7.2.10 
Summary 
Stable oxygen and carbon isotope measurements on biogenic carbonates have 
become standard technique for reconstructing physico-chemical conditions of 
past oceanic waters. For these studies, CL is used as a tool to identify possible dia
genetic modification. From our studies on modern biogenic carbonates, it appears 
that CL is a common phenomenon and that only juvenile parts with a higher 
growth rate of the shell are generally non-luminescent. In addition, it was shown by 
Rush and Chafetz (1990) that the practice of using fabric-retentive, non-lumines
cent brachiopods as indicators of their original chemistry is questioned. Thus, dis
tinction between pristine mineralogy and diagenetic alteration remains difficult. 

8 
Causes of Variable Cathodoluminescence Emission 
of Biogenic Carbonates 

8.1 
Environmental Factors 

The relationship between trace element content of shells and environmental con
ditions is still an open question despite much research on this topic. For CL stud
ies, Mn2+ partitioning between shell and seawater is of crucial interest. It is well 
known that external growth lines, microstructural patterns or biogeochemical 
variations are tools to study environmental and ontogenic parameters in the shell 
(e.g. Schein et al. 1991). 

Seasonal variations exist in minor and trace element content of modern and 
ancient brachiopod shells (see discussion in Grossman et al. 1996). In addition, 
Carriker et al. (1982) could show that an ontogenetic concentration of elements 
such as Mn is possible. Bradley (1910) suggests that the Mn content of mollusk 
shell is principally a function of diet. Similarly, Stevenson and Ufret (1966) 
showed that the Fe content in the stereom of regular echinolds is related to the Fe 
content in the algal food source. The problem remains why these algae have vari
ous Fe contents. Since these works, other parameters have been studied. 

Salinity may be one of the dominant environmental control of the concentra
tion of Mn2+ in invertebrate shells (e.g. Rucker and Valentine 1961; Pilkey and 
Goodell 1963, 1964; Gordon et al.1970; Rosenberg 1980; Masuda 1981). Dunca and 
Nystrom (1993) demonstrated that there is a seasonal periodicity of the accumu
lation of trace elements in freshwater bivalve shells. Using micro-PIXE analyses 
Dunca and Nystrom (1993) observed in Unio shells that Mn has a low concentra-
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tion in spring time when growth rate is high and as the growth decreases over the 
summer period the Mn concentration increases. In autumn, Mn decreases strong
ly and, finally, in winter, when growth ceases, the Mn level is again high. These 
results are similar to our observations on the relationship between the intensity 
of the CL emission and the ontogeny and growth rhythms. In addition, pH may 
influence the Mn content of shells (Dunca and Nystrom 1993). 

Surprisingly, Margaritifera margaritifera shows different Mn concentrations 
for specific seasons depending of the collection site. Decreased Mn concentration 
in M. margaritifera shells from the River Paulistromsan (Sweden) is probably due 
to a lower growth rate during autumn and winter (Nystrom et al. 1995). The same 
species from an other site has a high Mn concentration in the summer period, 
which correlates with a depletion in oxygen in the surrounding water (Nystrom et 
al. 1996). 

Evaporation, influx of fresh water or modification of Eh are the basic three 
ways to change the Mn2+ content of seawater. It is well known that the Mn2+ con
centration in river and seawater is generally below 8-10 ppb and 0.3 ppb, respec
tively (Broecker and Peng 1982). Veizer (1983) considers that calcite directly pre
cipitated from seawater would contain 1-2 ppm of Mn2+. We have previously seen 
that the Mn2+ content in biogenic carbonates is between 2 and several hundred 
ppm. Metabolic and crystallochemical processes must be taken into account to 
explain the higher concentration of Mn2+ in biogenic carbonates. Nevertheless, 
the question if this increase represents chemical fluctuations of the water is still 
open. This question is not easy to solve because each family, genus and species 
control their own metabolism differently. The impact of solution chemistry on 
bivalve trace element composition (e.g. Mytilus edulis) was demonstrated for Mg, 
Sr, Na, Pb and Cd within calcitic and aragonitic layers (Lorens and Bender 1980; 
Sturesson 1976, 1978). It was shown that M. edulis can control the Mg activity of 
the outer extrapallial fluid. Environmental stress can have the impact of increas
ing sulfur as well as Mg content in biogenic carbonates. Interactions between sea
water chemistry and the Crassostrea virginica shell, cultured in controlled and 
natural systems, were investigated by Carriker et al. (1980). They observed that 
Mn and Zn concentrations were higher in the prismatic calcite of shells from the 
flow-through system. The authors concluded that oysters have the capacity to 
concentrate several elements in their shells when the concentration of these ele
ments increased in ambient seawater. In addition, they observed a heterogeneous 
distribution of these elements in major regions of the shells. 

Presently, two possibilities exist: either (1) the flux of Mn2+ is constant in the 
environment and only the growth rate controls incorporation in the shell, or (2) 
the Mn2+ content of the extrapallial fluid is variable and environmental condi
tions lead the animal to release Mn in order to produce more shell material, e.g. 
under stress conditions. A general increase of CL intensity is seen with ontogeny. 
This may be related to growth rate, since growth rate decreases with age. It is rea
sonable to expect that the Mn/Ca ratio in biogenic carbonates is influenced by the 
seawater chemistry and by environmental stress, as was shown for other ions by 
Lorens and Bender (1980) or Sturesson (1976, 1978). A positive correlation 
between shell Mn content and water temperature can be explained because tem
perature is one of the main factors influencing shell growth (Nystrom et al. 1996). 
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The possibility to easily distinguish under CL between aragonite and calcite is 
useful when studying specimens in which the aragonite/calcite ratio is deter
mined by the environmental conditions. A relationship exists between sea surface 
temperature and the proportion of structural and mineralogical components in 
the shells of certain mollusk species. For example, in Patella shells, the width of the 
outer aragonitic layer increases relative to that of the outer calcitic layer with 
increasing sea surface temperature (Cohen and Branch 1992). Generally, the arag
onite/calcite ratio is estimated from X-ray diffraction traces of whole shell pow
ders, and Cohen and Branch (1992) could show that these measurements are less 
well correlated with sea surface temperature than the ratio of the widths of the 
outer lamellar and foliar layers. Thus, CL may improve these compositional anal
yses. 

8.2 
Diagenetic Evolution of Shells 

Carbonate diagenesis commonly includes seven major processes: cementation, 
microbial micritization, neomorphism (recrystallization), dissolution, com
paction and dolomitization. It operates in marine, near-surface meteoric and 
burial environments. Two of these processes concern carbonate skeletons: micro
bial micritization, which happens on the sea floor or just below, and neomor
phism. 

Micritization is due to the action of endolithic algae, fungi and bacteria. The 
surface of the shell is bored and holes are filled with carbonate mud or micritic 
cement. Micritization may start during the life of the organism, and CL is a use
ful technique to visualize such phenomena. 

The process of neomorphism takes place in the presence of water and is a dis
solution-reprecipitation process. At low temperatures, processes in which aque
ous solutions are involved are much more frequent than solid-state processes, as 
in diagenetic environments water is mostly present (e.g. Tucker and Wright 1990). 
In the presence of diagenetic fluids, such as meteoric waters, burial waters and/or 
brines, aragonite and high-Mg-calcite are meta-stable and alter readily to diage
netic low-Mg-calcite, while low-Mg-calcite is relatively resistant to the dissolu
tion-reprecipitation process (e.g. Brand and Morrison 1987 and references there
in). During diagenesis, when biogenic carbonates are dissolved and diagenetic 
low-Mg-calcite precipitates, minor and trace elements are also involved. For 
example, the Sr content decreases whereas the Mn content increases (e.g. Brand 
and Morison 1987, Brand 1989). In cases with an influx of more oxidizing mete
oric waters, the paragenetic sequence of carbonate cements may record a gradu
al decrease in Mg, Fe and Mn content in the pore fluid during shallow burial (Car
penter et al. 1988). Richter and Zinkernagel (1980) consider that the transforma
tion from high-Mg-calcite to low-Mg-calcite takes place as a single reaction and 
not along distinct zones because the Mg composition of altered echinOId tests is 
homogeneous. They suggest that the transformation causes chemical homoge
nization of the Mn distribution, and thus a probable former luminescence zona
tion will disappear. Diagenesis of high-Mg-calcite from miliolides may take place 
without any visible alteration in the crystal morphology. This observation and the 
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simultaneous change in Mg and 8180 composition indicate that the transforma
tion is a repetitive (tens to hundreds), incongruent recrystallization that involves 
dissolution-precipitation (Towe and Hemleben 1976; Budd and Hiatt 1993). Mali
va and Dickson (1992) proposed that the replacement of aragonite by calcite in 
shells occurs along thin solution films «10 nm) between the growing calcite 
crystals and the skeletal aragonite. The neomorphic reaction zone tends to have a 
negligible or low degree of chemical isolation from the bulk pore waters. The 
decrease in the intraskeletal pore water calcium carbonate ion activity product 
caused by calcite precipitation results in aragonite dissolution adjacent to arago
nite-calcite contacts (Maliva and Dickson 1992 and references therein). CL 
microscopy is therefore useful in studies of neomorphism of aragonitic bivalves 
(Hendry et al. 1995). Hendry et al. (1995) showed that in the Blisworth Limestone 
Formation two separate stages of skeletal neomorphism exist. 

The magnitude of the elemental shift in biogenic aragonite during diagenesis 
may be greatly influenced by the original biogeochemistry and microstructure of 
the organism (Brand and Morrison 1987). Walter and Morse (1984) have shown 
that most of the total surface area of biochemical particles is unavailable for reac
tion with aqueous solution. The dissolution rate is a function of grain size and 
microstructure and both can play an important role in controlling the reactivity 
of biogenic carbonates during diagenesis. High Mn content in fossil carbonate 
may not always be the result of alteration of the pristine carbonate material. Cal
cite precipitation in equilibrium with reducing seawater would contain more Fe 
and Mn than calcite crystallized from normal seawater (Veizer 1977). 

Nevertheless, CL microscopy is often used to determine whether high Mn con
centrations in a fossil are of diagenetic or of biochemical origin. It has also been 
shown, that the homogenization of the cathodomicrofacies starts at higher tem
peratures than solid state recrystallization. The study of the evolution from a 
limestone to a marble situated in the contact zone of a granitic pluton revealed 
that a temperature of 350°C was necessary to modify the cathodomicrofacies 
(Schmid and Ramseyer 1996). This might explain the persistence of fossil ghosts 
in some limestones. 

Synsedimentary mixing from different environments may be documented by 
CL microscopy when specimens of the same species show different luminescence 
intensities in the same sample. If we assume that two individuals from the same 
species in the same environment likely exhibit similar luminescence, then indi
viduals showing different luminescence are most likely from different origins or 
they were altered under different early diagenetic conditions. Both cases imply 
that they have been reworked (Barbin et al. 1989). 

9 
Conclusion 

From these studies it is now evident that: 
1. Most Recent biogenic carbonates show luminescence under cathodic excita

tion. 
2. This luminescence is principally due to the presence of Mn2+ substituting for 

Ca2+ ions in the lattice. 
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3. Emission is orange in calcite and green to yellow in aragonite due to the crys
tallographic environment and its influence on physical phenomena generating 
CL. 

4. CL microscopy is very useful for detecting changes in the mineralogy of shells, 
whether of diagenetic or biochemical origin. 

5. Luminescence intensity is related to growth increments. In bivalve shells, 
bands of maximum emission intensity are frequently correlated with annual 
growth lines and lower growth rates. CL emission increases with ontogeny. 

6. The amount of Mn2+ incorporated within carbonate is primarily controlled by 
metabolic activity. Nevertheless, environmental changes are recorded within 
the shell and may be revealed under CL. 

7. Factors such as water chemistry, temperature, and depth may influence the CL 
signal. 

8. As Rosenberg and Hughes (1991) proposed, it will be of evolutionary interest 
to know what the distribution of elements within skeletons is, even if skeletal 
composition proves to be so variable that regular, taxon-specific patterns can
not be confirmed. Observations on Recent and fossil cephalopods are in accord 
with these ideas (Barbin et al. 1995). 

Thus, progress has been made during the last decade regarding the knowledge 
and cause of CL emission from biogenic particles and their different origins. CL 
microscopy is now a useful method for detecting minor changes in trace elements 
in shells, and thus can prove important information on ecological parameters. 
Further progress may require cultures of different organisms under controlled 
environmental conditions (e.g. pH, salinity, oxygen concentration, light). 
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CHAPTER 13 

Quantitative High Resolution Spectral Analysis 13 
of Mn2+ in Sedimentary Calcite 

DIRK HABERMANN, ROLF D. NEUSER, DETLEV K. RICHTER 

1 
Introduction 

Cathodoluminescence (CL) is used to detect trace element distribution in miner
als. Thus, a possible quantitative analysis of activator elements based on their CL 
intensity has served as the incentive for numerous investigations. There is gener
al agreement in the literature about the role of Mn2+ as the most important acti
vator element, and of Fe2+, as the most efficient quencher element in calcites and 
dolomites (e.g. Richter and Zinkernagel 1975, 1981; Pierson 1981; Frank et al. 
1982; Fairchild 1983; Grover and Read 1983; Machel 1985; Meyers and Lohmann 
1985; ten Have and Heijnen 1985; Mason 1987; Walker et al.1989; Mason and Mar
iano 1990; Machel et al. 1991). But the correlation of CL intensity and Mn con
centration is controversial discussed. Frank et al. (l982) reported that CL intensi
ty is controlled by the Fe/Mn ratio only. A much more complex correlation was 
revealed by Mason (l987) and Hemming et al. (l989), in which CL intensity is pre
dominantly controlled by the absolute Mn content and the efficiency of Fe 
quenching, which increases with increasing Mn concentration. Fairchild (l983) 
and Pierson (l981), however, pointed out that Fe quenching is not affected by 
increasing Mn concentrations. Savard et al. (1995) suggested an "erratic" Mn2+
activated CL behavior for Mn concentrations below 225 ppm in calcite. 

Not only the correlation between CL intensity and the activator concentration is 
a topic of discussion, but also the lower limit of activator concentrations above 
which CL occurs. There is a widespread assumption that a concentration level of 
10-30 ppm is needed before Mn2+ activation in calcite is present (e.g. Savard et al. 
1995; Bruhn 1995). However, Walker et al. (1989) pointed out that there is no rea
son why Mn2+ activation should be inhibited below this concentration level at low 
Fe concentrations. The only limitation is the sensitivity of the detector system. 
Habermann et al. (1996b, 1998) revealed a Mn2+-activated CL below 1 ppm Mn in 
calcite. It is obvious that one possible reason for these controversial interpretations 
is the variety of analytical methods, equipment and working conditions, as numer
ous studies are based on the subjective eye-detection of CL intensity (e.g. Richter 
and Zinkernagel 1981; Fairchild 1983; Savard et al. 1995; Bruhn 1995). Generally, 
spectroscopic investigations appear to be more reliable and consistent, as they pro
vide measurable values (e.g. Mason 1987; Hemming et al. 1989; Walker et al. 1989; 
El Ali et al. 1993; Homman et al.1994 [ionoluminescencel; Habermann 1997). 
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Quantitative X-ray fluorescence spectroscopy is based on the fact that, at a giv
en energy, the amount of the characteristic X-ray photons is proportional to the 
element concentration (Smith 1976). The same correlation is attributed to CL. At 
a given beam energy the number of CL photons is proportional to the activator 
element content. 

It is a fact that quantitative X-ray fluorescence spectroscopy, e.g. electron micro 
probe (EMP), proton-induced X-ray emission (PIXE), needs well defined analysis 
conditions and extensive knowledge of complex physical processes (e.g. the inter
action between the particle beam and the solid). This is also valid for quantitative 
CL spectroscopy. So, in the following, principle necessities of the methodology, 
including examples of essential analyses and limitations and advantages of quan
titative high resolution spectroscopy of CL emission (QHRS-CL; Habermann et 
al. 1996b) are documented and discussed. 

2 
Cathodoluminescence Microscopes 
and Spectroscopy: Instrumentation 

Basically, constant analysis conditions are necessary to carry out QHRS-CL. This 
includes a high degree of constancy of the electron beam and an objective and 
sensitive detector system. It is well documented that the CL signal reacts very sen
sitively to variations in element distribution and concentration as well as changes 
in the crystal lattice (e.g. Mason 1987; Walker and Burley 1991; Habermann et al. 
1996b). Therefore, estimating CL intensity visually is never suitable for quantita
tive investigations because there is always a subjective factor (Walker and Burley 
1991). However, spectroscopic investigations are convenient, and thus low CL 
intensities will require a very sensitive detector system as well as an efficient exci
tation source. 

Usually the CL spectra are obtained by dispersing the CL signal of the area of 
interest by a grating spectrometer. Most spectrometers in use are monochroma
tors which project the light signal to a dispersion grating, transforming the poly
chromatic beam into a spectrum. This spectrum is moved along a narrow exit slit 
of the spectrometer by turning the grating, which allows detection of the intensi
ty of separate (monochromatic) spectral bands by a photomultiplier. Newer high 
speed spectrographs use fixed gratings with different dispersion rates. The whole 
spectrum is collected at once by a highly sensitive charge-coupled device (CCD) 
array mounted to the exit port. This assembly and the associated electronic com
ponents are called an optical multichannel analyzer (OMA). Although OMA sys
tems are still quite expensive, they have several advantages over monochromators: 
1. The spectra can be stored in very short times (100 ms). 
2. Low CL intensities can be detected correctly. 
3. The wavelengths of the spectrum can be stored simultaneously. 
4. Post-processing is easily done because the spectrum is obtained digitally. 

For quantitative analyses this technique is a must. It is also advantageous but not 
essential to use a "hot" cathode CL microscope instead of a device equipped with 
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Fig.!. Schematic view of the QHRS-CL (quantitative high resolution spectroscopy of CL emis
sion) device developed at the Ruhr-University Bochum 

a "cold" cathode. "Hot" cathode CL microscopes, as developed by Zinkernagel 
(1978), Neuser (1988, 1995), and Ramseyer et al. (1989), guarantee constant and 
well defined analysis conditions and a very efficient excitation. This is of particu
lar importance when analyzing small amounts of Mn2+, rare-earth elements 
(REE) and investigating the intrinsic CL of carbonates and other minerals. The 
schematic view (Fig. 1) of the QHRS-CL device developed by the authors at the 
Ruhr-University Bochum shows a possible assembly for quantitative CL spec
troscopy. 

CL spectra can be very complex due to an overlapping of different emission 
bands, which are not only related to Mn2+-activated CL. These peaks can either be 
intrinsic or related to different activator elements. To separate the different peaks, 
it is necessary to fit these spectra using computer programs. The program we use 
has structure similar to that of commercial quantitative x-ray fluorescence spec
troscopy (e.g. Guelph PIXE software package; Maxwell et al. 1995). However, such 
programs have to be adapted to the special needs of quantitative CL. 

To estimate the correlation between CL intensity and activator concentration 
external analytical methods are needed. As CL intensity very sensitively docu
ments small scale changes in the amount of activator elements and their distri
bution, it is necessary to employ a sensitive analytical method. This requires a 
highly sensitive microbeam technique offering detection limits much below 
100 ppm. Today, only a few methods, e.g. PIXE, secondary ion mass spectrometry 
(SIMS), and laser ablation (LA)-ICP-MS), meet these requirements, each of which 
has its own limitations compared to the CL analysis method. The most important 
differences are the size of the analyzed spot and depth of penetration. PIXE or 
SIMS are suitable methods to calibrate quantitative CL spectroscopy. The spot size 
(10-50 flm) and depth of penetration (up to some flm) of these methods do not 
differ too much from that of CL spectroscopy. However, these common 
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microbeam analysis methods cannot distinguish between substituted elements 
and elements attributed to other phases or fluid inclusions. Nevertheless, in a first 
approximation, it may be supposed that Mn is still incorporated in the carbonate 
matrix. 

3 
Physics of Luminescence 

When an electron beam strikes a surface, the bombarding electrons penetrate 
into the sample and cause different kinds of processes, including back-scattering 
of the projectile electrons, production of secondary electrons, characteristic X
rays, diffracted X-rays, X-ray continuum, CL and sample heating. These process
es are dependent on the energy of the electron beam and thus decrease with 
decreasing electron beam energy and increasing depth of interaction with the 
solid. 

In a simplified model, X-ray fluorescence and CL are caused by electron exci
tation of atomic shells to higher energetic states and their subsequent transition 
to lower energetic states (for more details see Walker, this volume). 

The energy difference between the excited state and ground state (electron 
transition: 4T 1g-?6A1g) of the non-bonding 3d-electrons of Mn2+ ions (paramag
netic center) is proportional to the crystal field strength. Therefore the wave
length of the Mn2+ emission is a function of the host lattice structure. In contrast, 
RE£3+ show only a very small interaction with the host crystal field and therefore, 
these elements have constant peak positions. For more details, see Marfunin 
(1979), Walker et al. (1989) and literature on crystal field theory (e.g. Burns 1993). 

4 
Characteristics of Luminescence Spectra 
of Carbonates 

4.1 
Estimating Mn2+-Activated Cathodoluminescence 
in Calcite and Dolomite 

Regarding Mn2+-activated luminescence of carbonates and other minerals, there 
are still several questions concerning the correlation of wavelength of Mn2+ -acti
vated emission and crystal structure crystal field of the mineral. 

The wavelength of Mn2+ -activated CL is dominantly controlled by the symme
try and the interatomic distance of the central metal ion and ligands (Medlin 
1968). In case of similar symmetries of the carbonate structures (e.g. calcite group 
(space group R3), the wavelength of Mn2+-activated CL is dominantly controlled 
by the metal ion-oxygen distance (e.g. Sommer 1972a,b; Walker et al. 1989). While 
rhombic carbonates with decreasing metal ion-oxygen distances induce an 
increase in wavelength of Mn2+-activated emission, trigonal carbonates show an 
inverse trend (Sommer 1972a). 
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In the structure of stoichiometric dolomite (space group R3) Mg2+ and Ca2+ 
are ordered, whereas in calcian dolomites and in magnesian calcites the degree 
of order of the Mg2+ ions is lower. There is a linear-positive correlation between 
Mg content and average metal ion-oxygen distance in magnesian calcite 
(Althoff 1977). But this correlation does not induce an uniform shift in the 
wavelength of the Mn2+-activated CL to higher values. Although Sommer 
(1972a) and Koberski (1992) described a nearly linear correlation between Mg 
content of calcite and the shift of the Mn2+ peak to higher wavelengths, there 
are other examples that differ in a wide range (10--25 nm) from such a linear 
correlation (Fig. 2): The Mn2+ peaks in sedimentary Mg-calcite (>0.8 mol% 
MgC03) do not show only higher wavelengths but also higher values of the full 
width of the peak half height maximum (FWHM) compared to Mg-free calcite. 
Nearly Mg-free calcite only shows FWHM values of -90 nm, whereas Mg-cal
cite shows values of -95-128 nm. Recent results of high resolution CL spec
troscopy (Habermann 1997) document that in magnesian calcite (>0.8-1 mol% 
MgC03) the Mn2+-activated emission is composed of two peaks related to the 
Mn2+ substitution in two different lattice positions (Fig. 3). The first peak is 
located at around 605 nm with a FWHM value of 90 nm. This peak can be clear-
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Fig. 2. Wavelength of Mn2+ -activated CL in calcite and magnesite. There is no linear correlation 
between the Mg content and Mn2+-peak wavelength. The deviation from a hypothetical linear 
correlation is obvious. All samples have Fe and other trace element concentrations below 
6000 ppm. Therefore this deviation can not be explained by substitution of these elements 
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ly attributed to Mn2+-activated emission in a nearly Mg-free calcite structure 
("main-structure") (crystal field splitting parameter ~=7100 cm-i±200 em-i) 
(~data from Walker et al. 1989). The second peak shows a maximum at 654 nm 
and an FWHM value of 90 nm. As such peaks are well known for Mn2+ incor
porated in the Mg2+ position of magnesite (e.g. Spotl 1991), this peak can be 
attributed to the Mn2+ activation in a magnesite-like "(sub)-structure" of mag
nesian calcite. 

Pure magnesite shows a peak maximum wavelength of 656 nm for Mn2+, allow
ing a first approximation of ~ as 8450 cm-i±200 cm-i (Habermann 1997). 

The described two Mn2+ peaks in magnesian calcite can only be analyzed in 
samples containing more than -1 mol% MgC03• This coincides with high resolu
tion transmission electron microscopy (HRTEM) analyses (Khan and Barber 
1990) in which "ribbon microstructures" are determined at MgC03 contents 
above -0.8 mol%. These structures are interpreted as coherent Mg-dominated 
microstructures (Reeder 1992). Here, CL spectroscopy and HRTEM analysis 
reveal that Mg2+ is not strictly homogeneously distributed and three-dimension
al MgC03 domains must occur in magnesian calcite. 
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Fig. 3. Spectrum of Mn2+-activated CL in Mg-calcite (sample: HMC, echinoderm skeleton frag
ment (11 mol% MgC03) . Peak position at 632 nm and the full width of the peak height (FWH) 
of 100 nm are both higher than in an assumed linear correlation between wavelength of Mn 
peak and Mg content. Two peaks can be established by subtracting a reference spectrum of Mn
activated CL in Mg-free calcite. The residuals clearly show the characteristics of Mn2+-activated 
CL in a crystal field of a magnesite-like structure. This indicates that Mn2+ is substituted in two 
different lattice positions in Mg-calcite. (Habermann 1997) 
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of sedimentary magnesian calcites is regularly >5 (Habermann 1997). So with 
only a few mol % MgC03 incorporated into the calcite lattice and a high KD value, 
a distinct part of the Mn2+ -activated CL can be attributed to an intense Mn2+ peak 
at 654 nm. As the emission maxima of the two Mn2+ peaks (605 and 654 nm) are 
not in the same spectral region, the absolute CL intensity is the sum of the over
lapping parts of these two Mn2+ peaks. But this is not equal to the intensity of both 
peak maxima separately. For that reason the integral of the Mn2+ peak(s), or esti
mating the intensity of the two Mn2+ related peaks, in a spectrum is necessary for 
exact determination of the Mn2+ -activated CL intensity. 

As described before, the complex correlation between the Mn2+-activated CL 
intensity and the lattice position is well known in dolomite. In the dolomite struc
ture the Mn2+ ion may be incorporated in the Ca as well as the Mg position (e.g. 
Walker and Burley 1991; El Ali et al. 1993). From there, the Mn2+ peaks can emit 
at 57S nm (Mn2+ in Ca position) and 660 nm (Mn2+ in Mg position) (EI Ali et al. 
1993; Habermann et al. 1996c). 

Clearly, the correlation between Mn content and CL intensity can only be 
determined correctly by analyzing the absolute intensity of all Mn2+ peaks or by 
integrating the Mn2+ -activated emission. 

4.2 
Correlation Between Mn2+-Activated Cathodoluminescence 
Intensity and Mn Content of Calcite 

The correlation between Mn2+-activated CL intensity and analyzed Mn and Fe 
content of sedimentary and hydrothermal calcite is shown in Fig. 4 (sample 
description see Table 1). The Mn and Fe concentrations vary between 16-1000 and 
20-4000 ppm, respectively, with no or only minor inhomogeneities in CL. The lin
ear correlation between Mn content and Mn2+ -activated CL intensity reveals that 
the CL intensity is strongly correlated with the activator element concentration. 
This correlation is also the circumstantial evidence for the beginning of Mn2+ acti
vation being in the sub-ppm range. The CL spectra of samples with Mn concen
trations below 20 ppm analyzed with PIXE (detection limit of PIXE=lO ppm; Mei
jer et al. 1994) clearly show intense Mn2+ peaks in addition to the intrinsic bands 
(Fig. Sa-e). Thus, Mn2+ activation begins much below 20 ppm Mn. There is in fact 
no concentration level for Mn2+ activation in the range of 10-30 ppm Mn content, 
as published by numerous authors (e.g. Savard et al. 1995). The continuous linear 
increase in Mn2+ -activated CL intensity with increasing Mn content - if not sensi
tized or quenched - is the circumstantial evidence that CL intensity is initially 
controlled by the Mn concentration. There is no physical reason why Mn2+ activa
tion could not start at one atom of the irradiated crystal lattice volume if the Fe 
concentration is low (see Habermann et al. 1998). The latter fact is demonstrated 
by the linear correlation between CL intensity and Mn content «1000 ppm Mn). 
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Fig. 4. Correlation between CL intensity (normalized to counts/S s) and Mn and Fe content in 
visually homogeneously luminescent calcite (see Table 1). The data reveal an excellent linear 
correlation (R=0.97) in the range between 19-1000 ppm. Fe contents up to 2000 ppm have no 
influence on this relation. Mn contents below the detection limit of PIXE (10 ppm) were ana
lyzed by QHRS-CL. The calibration of QHRS-CL is based on analytical data of an Iceland spar 
(sample I-SPAT) . The plotted line (arrow) connects zero with the analyzed Iceland spar cluster. 
(Modified from Habermann et al. 1998) 

Table 1. Fe and Mn analyses of sedimentary calcite 

No. Sample Concentration CL intensity Description Visually Method: 
analyses (ppm) (error (counts/S s) homoge- QHRS-

±10-2S0/0) neous CL* 
PIXE** 

Mn Fe 

K-SUR-P1 12 65 36 Hydrothermal calcite * ** 

2 K-SUR-P2 20 93 40 Hydrothermal calcite * ** 

3 DB142-1 3.1 12.2 Hydrothermal calcite * */** 

4 DB142-2 3.0 12 Hydrothermal calcite * */** 

5 DB143-P1 98 24 273 Burial calcite cement * ** 

6 DB143-P2 159 620 695 Burial calcite cement ** 

7 DB143-P3 91 1333 609 Burial calcite cement ** 

8 DB143-P4 29 641 125 Burial calcite cement * ** 

9 SINTER1-2 0.7 n.a. 2.5 Sinter calcite * */** 
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Table 1. Continued. 

No. Sample Concentration CL intensity Description Visually Method: 
analyses (ppm) (error (counts/5 s) homoge- QHRS-

±1O-250/0) neous CL* 
PIXE** 

Mn Fe 

10 GAPl-l 4.8 19 Sinter calcite * * 

11 KAP HIROI 4 n.a. 15 Pleistocene * * 
brachiopod shell 

12 KAPHIR023 8.2 n.a. 32 Pleistocene * * 
brachiopod shell 

13 MALACHa Sinter calcite * * 

14 TREZ-l 1.7 n.a. 6.7 Recent * */** 
brachiopod shell 

15 I-SPAT-Pl 159 241 700 Hydrothermal calcite * ** 

16 P2 168 212 726 Hydrothermal calcite * ** 

17 P3 159 186 592 Hydrothermal calcite * ** 

18 P4 198 248 644 Hydrothermal calcite * ** 

19 P5 173 130 571 Hydrothermal calcite * ** 

20 P6 136 57 504 Hydrothermal calcite * ** 

21 P7 117 42 399 Hydrothermal calcite * ** 

22 TRI-W-l 172 878 615 Burial calcite cement * ** 

23 2 156 629 582 Burial calcite cement * ** 

24 3 130 351 482 Burial calcite cement * ** 

25 4 171 377 567 Burial calcite cement * ** 

26 5 202 390 779 Burial calcite cement * ** 

27 Jt30 -3 56 393 25 Hydrothermal calcite ** 

28 5 34 310 39 Hydrothermal calcite ** 

29 Fb5L l 511 62 3488 Burial calcite cement ** 

30 2 541 59 2667 Burial calcite cement ** 

31 3 642 174 2603 Burial calcite cement ** 

32 4 677 354 3233 Burial calcite cement ** 

33 5 722 387 3328 Burial calcite cement ** 

34 6 770 304 2927 Burial calcite cement ** 

35 7 736 185 3173 Burial calcite cement ** 

36 8 810 120 3666 Burial calcite cement ** 

37 9 833 204 3206 Burial calcite cement ** 

38 10 744 103 3175 Burial calcite cement ** 

39 11 614 75 3669 Burial calcite cement ** 

40 12 651 97 3334 Burial calcite cement ** 

41 13 425 811 2708 Burial calcite cement ** 

42 14 241 2331 943 Burial calcite cement ** 

43 15 240 2942 851 Burial calcite cement ** 

44 16 175 2942 604 Burial calcite cement ** 

45 21 88 845 511 Burial calcite cement * ** 
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Table 1. Continued. 

No. Sample Concentration CL intensity Description Visually Method: 
analyses (ppm) (error (counts/5 s) homoge- QHRS-

±10-25%) neous CL"" 
PIXE** 

Mn Fe 

46 22 64 633 578 Burial calcite cement ** 

47 25 400 184 1980 Burial calcite cement "" ** 

48 26 273 172 1784 Burial calcite cement * ** 

49 27 310 800 1331 Burial calcite cement "" ** 

50 28 465 473 1460 Burial calcite cement * ** 

51 29 470 488 1782 Burial calcite cement * ** 

52 30 519 325 2006 Burial calcite cement * ** 

53 31 669 174 3204 Burial calcite cement * ** 

54 32 659 207 1767 Burial calcite cement "" ** 

55 33 636 259 2668 Burial calcite cement * ** 

56 34 590 326 2668 Burial calcite cement * ** 

57 35 499 540 2981 Burial calcite cement * ** 

58 36 613 414 2865 Burial calcite cement * ** 

59 37 696 124 2458 Burial calcite cement * ** 

60 38 641 98 2770 Burial calcite cement "" ** 

61 39 648 86 2934 Burial calcite cement * ** 

62 40 668 85 3091 Burial calcite cement "" ** 

63 41 1011 51 3054 Burial calcite cement * ** 

64 Pb19 T -F) 202 814 901 Burial calcite cement ** 

65 2 400 747 871 Burial calcite cement ** 

66 3 273 489 1326 Burial calcite cement ** 

67 4 310 1745 899 Burial calcite cement ** 

68 5 465 1777 823 Burial calcite cement ** 

69 6 470 1368 885 Burial calcite cement ** 

70 7 519 2394 800 Burial calcite cement ** 

71 8 669 2274 588 Burial calcite cement ** 

72 9 659 4035 662 Burial calcite cement ** 

73 10 636 457 402 Burial calcite cement ** 

74 11 590 153 305 Burial calcite cement ""* 

75 12 499 164 224 Burial calcite cement ** 
76 13 613 194 3104 Burial calcite cement ""* 

77 14 696 126 2065 Burial calcite cement ** 

78 15 641 n.a. 230 Burial calcite cement ** 

79 16 648 1834 622 Burial calcite cement *"" 

81 17 668 1743 824 Burial calcite cement *"" 

82 18 1011 557 1038 Burial calcite cement ** 

83 Pb19S-1b 422 2628 1677 Burial calcite cement ** 

84 2 449 2540 1661 Burial calcite cement ** 



Quantitative High Resolution Spectral Analysis of Mn2+ in Sedimentary Calcite 341 

Table 1. Continued. 

No. Sample Concentration CL intensity Description Visually Method: 
analyses (ppm) (error (counts/5 s) homoge- QHRS-

±10-250/0) neous CL* 
PIXE** 

Mn Fe 

85 3 447 2459 1641 Burial calcite cement ** 

86 4 415 2312 1648 Burial calcite cement ** 

87 5 276 1632 2224 Burial calcite cement ** 
88 6 304 1939 2203 Burial calcite cement ** 

89 7 396 1927 1442 Burial calcite cement ** 

90 8 428 2060 1734 Burial calcite cement ** 

91 9 369 1731 1313 Burial calcite cement ** 

92 10 435 2882 1545 Burial calcite cement ** 

93 11 440 1856 1668 Burial calcite cement ** 

94 12 423 1871 1623 Burial calcite cement ** 

95 13 1131 2825 1362 Burial calcite cement ** 

96 14 443 2938 1324 Burial calcite cement ** 

97 15 515 1956 1926 Burial calcite cement ** 

98 16 439 712 1147 Burial calcite cement ** 

99 17 286 697 1147 Burial calcite cement ** 

100 18 309 1006 1136 Burial calcite cement ** 

101 19 309 1012 1311 Burial calcite cement ** 

102 20 272 1052 1207 Burial calcite cement ** 

103 OPl-19b 19 4 60 Calcite: belemnite * ** 
rostrum 

104 OPl-21b 28 5 Calcite: belemnite * */** 
rostrum 

Mn contents> 1 0 ppm analyzed by PIXE. Mn contents below the detection limit of PIXE 
(10 ppm) are analyzed by QHRS-CL (this work and Habermann et al. 1998). All mentioned CL 
analyses are data of this work or from Habermann (1997). 

n.a.,not analysed; -below detection limit. 

"Not plotted in Fig. 6. as no Mn2+-activated CL is detectable. 

bPIXE analyses from Bruhn (1995) (values of sample FBS are mean of two PIXE analyses). All 
analyses of CL intensity are data from Habermann (1997). 
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As described before, a small scale inhomogeneity of the Mn distribution, and Fe
and self-quenching can also have a negative effect on estimating the Mn content 
using CL spectroscopy. This relation is shown in Fig. 6. The analysis results are 
highly consistent with those of Hemming et al. (1989; Fig. la). 
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Fig. 6. Correlation between CL intensity and Mn and Fe content in visually homogeneous and 
slightly inhomogeneously luminescent calcites. The poor correlation (R=0.75) compared to the 
data in Fig. 4 is due to inhomogeneities in the Mn distribution and higher absolute Mn and Fe 
content (> 1000 and >3000 ppm). However, a linear correlation is determinable (notice the high 
conformity with data of Hemming et al. 1989). The plotted line refers to the analyzed Iceland 
spar (sample I-SPAT) as a reference for, e.g., quenching effects. The white arrows mark samples 
with dominant Mn self-quenching. The black arrow indicates a sample with both Mn self
quenching and Fe quenching 

4.2.1 
Estimating the Detection Limit of Quantitative 
Cathodoluminescence Spectroscopy 
The CL spectra (Fig. Sa-e) document that Mn and REE peaks are high, although 
the Mn and REE concentrations are below the detection limit of PIXE. A discrim
inated CL peak with a confidence level of 99.86% the smallest accepted CL peak 
area in a spectrum is 3-JNb, where Nb is the background at the peak position 
(Homman et al. 1994). In view of the variations of analysis conditions the detec
tion limit has to be fixed for each spectrum separately. In summary, at present the 
calculated detection limit of QHRS-CL is mostly in the range of 0.1-0.3 ppm for a 
recording time of 2 min. Using the scanning method to record the CL signal, this 
will be in the range of 1-3 ppm and also mostly below the limit of PIXE. 

5 
Quenching and Sensitizing of Mn2+. 

Activated Cathodoluminescence 

The influence of quenching is of particular importance with respect to CL inten
sity and acts to limit quantitative CL spectroscopy. There are four major sources 
of that effect CL intensity: 
1. Self-quenching at high activator concentrations 
2. Quenching by Fe and other quencher elements 



Quantitative High Resolution Spectral Analysis of Mn2+ in Sedimentary Calcite 

3. Thermal quenching 
4. Quenching by structural defects 

5.1 
Self-Quenching and Quenching by Fe 
and Other Quencher Elements 

345 

Self-quenching at high activator concentration plays the most important ro!e. It is 
due to a transfer of excitation energy from the absorbing ion to another, similar 
ion which is more efficient than the emitted luminescence (e.g. Marfunin 1979; 
Machel et al. 1991). In the literature there are different opinions about the con
centration level at which self-quenching occurs. Mason (1987) states a beginning 
of self-quenching at >500 ppm Mn, while our results (Fig. 6) reveal an occurrence 
at a slightly higher concentration level (> 1000 ppm). 

The second important quenching effect is attributed to Fe. Mn2+-activated CL 
is quenched at > 3000-4000 ppm Fe and the degree of Fe quenching is controlled 
by the Fe and Mn content (Fig. 6). Here, the efficiency of Fe quenching increases 
with increasing Mn content according to decreasing average Fe2+ and Mn2+ ion 
distance. 

In a first approximation the Fe content in carbonates can be attributed to the 
Fe2+ ion. Quenching abilities of Fe3+ cannot be excluded, but compared to Fe2+ the 
possible Fe3+ concentrations in sedimentary calcite and dolomite are too low to 
have a considerable influence. 

Other quencher elements like Ni2+ or C02+ are of no importance due to their 
low concentrations in sedimentary calcite and their much lower efficiency com
pared to Fe2+ (Marfunin 1979). 

The Fe/Mn ratio can vary over a wide range without changes in CL intensity 
(Hemming et al. 1989; Mason 1987; Habermann 1997) and therefore has no effect 
on the CL intensity. The large amount of data showing low CL intensity and a rel
atively high Fe/Mn ratio - and also the reverse trend - are based merely on the 
crystal growth conditions of sedimentary and hydrothermal carbonates and not 
on a correlation of the Fe/Mn ratio. 

5.2 
Thermal Quenching 

If a sample is bombarded with accelerated electrons or other radiation, heating 
of the surface is one important effect. In addition to CL, this heating may cause 
thermoluminescence if the temperature increases. Moreover, heating also caus
es a decrease in luminescence intensity. Figure 7 illustrates the decrease in 
CL intensity during electron bombardment. The strong increase in sample tem
perature depends on the electron energy, the beam density and the thermal con
ductivity of the sample. This effect is reversible by cooling down the sample to 
room temperature. As the analyzed samples were coated with a thin gold layer, 
a charging of the sample resulting in quenching can also be excluded. So, this 
temporary decrease in CL intensity can be clearly attributed to thermal quench
ing. 
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Thermal quenching is due to an increase of the efficiency of nonradiative electron 
transitions compared to radiative electron transitions at higher temperatures 
(Walker 1985). There are different opinions regarding to what extent the temper
ature is raised if a solid is bombarded with accelerated electrons. Ranges vary 
between -50 and 100°C (Weast and Astle 1981) and -500 and 600°C (Marshall 
1988). However, for quantitative CL spectroscopy it is not necessary to estimate 
the sample temperature exactly. Measuring the relationship between duration and 
power of the electron bombardment and the decreasing CL intensity is sufficient, 
but this relationship has to be determined for each mineral group separately. As 
the thermal conductivity of coating materials is very different, the samples should 
always be covered with a conductive layer of the same kind and thickness. 

S.3 
Quenching by Lattice Defects 

In contrast to thermal influences, quenching by lattice defects (e.g. Mason 1994) 
is of importance as the intensity of CL is reduced permanently. This is caused by 
growth defects, defects generated by intense deformation and radiation damage 
(Marshall 1988; Mason 1994). Investigations reveal that the first two reasons can 
be excluded when analyzing sedimentary and hydrothermal calcite (Habermann 
1997). 
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To investigate defects generated by radiation, experiments with accelerated 
electrons (beam source: CL microscope) and protons (beam source: PIXE) were 
carried out. In our study we did not investigate the effect of long-term bombard
ment; rather, our main objective was short-term electron and proton irradiation, 
which is more similar to the spectroscopic analysis procedure. Figure. 8 shows the 
spectra of two samples (one calcite and one apatite) irradiated by an electron 
beam and proton beam, respectively. 

The investigations reveal a slight increase in intrinsic CL at 520-700 nm wave
length (Fig. 8a) if pure calcite is irradiated by an electron beam of a current den
sity of 15 jlA/mm2 for 15 min in a vacuum of <10-7 Torr. Peaks are located at 580 
and 660 nm. We propose a relationship between these peaks and intrinsic emis
sion which is caused by radiation damage. As the intrinsic peaks at about 400 nm 
are attributed to Ca+ and C03- centers (Calder6n et al. 1984), the peaks at 580 and 
660 nm can possibly be attributed to broken Ca-O bondings or oxygen vacancies 
(Habermann 1997). However, the increase in a CL intensity induced by this effect 
is very small. 

No measurable decrease in CL intensity was detected after 15 min of irradia
tion of a Mn bearing calcite. However, Mason (1994) describes a permanent 
reduction of the initial CL intensity up to 71 % if the sample is irradiated over sev
eral hours, whereas only a small decrease in the CL intensity is documented after 
8-10 min of irradiation. 

So, irradiation by accelerated electrons has no important effect on the perma
nent CL behavior of calcite if the duration of irradiation is short. But this is not 
the case for all minerals. For instance, the CL of quartz and fluorite is much more 
influenced by irradiation with electrons. This is also the case if minerals are irra
diated by accelerated protons (acceleration: 3 MeV). The analysis of a REE con
taining apatite demonstrates a decrease in CL intensity up to 55% after 20 min of 
proton irradiation. Here, accelerated protons cause a permanent quenching of the 
extrinsic CL (Fig. 8b). Lattice defects can be produced by electron bombardment 
(Hobbs 1979; Marshall 1988; Mason 1994). This is even more valid for accelerated 
protons due to their higher energy and mass compared to accelerated electrons. 
If ionoluminescence is used for quantitative analysis (e.g. Homman et al. 1994) 
this point is of importance, but using CL radiation damage affecting the CL inten
sity is of minor importance. 

5.4 
Sensitizer 

The sensitizing effect caused by sensitizer elements like Pb2+ (Gies 1976) and Ce3+ 
(Marfunin 1979) may playa role in photoluminescence studies. However, these ele
ments do not seem to have an important influence on CL intensity. The analyzed 
samples in Fig. 6 show no effect that can be clearly related to a sensitizing of the 
Mn2+-activated CL. This does not mean that sensitizing is not present, but the pos
sible amplitude of this effect is too low to be detected unequivocally. This is prob
ably due to the low intensity of this effect and its being compensated for by the 
standard errors of the applied analyzing methods (e.g. PIXE, EMS for calibration 
of the quantitative CL spectroscopy) and spectrometric analyses. Additionally, a 
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Fig. 8a,b. Spectra of two samples irradiated by an electron beam and proton beam. a Electron 
beam: the increase in the intrinsic CL between wavelengths of 200 and 700 nm, with peaks at 580 
and 660 nm, is possibly attributed to broken Ca-O bondings or oxygen vacancies. b Proton beam: 
spectra of a REE-containing apatite document a decrease in CL intensity up to 35% after 20 min 
of proton irradiation. This can be clearly attributed to lattice defects (see dark spot in Fig. 12d) 



Quantitative High Resolution Spectral Analysis of Mn2+ in Sedimentary Calcite 349 

small-scale inhomogeneity in trace element distribution may have a greater influ
ence on the divergence between CL intensity and activator concentration analyzed 
by other methods than possible sensitizer elements. Conclusively, our studies on 
sedimentary calcite show no effect that can be clearly attributed to sensitizing. 

6 
Rare Earth Elements 

The REE are some of the most important activator elements in natural minerals. 
REE include trace elements of the atomic numbers 21 (Sc},39 (Y) and 57-71 (La
Lu). In the following, the term REE is exclusively used for the elements of the 
atomic numbers 57-71. Usually, these elements are in the trivalent ionic state, but 
some of the REE also occur in the divalent (Sm2+, Eu2+, Yb2+) and tetravalent 
( Ce4+, Pr4+, Tb4+) state. 

Only EU2+/3+, Er3+, Tb3+, Dy3+, Sm3+, Pr3+, H03+ and Nd3+ (reabsorbed) emit in 
the visible spectral range. Nd3+ has peaks at 870-940 nm while Ce3+ emits in the 
UV (355 nm). 

In contrast to Mn2+, the trivalent REE show nearly constant wavelengths. The 
term "nearly" is due to the fact that the structure of the REE related peaks in a 
spectrum are different depending on the symmetry and strength of the host crys
tal field (Marfunin 1979). Therefore, Ca2+ substituted by REE in calcite structures 
is unequivocally detectable using CL spectroscopy. Commonly, the REE-activated 
CL is hidden by dominant Mn2+-activated CL (Figs. 9, 10). We showed that the 
REE-activated CL of calcite and dolomite is still common in hydrothermal and 
sedimentary calcite (see Habermann et al.I996a). As the REE content may exceed 
100 ppm, the emission intensity caused by REE is of special importance, influenc
ing the absolute CL intensity. Particularly, in case of low Mn content the additional 
REE-related CL emission can cause a significant increase in CL intensity. In this 
case digital spectral analysis is also indispensable for correctly estimating the CL 
intensity attributed to Mn2+ and REE (Figs. 9,10). 

In natural minerals REE are mostly incorporated in groups. Therefore, sensibi
lization, quenching and absorption by other REE are dominant effects yielding 
strong variations in the correlation between the REE-activated CL intensity and 
the REE content (e.g. Marfunin 1979). 

Only for a few REE is quantitative CL spectroscopy possible and an estimation 
of their CL intensity unequivocal. These elements are Dy3+, Eu3+ and Sm3+ because 
some of their peaks lie in a spectral region where no other REE have emission 
peaks and absorption bands, and no or only minor sensibilization occurs. 

It is hard to calibrate a quantitative REE-CL spectroscopy by an external anal
ysis method as most microprobes like EMP and PIXE are often not sensitive 
enough for analyzing REE concentration in a low ppm range. However, in addi
tion to the PIXE method, Homman et al. (1994) developed a quantitative ionolu
minescence (IL)-spectroscopy for some REE. This method has a much higher sen
sitivity than PIXE, although it uses the scanning technique to record the IL spec
tra. But Homman et al. (1994) suggested using a CCD detector to lower the 
detection limit in the range of 0.1 ppm, which is much below other microprobe 
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Fig. 9. Spectrum of Sm3+- and Dy3+-activated CL in calcite obtained by subtracting a reference 
spectrum of Mn-activated CL in Mg-free calcite; deep burial calcite cement, archeaocyathide 
limestone Cambrian, Morocco 

analysis methods. It is indispensable to analyze small amounts «10 ppm) ofREE, 
and methods like SIMS or LA-ICP-MS work efficiently. But for analyzing small 
scale zoning these methods are not very useful. As small scale REE zoning is often 
observed in natural calcite (Habermann et al. 1996a), it is of importance to use a 
small spot size (below 50 Ilm in diameter). 
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Fig.lOa,b. REE-activated CL in calcite detected by using HRS-CL. As REE-activated CL is most
ly blotted out by Mn2+-activation, the REE content can only be revealed by further processing. a 
Calcite, pale violet CL (hydrothermal cement sequence; Triassic limestone, Perachora peninsula 
(Greece) QHRS-CL analyses: Mn=7 ppm; Dy=13±5.2 ppm; (see Fig. 12e). b Calcite, dull orange 
CL (deep burial cement sequence; Triassic limestone; Hydra,Greece); QHRS-CL analysis: 
Mn=152 ppm 

However, at present the quantitative REE -CL spectroscopy has many limits. For 
future work it will be of importance to overcome these limits. Quantitative REE 
analysis using high resolution CL spectroscopy is one of potential method of the 
future. 
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7 
Conclusion 
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Our investigations reveal a positive and linear correlation between Mn content 
(up to 1000 ppm) and Mn2+ -activated CL intensity in calcite. A comparable trend 
was also documented by Hemming et al. (1989), while Mason (1987) described a 
linear correlation up to 400-500 ppm Mn. These experimental data of a linear 
relationship between Mn content and CL intensity are not consistent with data 
presented by Savard et al. (1995), in which a field of "erratic" luminescence behav
ior is described in the range between -20 and 200 ppm Mn. In this range of Mn 
content PIXE and QHRS-CL reveal a high conformity of analytical data (Fig. 11a). 
It is out of the question that the discrepancies between visible determination of 
the CL intensity and objective CL spectroscopy presumably are due to a subjec
tive error caused by a visible determination (see also Hemming et al. 1989). 

Quenching effects are the most limiting factors for quantitative CL spec
troscopy. Here, self-quenching is more efficient than quenching by Fe. Fe quench
ing of Mn2+ -activated CL starts at -2000 ppm Fe depending on Mn concentration. 
At concentration levels with "Mn self-quenching" and "Fe quenching", CL inten
sity is a complex function of both, making quantitative CL spectroscopy very 
problematic. This is consistent with the observations of Hemming et al. (1989), in 
which Fe concentrations less than -1000-2000 ppm had no influence on Mn2+
activated CL intensity if the Mn content was low ( <500 ppm). However, the abso
lute Mn2+ and Fe2+ concentrations control Mn2+-activated CL intensity of calcite. 

It is not clear that Fe content in carbonates can only be attributed to the Fe2+ 
ion. There are no unequivocal data as to whether or not Fe3+ is an effective 
quencher in carbonates. Nevertheless, it cannot be excluded that Fe3+ may be an 
effective quencher, but compared to Fe2+ the possible Fe3+ concentrations are too 
low in the investigated samples. 

The CL properties of carbonates are complex, but applying digital filters on a 
CL spectrum this complexity can be decoded. As shown, this is of importance 
when analyzing the Mn2+-activated CL intensity correctly. Particularly the Mn
distribution in different lattice positions in carbonates and thus the emission of 
sometimes more than one Mn band is a possible reason for a mismatch of the 
absolute CL intensity and the Mn content. But this is also of great potential in ana-

Fig. lla-c. Comparison between PIXE analyses and QHRS-CL analyses. reflecting the confor
mity of these two methods. a Cement sequence of a Triassic limestone of Hydra (Greece). QHRS
CL analysis areas are mostly located between the PIXE analysis spots (sample: FB5; see Fig. 12f; 
PIXE analyses in Bruhn 1995, QHRS-CL analyses in Habermann 1997). b Calcite cement 
sequence, Triassic Trochitenkalk (Germany). Deviations are caused by small inhomogeneities in 
Mn distribution (QHRS-CL analyses spots are placed beside the PIXE analyses spots, only anal
yses of clear defined zones are plotted) (sample: PB19-2; see Fig. 12g; PIXE analyses from Bruhn 
1995, QHRS-CL analyses from Habermann 1997). c Dysprosium is also proved by QHRS-CL 
below the detection limit of PIXE. At present, the error of Dy analyses is in the range of 30-40% 
(Habermann 1997) due to the lack of an appropriate calibration method in this low range of 
concentration; n.a.,not analyzed; (sample: DB143). Analysis conditions: PIXE: time=20 minI 
spot, spot size=lO flm; QHRS-CL: time=5 s/spot, spot size=30 flm; Fe content is below 4000 ppm 
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lyzing the Mn2+ distribution quotient in the carbonate structure in thin sections 
(e.g. EI Ali et al. 1993). 

As REE are common in sedimentary calcite (Habermann et a1.1996a) these ele
ments are also of importance considering CL intensity. In numerous minerals 
some of these elements (Sm3+, Pr3+, EU2+/3+, Er3+, Nd3+, Dy3+) are easily analyzed 
using CL spectroscopy. At present, quantitative CL spectroscopy is also employed 
to analyze a range of REE in calcite and dolomite. 

Quantitative CL spectroscopy is a powerful additional tool to EMP and PIXE or 
related methods. CL spectroscopy is sensitive for Mn analyses of calcites and 
dolomites below 3000 ppm and works very efficiently below 1000 ppm. In case of 
Mn concentrations below 10-50 ppm this method is a very powerful tool with cal
culated detection limits in the range of 100 ppb. It is remarkable that quantitative 
CL spectroscopy (apparatus described in Chap. 2, Fig 1) only takes a few minutes 
to analyze Mn concentrations in the ppb range. Additionally, both substituted Mn 
and the crystal structure can be evaluated. 

As up to now there are only data on sedimentary and hydrothermal calcite and 
dolomite, we are not able to give more details on metamorphic carbonates. Here, 
more investigations are needed. 

Mn2+ analyses using quantitative CL spectroscopy show a high coincidence 
compared to PIXE. Figure 11a-c show three samples of line scans through calcite 
cement generations of early stage to late stage of burial diagenesis and hydrother
mal cements. In all samples the Fe content is below 4000 ppm. Some of the devia
tions are attributed to small scale inhomogeneities in the Mn distribution (see 
Fig. 12f, g). 

Fig.12a-h. All CL photographs were taken using a HCl-LM CL microscope at an electron beam 
density of approx. 15 J.lA/mm2; exposure time varies depending on CL intensity. The colors in the 
photographs represent the visible impression. Film: Kodak EL 135-36,400 ASA. The samples of 
c, f, and g are described in Bruhn (1995), too. Figure parts a-c, e are from Habermann et al. 
(1998). a Mn2+-activated hydrothermal calcite cement showing a violet CL, although the Mn con
tent is only 12 ppm (1=analysis point, see spectrum Fig. 5b). Early diagenetic calcite cement is 
emitting dark blue, which is the intrinsic color of calcite (sample: K-SUR, Hydra/Greece). b Pleis
tocene brachiopod shell, calcite (sample: KAP HIRO, Corinth/Greece). In the internal part of the 
shell an Mn content of 4 ppm can be analyzed using QHRS-CL. c Belemnite (calcite) with a zon
ing of dark blue, violet and orange CL (sample: OPl-19 and -21). Calcite with 19 ppm Mn shows 
dull orange CL - point 19 (trace element analysis in Bruhn 1995). Zones containing only 1.5 ppm 
Mn (QHRS-CL analysis) are luminescing dark blue, e.g. point 21 (compare the spectrum in 
Fig. 5d; notice the Cr3+ peak, which is very uncommon in biogenic calcite). d REE-activated 
apatite with light violet CL (sample: Cerro de Merato, Mexico). PIXE analysis spots show a 
decreased CL intensity (arrows) due to quenching by lattice defects after irradiation with a pro
ton beam (see Fig. 8b). e Hydrothermal calcite cement sequence (sample: DB14-2; Triassic lime
stone, Perachora peninsula, Greece). Violet CL (arrow) is due to Mn2+ and Dy3+ activation. The 
Mn2+ and the Dy3+ contents are below the detection limit of PIXE (Mn -10 ppm, Dy -23 ppm). 
QHRS-CL analyses reveal 7 ppm Mn and 13±5.2 ppm Dy (see Fig. lOa). f Calcite cement sequence: 
Phreatic pore frlling of a Triassic limestone (Hydra, Greece). Sample: FB5 (Arrow: starting point 
of the PIXE and QHRS-CL line scan; see Fig. 11a). g Phreatic calcite cement (Triassic Tro
chitenkalk, NW Germany, sample from Bruckschen et al. 1992). PIXE analysis spots are non
luminescent (see Fig. lib). h Hydrothermal calcite cement sequence (sample: DB14-3; Triassic 
limestone, Perachora peninsula, Greece). circles: PIXE and QHRS-CL analysis spots (see Fig. llc) 
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The great potential of quantitative CL spectroscopy is its high sensibility com
bined with a very low amount of damage to the sample. Compared to, e.g. SIMS 
and LA-ICP-MS, these are big advantages. Additionally, this method can also sup
ply extensive information about crystal structure. Quantitative CL spectroscopy is 
not only applicable to carbonates. Other minerals such as feldspars, apatite and 
zircon can be analyzed too, which is one of the most important potentials of this 
new method. 
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CHAPTER 14 

Systems of Interacting Luminescence Centers 
in Natural Diamonds: Laser-Induced 
Time-Resolved and Cathodoluminescence 
Spectroscopy 

GERARD PANCZER, MICHAEL GAFT, 

ARNOLD S. MARFUNIN 

1 
Introduction 

Luminescence is produced by a wide variety of processes, including photolumi
nescence (PL) and cathodoluminescence (CL), the types used by earth scientists. 
CL has several advantages over PL, namely, a greater energy density and the pos
sibility to focus the microprobe beam to a few microns (Marfunin 1994) . In addi
tion, CL only stimulates the surface, whereas PL stimulates the whole crystal zone 
excited by the laser beam. 

<pl>Pulsed lasers employed as excitation sources combine very high power 
and the ability to focus that power with a highly selective monochromatic excita
tion. Such lasers enable the determination of not only spectral but also kinetic 
parameters of luminescence in the time domain from ns to ms. In this chapter, 
laser-induced luminescence (LIL) will be compared with conventional PL and CL. 
Diamond is selected because it commonly displays luminescence and has been 
thoroughly studied by traditional methods. 

Micro-Raman equipment, in which a monochromatic laser beam is focused on 
the sample, is the most suitable for micro-LIL investigation. Modern commercial 
dye lasers can achieve on the order of 1-2 W of power from the red region to the 
UV (260 nm) by the use of a range of dyes and frequency doubling crystals and 
are suitable for both Raman and luminescence spectroscopy. Double monochro
mators used in Raman spectroscopy also give a very high spectral resolution as 
well as a very low scattered light background. An additional advantage of micro
Raman equipment is the possibility of simultaneously obtaining Raman and 
luminescence spectra. This is especially important when dealing with geological 
materials because additional minerals may be present which can result in erro
neous interpretations. 

Luminescence spectroscopy is one of the most widely used techniques in the 
study of diamonds even when compared with optical absorption, ESR, IR and 
Raman spectroscopy. Hundreds of spectra have been obtained and fluorescence 
characteristics are important in the drawing up of diamond quality gemmologi
cal certificates. A wide range of electronic and laser applications are based on the 
optical properties of diamond. Nitrogen center aggregation is controlled by the 
residence time of diamond in the mantle but the distinction between natural and 
synthetic, irradiated, or enhanced diamonds and identification of any particular 
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diamond can be made by detailed luminescence studies. Furthermore, CL topog
raphy reflects the growth parameters. 

Two approaches have been used for the determination and characterization of 
luminescence centers in natural diamonds: experimental laser-induced time
resolved spectroscopy and systematic analysis of the diamond structure related to 
center formation. Ten specimens have been chosen from the collection of approx
imately 200 characteristic crystals taken from some thousands of Yakutian dia
monds. 

2 
Experimental Techniques 

Steady state luminescence and excitation spectra at 300 and 77 K were obtained 
by 500 W Xe arc lamp excitation on an SLM spectrofluorimeter. 

2.1 
Time-Resolved Luminescence 

The time-resolved luminescence spectra at 300 and 77 K were investigated under 
UV laser excitation (308,354 and 384 nm) using 10 jlJ pulses and were analyzed 
by a Hilger and Watts monochromator with a grating of 1200 grooves/mm blazed 
at 500 nm. Luminescence in the range of 400-900 nm was detected by a fast 
response GaAs photomultiplier (RCA 31034) and the signal was fed into a Can
berra multichannel analyzer for the lifetime data. For short decay times (less then 
1000 ns) time-resolved spectra were obtained using an SR250 Boxcar, the output 
of which was digitized, and decay times were measured by a Lecroy 9410 digital 
oscilloscope. 

The lifetime analysis of the decay curves was carried out with an Origin com
puter program which allows the best fit to the experimental curve to be achieved 
by using several exponentials and adjusting their relative contributions. 

2.2 
Cathodoluminescence 

The CL spectra were recorded with a CL spectrometer on a Jeol JSM-840 scanning 
electron microscope operated at 10 kV. The recording system consists of a 
parabolic mirror, a silica window allowing the passage of UV emission, a Jobin
Yvon H-10 spectrometer and a Hamamatsu R636 photomultiplier, which allows 
detection from 200 to 900 nm. The emission and excitation spectra are corrected 
for the spectral response functions of the system. 
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3 
Experimental Results 

3.1 
Photoluminescence 

3.1.1 
N3, N3-Delayed and 2.96 eV Centers 
Determination of the nature of the luminescence centers was undertaken by com
paring the luminescence emission at 77 and 300 K on the "pure type" diamonds 
(Table 1) with certain types of defects. Usually the major differences between 
spectra at 77 and at 300 K are in decay times and the presence of zero-phonon 
lines at 77 K. The only luminescence with appreciable fine structure at 300 K is 
that from the N3 center; its zero-phonon line at 415 nm shows considerable vari
ability in intensity and is sometimes almost undetectable (Fig. 1b). The decrease 
in the zero-phonon line intensity is accompanied by an increase of the 360 nm 
line in the excitation spectrum (Fig. 1a). The cause may be the formation of N3 
clusters with the ensuing concentration quenching resulting from energy migra
tion. The transfer is of the emission-reabsorption type, namely, emission by one 
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Fig. la-c. Excitation (a), luminescence (b) spectra ofN3 centers. 1 Strong line at 415 nm; 2 with
out line at 415 nm; and reabsorption of the line at 415 nm (c) 
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Table l. Luminescence centers in investigated diamonds 

Center Alum (nm) Aex (nm) 't (J.ls) T(OK) Referencea Description 
of diamond 

N3 415,428,439,452 308 0.04 77 1 Colorless 

N3-delayed 415,428,439,452 384 870 300 2 

2.96 eV 415,428,439,452 308 38.7 77 
4.6 300 3 

S2 489,523,530 (broad) 354 95 77 4 

463 354 312 77 

H3 525 (broad) 384 0.02, 300 5 Yellow-green 
11.2, 
6000 

530 (broad) 308 126,213 77 

S3 498, 545 (broad) 354 200 77 6 

GRI 794 308 0.D2,0.28 77 7 

635 (broad) 308 55,280 300 Yellow 

N3 415,428,439,452 308 0.04 77 1 

SI 570 (broad) 308 3.0,27,200 300 4 Colorless 

635 (broad) 308 55,280 300 

604,700,788 308 77 7 

aI, Gaft (1994); 2, Bokii et al. (1986); 3, Pereira and Santos (1993); 4, Marfunin (1979); 5, Pereira 
and Monteiro (1991); 6, Davies (1994); 7, Marfunin (1997). 

luminescence center and its reabsorption and emission by the other center. This 
is explained by the similarity of the energies of emission and reabsorption. In the 
luminescence of the sensitizer, only the intensity of the absorbed part decreases, 
the rest remaining unchanged (Gaft 1994). 

This suggests the following explanation. A feature distinguishing the N3 center 
is that its absorption is similar to its excitation and presents a mirror reflection 
about the zero-phonon line of its photoluminescence emission spectrum. The line 
at 415 nm is present in the emission and absorption spectra subjected to concen
tration quenching. This is confirmed by the fact that this process is particularly 
prominent in the yellowish diamonds, which are characterized by a high N3 con
tent (Pereira and Santos 1993). A strong reabsorption line at 415 nm in these dia
monds is clearly seen in the spectrum which was recorded with a time delay of 
Ills; under these circumstances N3 luminescence is no longer detected because of 
its short decay time (Fig. lc). 

Short-decay spectra usually show emission from N3luminescence centers with 
a decay time of less than 40 ns. Despite such an extremely short decay time, the 
long-decay spectra of the same samples are sometimes characterized by zero
phonon lines which are very close in energy to those in N3 centers. At 77 K under 
308 nm excitation the decay curve may be adjusted to a sum of two exponentials 
of 'tl=4.2 Ils and 't2=38.7 Ils, while at 300 K only the shorter-lived component 
remains. Under 384 nm excitation an even longer decay component of't3=870 IlS 



Systems of Interacting Luminescence Centers in Natural Diamonds 363 

10r-~--------------------~ 

428 
440 

a 
b 

6 28 

439 
415 

452 
8 

$ 

416 

6 
41 

4 
3 

2 
2 

400 500 600. 700 800 700 800 

nm nm 

6 

c <l 

5 
6 

4 

Z: 4 
·iii 3 
c: 
.!l 
.E 

2 NT 

t"s = 4.2 ~s + 38.7 ~s 

500 1000. 1500 2000 2500 

~s ~s 

Fig.2a-d. Luminescence (a, b) and decay (c,d) of 2.96 eV and N3-delayed centers (NT, 77 K; RT, 
300 K) 

may appear (Fig. 2). The first type of long-lived luminescence may be connected 
with a 2.96 eV center which is possibly correlated with Al presence (Pereira and 
Santos 1993). The second type of delayed N3luminescence is ascribed to the pres
ence of two metastable states identified as quartet levels at the N3 center (Pereira 
and Monteiro 1991). 
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3.1.2 
H3, H4, 52 and S3 Centers 
The H3, H4, S2 and S3 centers are characterized by relatively broad bands (max at 
525-545 nm), sometimes accompanied by very weak zero-phonon lines at 489 
and 523 nm (S2),498 (S3) and 503 (H3) nm (Fig. 3). It is very difficult to distin
guish between the centers of this group, especially when they present together. 

Under pulsed-laser excitation the differences in decay times are more defini
tive. Different decay components (Fig. 4).in the green part of the spectrum allow 
us to establish the presence of H3 (12 fls) and S3 (126 and 213 flS) centers (Bokii 
et al. 1986; Davies 1994). 
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Fig. 3. Steady-state luminescence of H3, H4, S2 and S3 centers (NT, 77 K) 
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800 

365 

These broad bands are sometimes accompanied by narrow lines (Fig. 5) of the 
GR1 center at 794 nm and at 700 and 788 nm (Bokii et al. 1986; Davies 1994). The 
relatively broad line at 463 nm which has a decay time of 312 s is not described in 
the literature (Fig. 3). 
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3.1.3 
51 Center 
Two broad bands exist in the yellow-red part of the spectrum (Fig. 6), character
ized by a similar decay which has three main components and decay times of 4.8, 
50 and 220 f.Ls. The broad structureless band with a maximum at 570 nm may be 
identified as being due to an SI center (Bokii et al. 1986; Davies 1994) although 
the band at 640 nm is not described in the literature. 
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Fig. 6. Luminescence spectra of S1 center and 640 nm center (excitation: 308 nm) 

3.1.4 
Reabsorption Lines of Molecular Oxygen 

367 

The laser-induced time-delayed luminescence spectra of several diamonds con
tain a strong "negative" line at 760 nm (Fig. 7). The following results allow us to 
conclude that these lines are not due to noise or artefacts. 

The spectral features are "negative", thus they may not be related to second 
order lines or incidental sources of light. 

The spectrum is presented without any smoothing or other mathematical 
treatment. It is clearly seen that negative lines are much stronger than the noise. 
Additionally, the negative lines always occur at the same energy. The invariability 
of the spectral positions provides evidence that they are not a result of fluctua
tions of the laser pulses and detection system. 
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Fig. 7. Reabsorption spectra of molecular oxygen O2 at 760 nm for four different diamonds 

Such lines are well known in the atmosphere and recently have been found in 
magmatic and sedimentary apatites (Gaft et al. 1997). They are due to molecular 
oxygen absorption. 
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Fig. 8. Cathodoluminescence spectra of the Yakutian diamonds analysed by photoluminescence 
(Figs. 1-7) 

3.2 
Cathodoluminescence 

All diamonds investigated are characterized by very similar CL with a maximum 
in the blue region of the spectrum (Fig. 8). This broad band is mainly a result of 
A centers. 

4 
Discussion 

4.1 
Fundamental Characteristics of Real Structures 
and Excited States 

A fundamental investigation of the physical properties of diamonds is extremely 
important for applications in material science and technology, optoelectronics, 
semiconductors, radiation dosimetry, heat conductivity and lasers (Marfunin 
1994). 

Natural diamonds contain a series of coexisting interacting centers with ener
gy transfer. Observed luminescence of one-two centers can be a consequence of 
interaction between several centers whether inducing radiative transitions or not. 
Taking into account established models of several centers and the existence of 
groups of centers, two classifications can be presented: 
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1. A classification based on the type of a center (N, B-Ni, vacancy, dislocation 
related, and aggregations of impurities and vacancies) 

2. A classification based on the origin of a center (naturally or synthetically 
grown, caused by irradiation and/or heating, or plastic deformation) 

4.2 
Gemmology 

Fluorescence characteristics are used in diamond quality gemmological certifi
cates for distinguishing between natural and synthetic, irradiated and enhanced 
gem diamonds. In addition, in the jewelry industry there is a need to be able to 
quickly identify any particular diamond and to be able to distinguish it from 
others. For example, since the appearance of diamonds leaving the polishing 
factory bear no resemblance to the diamonds that entered it, the opportunity 
exists for the polished gems to be switched for less valuable ones (Yifrach and 
Neta 1992; Curtis 1989). The combination of luminescence properties (spectra 
of luminescence and excitation, decay time and intensity of luminescence) at 
300 K, together with a suitable program for data treatment, enables reliable 
identification of specific diamonds and a means of distinguishing them from 
others. Time-resolved spectroscopy is especially effective because 50-70% of 
diamonds have a strong blue luminescence which hinders discrimination when 
distinguishing between N3 and N3-like centers. Also, with a 11 Ils delay the N3 
emission is totally quenched and more individual bands with longer decay times 
appear. 

4.3 
Sorting 

It has been maintained that sorting under X-ray excitation, which has similar 
properties to CL, is better than under UV lamp excitation. Moreover, new deposits 
have been discovered which contain diamonds that do not luminesce under X-ray 
excitation. Sometimes this portion, which is unrecoverable in X-ray luminescent 
sorters, is large enough to warrant the development of a new sorting method. For 
such diamonds UV excitation at 300 K proved to be very effective, not under UV 
lamps, but under powerful UV lasers (Gaft et al. 1989). 

Luminescence is generated by two lasers operating at different wavelengths -
an excimer laser operating at 222 nm which excites the A-band, and a nitrogen 
laser which excites mainly S3 and "578 nm" centers. The A-band is present in 
approximately 95% of investigated diamonds, but with large intensity varia
tions. Practically all the diamonds with weak A-luminescence are characterized 
by strong luminescence under nitrogen laser excitation. Detection is carried out 
at two spectral and temporal selective windows - between 420 and 480 nm with 
a time delay of 3-9 ms and between 450 and 650 nm with a time delay of 
1-20 ms. 

Comparative investigation yielded the following results: in 12% of the samples 
laser excitation is much more effective and may be used even for recovering dia
monds from the wastes of X-ray sorters. In 85% of samples laser excitation is bet-
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ter and allows for higher feeding rates and recovery efficiency. In 3% of the sam
ples the diamonds were non-luminescent under both kinds of excitation (Gaft 
1993). 

4.4 
Genetic Features 

Luminescence properties may be specific for diamonds of different genetic types 
(kimberlites, lamproites, high-pressure metamorphics, impact craters, interstellar 
dust) and different deposits with the same genesis. 

5 
Conclusions 

Time-resolved laser-induced luminescence spectroscopy enables the detection of 
practically all types of luminescence centers existing in diamonds. The combina
tions of these centers are specific for each investigated diamond (Table 1). By con
trast, conventional CL spectra for the same diamonds are very similar. (It may, of 
course, be possible to use time-resolved CL by pulsing the electron beam.) Thus 
time-resolved spectroscopy is somewhat more informative for both fundamental 
investigations and practical applications. 
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CHAPTER 15 

Use of Cathodoluminescence for U-Pb 
Zircon Dating by Ion Microprobe: 
Some Examples from the Western Alps 

DANIELA RUBATTO, DIETER GEBAUER 

1 
Introduction 

The first report on cathodoluminescence (CL) of zircon goes back to the second 
half of the nineteenth century (Crookes 1879), however, only in the last 40 years 
has this phenomenon been addressed more frequently. The main CL emission 
bands have been related to different trace elements such as Mn and V (Leverenz 
1968), Hf and Y (Ono 1976), Dy (e.g. Mariano 1978), Gd and Tb (e.g. Ohnenstet
ter et al. 1991). These elements would act as "activators" and enhance the "intrin
sic" luminescence of pure zircon by non-stoichiometry, lattice damage or by 
structural defects (Marshall 1988). It has also been pointed out that elements 
such as Y can have a "quenching" effect on CL of zircon (Ohnenstetter et al. 1991) 
as they reduce the CL emission. A second approach to CL relates to the studies 
of CL zoning patterns to assist in the interpretation of U -Pb dating. This tool has 
proved to be indispensable when combined with U-Pb zircon dating by ion 
microprobe (e.g. SHRIMP). CL allows the identification of different types of zir
con domains that then may be dated in situ by SHRIMP, with spatial resolutions 
between ca. 30 Ilm (e.g. Gebauer et al. 1988) and 15-20 Ilm (e.g. Gebauer 1996; 
Vavra et al. 1996). 

This chapter deals in particular with CL related to dating, but some consider
ation is also given to the relation between emission and trace elements. Different 
zoning patterns within single crystals were recognised by CL and then dated by 
SHRIMP. The obtained ages were indispensable and support the hypotheses 
based on CL only. Moreover, the information on the concentrations of U and Th, 
obtained by SHRIMP and EMP, was integrated into the CL observations. The con
clusions reached by the combination of these techniques were supported by geo
logical and petrographic constraints and led to an understanding of the various 
geological processes that the zircons recorded during their multi-stage history 
(e.g. magmatism, deposition, metamorphism, hydrothermal alteration and meta
somatic leaching of Th, U and Pb). 

The aims of this chapter are: (1) to investigate the inverse correlation between 
CL emission and U-concentration in zircons, (2) to relate different types of zir
con domains, distinguished on the base of their internal structure, to various 
geological processes. The cases studied are subdivided into sections on the basis 
of the different geological processes involved. In the discussion, our findings are 

15 
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compared with other case studies and possible explanations for some of the 
characteristic zircon zoning patterns observed are suggested. 

2 
Geological Setting 

The zircons investigated were separated from samples of two different tectonic 
units in the Western Alps: the Sesia-Lanzo Zone and the Zermatt-Saas-Fee ophi
olites. 
1. The Sesia-Lanzo Zone, studied in detail first by Dal Piaz et al. (1972), consists 

mainly of a Variscan metasedimentary basement intruded by abundant pre
Alpine granitoid and mafic bodies, which underwent Alpine subduction. All 
the samples were collected within the high-pressure (HP) unit of the "Eclogitic 
Micaschist Complex" (e.g. Compagnoni 1977). This zone is a slice of continen
tal crust regarded by most of the authors as part of the Austroalpine domain 
(e.g. Dal Piaz 1993), representing part of the Adriatic margin involved into 
Alpine orogeny. 

2. The Zermatt-Saas-Fee ophiolitic sequence consists mainly of metamorphosed 
ultramafic rocks, gabbros and basalts (Bearth 1967). The mafic complex is 
overlain by a discontinuous cover of Middle to Upper Jurassic deep-sea sedi
ments (Bearth 1967). The Zermatt-Saas-Fee unit is considered to be a slice of 
oceanic crust, part of the Tethyan ocean, that was paleogeographically situated 
W -NW of the Sesia -Lanzo Zone. This ophiolitic sequence is Middle Jurassic in 
age (Rubatto et al. 1998). 

During Alpine convergence both units underwent subduction which is recorded 
by HP or ultra-high-pressure (UHP) metamorphism. The Sesia-Lanzo Zone was 
subducted at around the Cretaceous-Tertiary boundary (Rubatto et al. 1999), a 
distinctly younger, Middle Eocene subduction affected the Zermatt-Saas-Fee 
ophiolites (Rubatto et al. 1998). In the Sesia-Lanzo Zone, peak metamorphic con
ditions of the eclogite-facies metamorphism are ca. 550-600 °C and 15-18 kbar 
(e.g. Pognante 1989). For the Zermatt-Saas-Fee ophiolites, the maximum estimat
ed temperature is around 600°C while the pressure reached up to ca. 28 kbar at 
Lago di Cignana, as documented by UHP parageneses containing coesite (Rei
necke 1991). In the other area studied, the Taschtal, a maximum pressure of more 
than 20 kbar was estimated (e.g. Fry and Barnicoat 1987). 

Most of the samples analysed from both tectonic units preserve an eclogite
facies paragenesis and only in few cases a later greenschist-facies assemblage can 
be observed. Based on geological, petrographic and chemical constraints, it was 
possible to distinguish between meta-intrusives (granites and gabbros), meta
volcanics (basalts), metasediments and metamorphic veins (Table I). 



Use of Cathodoluminescence for U-Pb Zircon Dating by Ion Microprobe 375 

Table 1. List of samples analysed 

Sample Rock type Zircon analysed Number of spots 

Sesia-Lanzo zone 

MUC2 HP-metagranite 17 47 

MUC3 HP-metagranite 5 9 

MUC4 HP-metagranite 4 7 

MUC5 Eclogite 8 10 

MUC6 Eclogite 7 13 

MUC8 HP-vein 7 10 

MUCI0 HP-metagranite 5 8 

QUIl Leucogranitic dike 9 16 

QUI2 Eclogite 7 11 

MSTl HP-vein 12 20 

MST2A Eclogitic micaschist 14 23 

MSel0 Eclogite 10 15 

CAv3 Low-grade vein 4 6 

BZgl Metagabbro 8 12 

BZg2 Metagabbro 3 3 

BZg13 Metagabbro 8 10 

BZb14 Eclogite 5 5 

BZfl8 Leucogranitic dike 8 8 

BZv5 HP-vein 17 18 

Zermatt-Saas-Fee 
ophiolites 

MAT2 Metagabbro 8 14 

MAT6 Metagabbro 4 5 

TAS9 Leuco-metagabbro 3 4 

TASI0 Leuco-metagabbro 6 15 

TAS21 Leuco-metagabbro 5 7 

TAS24 Leuco-metagabbro 4 8 

TAS25 Metagabbro 4 4 

TAS27 Oceanic metasediment 7 7 

CIGI Eclogite 3 5 

CIG2 Eclogite 3 3 

CIG3 Oceanic metasediment 9 18 

CIG4 Oceanic metasediment 3 3 

Total 217 344 

Metagabbro indicates a mafic rock in which a pre-Alpine gabbroic texture or paragenesis is still 
preserved. Eclogite indicates samples for which the mafic protolith (gabbro or basalt) is not 
clear based on petrography only. The number of spots refers to the spots analysed for each 
sample. 
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2.1 
Sample Preparation and Analytical Techniques 

The rock samples were crushed and sieved to less than 320 11m. The zircons were 
separated according to magmatic properties and density and finally selected by 
hand picking. The zircons from each sample were sorted into fractions according 
to shape, colour and dimension. They were embedded into epoxy and were pol
ished down to a quasi-equatorial section. The same mount was used for CL anal
yses and SHRIMP dating. The selection of zircons for SHRIMP analyses was done 
on the basis of the CL images. 

CL investigation was carried out on a CamScan 4 scanning electron micro
scope (SEM) at the Institut fur Metallforschung und Metallurgie at the ETH in 
Zurich. The instrument is supplied with an ellipsoidal mirror for CL (e.g. Gebauer 
1996). Panchromatic CL and secondary electron pictures of the zircons crystals 
were taken with 1 min scanning time on 125 ASA black and white films. Operat
ing conditions for the SEM were of 13 kV at the cathode and an emission current 
of ca. 120 A. 
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Fig. 1. Qualitative EMP profile across a zircon from a HP sheared-orthogneiss (MUC2) showing 
typical oscillatory, magmatic zoning. The change in trace element concentrations corresponds 
approximately to the change in CL emission. The zones dark in CL are relatively enriched in Y 
and U with respect to the brighter zones. The EMP analyses cannot resolve the very fine zona
tion bands in the centre of the zircon 
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The zircons were dated by the Sensitive High Resolution Ion Microprobes 
(SHRIMP II and I) at the Australian National University in Canberra. Instrumen
tal conditions and data acquisition were generally as described by Compston et al. 
(1992). As reference, zircons from a pegmatite from Sri Lanka (SL13) were used in 
1995 and 1996, while in 1997, zircons from a gabbro of the Duluth Complex in 
Minnesota (AS3) were used in addition. 

Qualitative U and Y profiles were carried out by electron microprobe (EMP; 
Cameca SX-50) at ETH in Zurich (Institut fur Mineralogie und Petrographie) 
equipped with five crystal spectrometers. Operating parameters include an accel
eration potential of 15 kV, a beam current of 100 nA and a beam size of 1-2 Ilm. 
The qualitative analyses were collected in steps of ca. 1 Ilm with a measuring time 
of 20 s for each step. The small distance between the steps produced some over
lapping, so that very fine zoning bands as in Fig. 1 could not be resolved. 

3 
Cathodoluminescence vs U Content 

In CL, zircons are characterised by the alternation of relatively bright and dark 
zones, the distribution, shape and dimension of which give rise to different CL 
patterns. When zones with different intensities of CL are analysed by SHRIMP, 
mean U contents and Th contents (representative of a volume with a diameter of 
about 25 Ilm and a depth of ca. 2 Ilm) are obtained. Brighter fluorescing domains 
are relatively poorer in U than in the weaker fluorescing (dark) domains (Table 2 
and Figs. 1-3,5-9). This general observation is valid for the more than 200 zir
cons analysed, and is independent of rock type and conditions of zircon forma
tion. 

The U abundance detected by SHRIMP is supported by qualitative EMP pro
files, which give information on the U and Y contents of the different zones with 
a more detailed spatial resolution. Figure 1 shows a profile through a zircon with 
alternating dark and bright fluorescing zones. Although the EMP analyses do not 
resolve the fine banding of the inner part of the zircon, where the element profiles 
are flat, for the broader bands the variations in U content correspond to the 
changes in CL emission. Y has a pattern similar to that of U, but with much high
er counts. Bands richer in U and Yare darker in CL and brighter areas are rela
tively poor in these trace elements. It was also observed that two adjacent bands 
that look similar in CL do not necessarily have the same U and Y contents. This 
difference implies that the correlation between trace elements contents (U and Y) 
and CL emission is not linear, as already pointed out by Hanchar and Rudnick 
(1995). 

Based on the combination of SHRIMP, EMP and CL data, it can be confirmed 
that the CL emission :n zircons is inversely correlated to their contents of U 
andY. 
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Table 2. SHRIMP data and CL observation for six of the studied samples 

Spot name U Th Th/U CL CL pattern Age 
(ppm) (ppm) intensity 

BZvS-17.1 13 8 0.60 Medium Sector/ oscillatory Magmatic 

BZvS-41.2 19 10 0.54 Medium Sector/oscillatory Magmatic 

BZvS-4.1 S 0.21 High Light rim Mixing 

BZvS-1.2 82 19 0.23 Medium Cloudy rim Mixing 

BZvS-18.1 6 0.17 Medium Cloudy rim Mixing 

BZvS-38.1 4 <1 0.03 Medium Cloudy rim Mixing 

BZvS-24.1 37 33 0.91 High Cloudy rim Mixing 

BZvS-6.1 10 6 0.S8 Medium Sector/oscillatory Metamorphic 

BZvS-28.1 2 <1 0.04 Medium Cloudy rim Metamorphic 

BZvS- l1.1 9S 62 0.67 Low ( Oscillatory) Metamorphic 

BZvS-21.1 2 <1 0.02 Medium Cloudy rim Metamorphic 

BZvS-23.1 2 <1 0.07 Medium Cloudy rim Metamorphic 

BZvS-41.1 6 <1 0.03 Medium Cloudy rim Metamorphic 

BZvS-12.1 2 <1 0,02 Medium Cloudy rim Metamorphic 

BZvS-17.2 3 <1 0.03 Medium Cloudy rim Metamorphic 

BZvS-42.1 3 <1 0.06 Medium Cloudy rim Metamorphic 

BZvS-16.1 8S <1 <0.01 Medium Cloudy rim Metamorphic 

BZgl-l1.1 37 24 0.64 High (Oscillatory) Magmatic 

BZgl-2.2 82 81 0.98 Medium Oscillatory Magmatic 

BZgl-3.1 337 403 1.2 Low Oscillatory Magmatic 

BZgl-4.1 429 434 1.0 Low Oscillatory Magmatic 

BZgl-S.l 164 lIS 0.70 Medium Oscillatory Magmatic 

BZgl-6.1 760 810 1.1 Low Sector/oscillatory Magmatic 

BZgl-1.3 <1 0.01 Medium Unzoned Mixing 

BZgl-20.1 4 3 0.81 High Cloudy Mixing 

BZgl-2.1 S 0.18 High Cloudy Mixing 

BZgl-1.1 7 <1 0.01 Medium Cloudy Metamorphic 

BZgl-1.2 3 <1 0.01 Medium Cloudy Metamorphic 

MUCS-1S.l 429 125 0.29 Medium Sector Magmatic 

MUC5-19.2 360 64 0.18 Medium (Sector) Magmatic 

MUC5-13.1 211 66 0.31 Medium Sector Magmatic 

MUCS-22.1 297 107 0.36 Medium Sector Magmatic 

MUCS-3.1 263 45 0.17 Medium Sector Magmatic 

MUC5-1.1 S53 216 0.39 Medium Sector Magmatic 

MUC5-19.1 145 <0.01 High Cloudy Metamorphic 

MUC5-13.2 119 <O,ol High Unzoned Metamorphic 

MUC5-25.1 69 <1 0.01 High Unzoned Metamorphic 

MUC5-24.1 118 <1 <0.01 High Unzoned Metamorphic 

TAS9-7.1 482 1188 2.5 Low ( Oscillatory) Magmatic 

TAS9-7.2 92 80 0.87 High (Oscillatory) Magmatic 
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Table 2. Continued 

Spot name U Th Th/U CL CL pattern Age 
(ppm) (ppm) intensity 

TAS9-1.l 335 643 1.9 Low ( Oscillatory) Magmatic 

TAS9-2.3 90 54 0.60 Medium Cloudy Magmatic 

TAS9-2.4 187 302 1.6 Low (Oscillatory) Magmatic 

TAS9-10.1 30 474 16 High ( Oscillatory) Magmatic 

TAS9-9.1 397 885 2.2 Medium (Oscillatory) Magmatic 

TAS9-9.2 597 1760 3.0 Medium (Oscillatory) Magmatic 

TAS9-10.4 70 504 7.2 High (Oscillatory) Mixing 

TAS9-4.1 28 12 0.44 Medium Oscillatory Mixing 

TAS9-10.5 45 151 3.4 Medium Cloudy rim Mixing 

TAS9-10.2 28 <1 <0.01 Medium Cloudy rim Mixing 

TAS9-10.3 55 4 0.07 Medium Cloudy rim Metamorphic 

TAS9-2.1 5 <1 0.06 Medium Cloudy rim Metamorphic 

TAS10-20.1 1299 3396 2.6 Low Oscillatory Magmatic 

TAS10-19.1 1177 2528 2.2 Low Oscillatory Magmatic 

TAS10-18.1 196 261 1.3 High Oscillatory Magmatic 

TAS10-1.l 156 153 0.98 Medium Unzoned Magmatic 

TAS10-1.2 968 2148 2.2 Low Oscillatory Magmatic 

TAS10-12.1 200 192 0.96 High Cloudy rim Magmatic 

TAS10-13.1 265 274 1.0 Medium Cloudy rim Mixing 

MST2A-19.1 605 84 0.14 Low Oscillatory Inherited 

MST2A-18.2 642 313 0.49 Low Oscillatory Inherited 

MST2A-13.1 219 154 0.70 Medium Oscillatory Inherited 

MST2A-13.2 213 8 0.04 Medium Oscillatory Inherited 

MST2A-1.2 1346 687 0.51 Low Oscillatory Inherited 

MST2A-17.1 504 51 0.10 Low Oscillatory Inherited 

MST2A-12.2 27l 141 0.52 Medium Oscillatory Inherited 

MST2A-8.2 189 103 0.54 Low Irregular Inherited 

MST2A-15.2 199 86 0.43 Medium Oscillatory Inherited 

MST2A-9.1 184 82 0.45 Medium Oscillatory Inherited 

MST2A-10.1 406 134 0.33 Medium Oscillatory Inherited 

MST2A-4.1 274 17 0.06 Medium Oscillatory Inherited 

MST2A-4.2 294 32 0.11 Medium Oscillatory Inherited 

MST2A-4.3 1474 215 0.15 Low Oscillatory Inherited 

MST2A-16.1 683 130 0.19 Medium Oscillatory Inherited 

MST2A-18.1 148 O.ol Medium Irregular Metamorphic 

MST2A-11.l 155 <0.01 Medium Irregular Metamorphic 

MST2A-1.l 86 1 O.ol High Irregular Metamorphic 

MST2A-15.1 140 3 0.02 Medium Irregular Metamorphic 

MST2A-8.1 211 <0.01 Medium Unzoned Metamorphic 

MST2A-12.1 101 0.01 Medium Unzoned Metamorphic 
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Table 2. Continued 

Spot name 

MST2A-6.1 

MST2A-4.4 

U Th Th/U 
(ppm) (ppm) 

405 

210 

2 0.001 

0.01 
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CL CL pattern Age 
intensity 

Medium Irregular Metamorphic 
Medium Cloudy Metamorphic 

The first number after the sample name indicates the zircon crystal. The CL intensities are esti
mated according to the CL images and therefore are purely qualitative and significant only when 
spots from the same zircons or sample are compared. CL patterns not well defined are within 
brackets. The ages obtained by SHRIMP are classified as "Magmatic" if they date the intrusion 
of the protolith, "Metamorphic" if they date the metamorphism, "Mixing" if they represent a 
Mixing between these two ages, and "inherited" if they date Inherited cores of detrital origin. 
The Th/U data are the same as plotted in Fig. 4. 

4 
Magmatic Zircons 

The zircons extracted from meta-igneous rocks display oscillatory zoning, with 
more or less narrow bands, parallel to the growing crystal faces (Figs. 2, 3). Alter
natively to oscillatory zoning, sector zoning can be present. The different bands 
exhibit contrasting luminescence intensities and different U contents that range 
from a few thousands to a few ppm. A significant chemical characteristic of these 
domains are the Th/U ratios, which are generally higher than 0.1-0.2 and may be 
as high as 15.6 (Table 2, Fig. 4). 

All the zircon domains that show these features and that were dated by 
SHRIMP yielded a geologically meaningful age for their magmatic protoliths. Few 
cases were observed in which, in spite of a magmatic age, the zircon domains did 
not show oscillatory or sector zoning (Table 2). In each of these cases the Th/U 
ratio was still higher than 0.1-0.2. 

Therefore, it can be concluded that in the zircons studied the domains that 
show an oscillatory/sector zoning and that have Th/U ratios higher than 0.1-0.2 
were formed during magmatic crystallisation. 

4.1 
Comparison Between Zircons 
from Granitic and Gabbroic Rocks 

The zircons from granitic rocks (MUC2-4, MUClO, QUIl and BZfI8) are often 
elongated in shape (length/width ca 2:1, Fig. 2). Moreover, they have a particular
ly well-defined banding on a micron scale with relative strong contrasts in lumi
nescence. The U contents are generally higher than 200-300 ppm and can reach 
several thousands of ppm. 

In gabbroic rocks (MUC5-6, QUI2, MSelO, BZgl-2, BZgI3, BZbI4, CIGI-2, TAS9-
25 and MAT2-6) zircons tend to be isometric (length/width close to 1:1, Fig. 3),even 
if elongated shapes are not uncommon. The contrast in luminescence between the 
different bands or zones is not as strong as in granitic zircons and growth banding 
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Fig. 2a-d. CL images of magmatically zoned zircons from metagranitic rocks. Numbers indicate 
U contents in ppm; circles show the location of the SHRIMP analyses a Zircon from a HP sheared
orthogneiss (MUC2) that show a fine oscillatory zoning and a length/width ratio of 8/3. b Zircon 
from a HP metagranite (MUClO) with typical magmatic zoning. The bright un zoned rim yields 
a mixing age between the protolith and the metamorphic age c Zircon from a metamorphic vein 
within a HP metagranite (MUC8) showing features similar to those of the zircons from the coun
try rock (a). The bright rim is probably of metamorphic origin, but was not dated, as it is too nar
row. d Zircon from an HP metagranite (MUC3). The oscillatory zoned domain surrounds a core 
with irregular zoning. Both domains yield the age of the magmatic crystallisation 
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Fig.3a-d. CL images of magmatic zoned zircons from metabasic rocks. Numbers indicate U con
tents in ppm; circles show the location of the SHRIMP analyses. a Zircon from the eclogite 
BZb14; it shows regular broad bands (10 J.Im scale) with gradational zoning and a low CL con
trast when compared to the granitic zircons of Fig. 2. b Zircon from an eclogite (QUI2) with 
nearly isometric shape and sector zoning. c Zircon from the HP metagabbro TAS21; it displays 
a fine banded oscillatory zonation characterised by a lower contrast in U content between the 
zones. d Zircon from an Mn-rich metasediment from the Zermatt-Saas-Fee ophiolites (TAS27). 
It has a zonation pattern very similar to that of the zircons from the metagabbros collected with
in the same sequence. Note the sector zoning and the probably metamorphic rim 
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Fig. 4a,b. Ages in Ma vs Th/U ratios. The errors are not plotted because they are smaller than 
the symbol size. The distinction between magmatic, mixing, metamorphic and inherited 
domains is made on the basis of the SHRIMP age. a Data from meta-igneous rocks (BZvS, BZgl, 
MUCS and TAS9 and 10). For graphical reasons in samples TAS9 and TAS10 the Th/U ratios 
higher than 3 are not represented. The "mixing" data from sample TAS9-1O refer to analyses that 
mixed zircon cores and rims. b Data from a metasedimentary rock (eclogitic mica schist MST2a) 

is, in several cases, broader (10 11m scale, Fig. 3a). In a few crystals a gradational zon
ing within the bands is observed. In ca. 30% of the zircons separated from mafic 
rocks sector zoning is superimposed on to the oscillatory zoning (Fig. 3b,d). The U 
content of magmatic zircons from the mafic rocks studied can be, in contrast to 
granitic zircons, even lower than 100 ppm. A few of the metagabbros sampled with
in the Zermatt-Saas-Fee ophiolitic sequence contain zircons with U contents even 
lower than 1 ppm, under or at the detection limit for SHRIMP analyses. 

In summary, differences like type of growth banding, sector zoning and U con
tent exist between magmatic zircons from granitic and gabbroic rocks. 

5 
Detrital Zircons 

Four of the samples studied are metasediments: MST2a is a HP micaschist from 
the Sesia-Lanzo Zone; CIG3, CIG4 and TAS27 are deep-sea metasediments of the 
Zermatt-Saas-Fee ophiolitic sequence. CIG4 contains only metamorphic zircons; 
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in TAS27 the zircon population is homogeneous in CL zoning pattern, while the 
zircons separated from the CIG3 and MST2a show some common features. They 
always have cores with complicated zoning patterns characterised by different, 
more or less concentric domains that can display mutual cross cutting relations 
(Fig. 5). The rounded composite cores generally show embayments due to partial 
resorption and are surrounded by a later metamorphic rim (Fig. 5c,d). The tran
sition from the detrital core to the younger rim is in some cases marked by a very 
dark CL zone (Fig. 5a,b), as described by Vavra et al. (1996) in zircons from the 
near Ivrea Zone. 

The inherited cores are not always visible under the optical microscope. For 
instance, all the zircons from the sample MST2a show a core in the CL image. 
However, in transmitted light the same zircons only occasionally display cores, 
especially as most of the crystals are not transparent. 

Different CL domains within the same detrital zircon core argue for a poly
phase evolution of the zircon's source, in contrast to detrital zircons with one sin
gle zoning pattern (e.g. TAS27, Fig. 3d). SHRIMP dating confirmed this hypothe
sis. In the samples MST2a and CIG1, even within the same core, different ages 
were obtained. Moreover, in both samples the different cores yielded different 
ages. Even if not all of these ages are necessarily geologically meaningful, as lead 
loss cannot be ruled out for all the data points, the data still argue for a prove
nance of the sediments from different sources. 

6 
Metamorphic Zircon Domains 

All the sample analysed had a similar Alpine evolution and underwent HP or UHP 
metamorphism. As a consequence of this, most of the zircons have external zones, 
irregular in shape, which can form proper rims around older cores (Fig. 6). The 
most evident feature of these rims in CL is the absence of regular zoning, a rather 
homogeneous CL emission and thus an uniform U content, as shown also by the 
EMP profile of Fig. 7. Sometimes these domains display a weak cloudy or patchy 
zoning or even some relics of planar zoning (Fig. 6b-d). 

The chemical composition of these domains is characterised by Th/U ratios 
systematically lower than 0.1, as shown in Table 2 and Fig. 4. Characteristic for the 

Fig. Sa- d. CL images of zircons from a metasedimentary rock (eclogitic micaschist MST2a). 
Numbers indicate U contents in ppm; circles show the location of the SHRIMP analyses. Zircons 
(a), (b) and (c) have a core with complicated zoning patterns characterised by different, more or 
less concentric, domains that sometimes display mutual crosscutting relationships. The cores 
are surrounded by later metamorphic rims. a Zircon showing an inner core with magmatic zon
ing and an external core with metamorphic zoning. In zircons (a) and (b) an irregular zone very 
dark in CL marks the transition from the detrital core to the younger rim. c Zircon with a dark 
zoned magmatic core, which shows embayments due to partial resorption, surrounded by a 
bright rim. The more external rim is probably metamorphic. d Zircon showing a zoned mag
matic core that shows embayments due to partial resorption and an irregular dark area sepa
rates it from a second magmatic zone 
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Fig. 7. Qualitative EMP profile across a zircon from a HP metagranite (MVClO) that shows a 
magmatic zoned core and an unzoned metamorphic rim. The change in trace element concen
trations corresponds approximately to the changes in CL emission. The zones dark in CL are rel
atively enriched in Y and V with respect to the brighter zones. Note that the metamorphic rim 
shows a flat profile 

metamorphic domains is also the low U content, generally less than 100-200 ppm, 
always lower than the cores. These features have been observed in samples 
derived from intrusive rocks, while the zircons from the metasediment MST2a 
have rims with U contents that are sometimes higher than in the detrital cores, 
but still with lower Th/U ratios. 

Also in this case, SHRIMP analyses are of fundamental importance to check 
the CL interpretation. Most of the domains interpreted in CL as metamorphic 
yielded the age of the Alpine metamorphism, in agreement with data obtained by 

Fig.6a-d. CL images of zircons with metamorphic rims. Numbers indicate V contents in ppm; 
circles show the location of the SHRIMP analyses. a Zircon from an eclogite (MUCS) where a 
metamorphic domain (U: 119 ppm) developed between two magmatically zoned areas. This is 
evidence for zircon recrystallisation during metamorphism. The metamorphic area is charac
terised by a high luminescence and the absence of any zonation. b Zircon from a HP metamor
phic vein (BZvS) that shows a possible overgrown metamorphic rim. The rim probably grew 
externally to the crystal faces of an euhedral core, which does not show any resorption. c, d Zir
cons from metasedimentary rocks (MST2a and CIG3, respectively) that display rounded detri
tal cores surrounded by rims that yield metamorphic ages. In this case it is hard to recognise the 
processes by which the rims formed. Both rims (especially d) preserve some relics of regular 
zonation 
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other isotopic systems (e.g. Barnicoat et al. 1995; Inger et al. 1996; Duchene et al. 
1997). Others yielded a mixing age between the protolith and the metamorphic 
ages. 

In summary, peripheral irregular zircon domains that show in CL no or weak 
irregular zoning, that are often bright in CL (V-poor) and are characterised, with 
respect to cores, by lower Th/V ratios, are interpreted to be of metamorphic ori
gin. 

7 
Zircons from Metamorphic Veins 

Seven of the 34 samples collected are from metamorphic veins (Table 1). All 
of them occur within HP terrains and were deformed prior to or during the 
eclogite-facies metamorphism. The only exception is CAv3, which is a late meta
morphic vein formed during retrogression. The veins are a few cm up to 40 cm 
wide and can reach several meters in length. Most of the zircons separated from 
these veins are similar to the country rock zircons with respect to shape, CL 
patterns and ages (Fig. 2a). Only in one case (MSTl) does the vein contain zir
cons different from the ones separated from the enclosing country rock 
(eclogitic micaschist MST2a) and these are the subjects of the next paragraph 
(Fig. 8). 

The zircons from this vein are euhedral, elongated (length/width ca. 3:1) and 
are transparent under the optical microscope. In CL, they show an oscillatory zon
ing with unusually narrow growth bands that have a weak contrast in CL intensi
ty (Fig. 8). Some of them also display irregular, interfingering, bright and dark 
domains, both displaying the same zoning bands (Fig. 8d). A few zircons show 
peripheral domains with cloudy zoning patterns in CL and are thus similar to 
metamorphic areas (Fig. 8c). Small rounded cores are sometimes preserved. In 
these cores it is very hard to distinguish any zoning because of the strong CL 
emission (Fig. 8a,b). 

The V content of these zircons varies over a wide range (250-7400 ppm) and 
the Th/V ratios are, with the exception of the cores, less than 0.1, lower than in 
magmatic zircons, but comparable to zircon domains formed in metamorphic 
environments (Table 3). 

The SHRIMP age determinations of the zircons from MSTl gave interesting 
results. With the exception of the cores, all the data points (within both cloudy 
and oscillatory zoned domains) yielded ages ca. 10 Ma older (76.1±1.l Ma, Rubat
to et at. 1999) than the eclogite-facies metamorphism dated in the enclosing 
country rock (65.2±4.6 Ma; Rubatto et al. 1999). As expected, the cores yield old
er ages similar to the zircon cores preserved in the country rock. An understand
ing of these zircon data requires geological and petrographic arguments. There
fore their discussion is postponed to Sect. 9. 
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Table 3. SHRIMP data and CL observations for the sample MSTl (hydrothermal zircons) and 
MUC6 (zircons affected by metasomatism) 

Spot name U(ppm) Th (ppm) Th/U CL intensity CL pattern Age 

MSTl-15.1 518 3 0.Ql Medium Cloudy Alpine 

MSTl-12.1 319 13 0.04 Very high Alpine 

MSTl-I0.l 259 11 0.04 Very high Alpine 

MSTl-17.1 293 15 0.05 Very high Oscillatory Alpine 

MSTl-17.2 2105 160 0.08 Very low Oscillatory Alpine 

MSTl-l1.1 2754 265 0.10 Very low Oscillatory Alpine 

MSTl-23.1 1814 5 <0.01 Low Cloudy Alpine 

MSTl-23.2 2618 204 0.08 Low Oscillatory Alpine 

MSTl-40.1 454 22 0.05 Medium Cloudy Alpine 

MSTl-34.3 8255 141 0.02 Very low Oscillatory Alpine 

MSTl-5.2 1859 130 0.07 Very low Oscillatory Alpine 

MSTl-9.2 2428 241 0.10 Very low Oscillatory Alpine 

MSTl-2.2 3819 316 0.08 Very low Unzoned Alpine 

MSTl-9.1 290 32 0.11 Very high Inherited 

MSTl-5.1 340 57 0.17 Very high Cloudy Inherited 

MSTl-19.1 619 246 0.40 Medium Oscillatory Inherited 

MSTl-19.2 674 163 0.24 Low Oscillatory Inherited 

MSTl-34.1 595 199 0.33 Very high Cloudy Inherited 

MSTl-34.2 7408 102 0.01 Low Cloudy Inherited 

MSTl-2.1 1764 700 0.40 Medium Cloudy Inherited 

MUC6.25.1 732 1273 1.7 Medium Oscillatory Magmatic 

MUC6.25.2 183 100 0.55 Medium Sector Magmatic 

MUC6-23.2 521 590 1.1 Low Oscillatory Magmatic 

MUC6-7.2 262 208 0.79 High Oscillatory Magmatic 

MUC6-12.2 348 163 0.47 Low Oscillatory Magmatic 

MUC6-1.1 228 182 0.80 Medium Oscillatory Magmatic 

MUC6-1.2 48 9 0.19 Medium Unzoned Magmatic 

MUC6-29.1 1382 632 0.46 Low Oscillatory Magmatic 

MUC6-25.3 30 3 0.10 High Unzoned Metasomatic 

MUC6.23.1 30 5 0.16 Medium Broad sector Metasomatic 

MUC6-4.1 17 2 0.09 High Broad sector Metasomatic 

MUC6-12.1 42 5 0.11 High Unzoned Metasomatic 

MUC6-7.1 18 3 0.14 High Broad bands Metasomatic 

The first number after the sample name indicates the zircon crystal. Where no CL pattern is 
indicated the very high CL intensity does not permit any zoning to be seen. For information 
regarding "Age" and "CL intensity:' refer to Table 2. 
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Fig.8a-d. CL images of zircons from metamorphic vein MSTI. Numbers indicate U contents in 
ppm; circles show the location of the SHRIMP analyses. The crystals are elongate in shape and 
show an oscillatory zoning with unusually narrow growth bands that display only a weak con· 
trast in CL intensity. a, b Zircons that preserve a detrital core which has a very high CL emission. 
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8 
Zircons Affected by Metasomatism 

Zircons separated from an eclogite of the Sesia-Lanzo Zone, which preserves a 
fresh eclogite-facies paragenesis (MUC6, Fig. 9a,b), represent a very interesting 
and unusual case. They have magmatic cores that in CL display oscillatory and 
sector zoning. Domains brighter in CL, which display a weaker zoning, surround 
the cores. The oscillatory sector zoning of the cores gradually fades towards the 
rims. Sometimes it is crosscut by areas that show relatively broad, non-planar 
oscillating zones or sectors. 

With only one exception, the peripheral portions are depleted in U 
(18-42 ppm) when compared to the cores (180-1380 ppm, Table 3). The chemical 
differences between the two types of domains are also marked by their Th/U 
ratios (Table 3). 

The age of the cores corresponds to the age of the Permo-Carboniferous mag
matic protolith (286±6 Ma), in agreement with the age of the other eclogite 
(MUC5: 285±7 Ma; Rubatto et al. 1999) and the metagranites (MUC 2,3 and 4: 
294±3 Ma, and MUC10: 297±18 Ma; Rubatto 1998) which were collected in the 
same area. The peripheral portions yield a significantly younger age (221±14 Ma; 
Rubatto 1998). The five data points form a well defined cluster on the concordia 
diagram, which rules out the possibility of mixing ages and argues for a discrete 
geological event, discussed in the following section. 

9 
Discussion 

9.1 
Cathodoluminescence and U Content 

Our study confirms the earlier observation that CL emission of zircons shows a 
negative correlation to U and Y contents. This seems to indicate that these ele
ments have a negative effect on CL. Unfortunately, SHRIMP analyses do not mea
sure Y contents and therefore it is impossible at this stage to establish if this ele
ment is, as U, systematically negatively correlated to CL emission. However, the 
qualitative EMP profiles argue in favour of this (Figs. 1, 7). This observation 
implies that the CL emission is caused by elements other than U and, probably, Y. 

It has been already observed that with increasing abundance of minor and 
trace elements (U, Th, Y, P, Ca, Hf, Fe, AI, Na and K) the relative intensity of CL in 
zircons decreases (Sommerauer 1974). However, studies of CL spectra using nat
ural and doped zircons seem to suggest that Ti and U can induce, not reduce, 

c Zircon showing a peripheral domain with a cloudy zoning pattern, similar to metamorphic 
domains. This domain yielded the same age as the oscillatory zoned areas. d Zircon that displays 
irregular interfingering bright and dark domains. Within the bright area traces of the same 
oscillation bands as in the dark area are visible 
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luminescence (Ohnenstetter et al.1991). The negative correlation between CL and 
Y content observed in our profiles agrees with the hypothesis of Ohnenstetter et 
al. (1991). They suggested that, in zircons doped with Y, a particular emission 
band is due to lattice defects associated with the presence of this element, but that 
at high concentration levels the Y3+ has a quenching effect on luminescence. 
Therefore, it is likely that the abundance of trace elements, such as U and Y, 
decreases the CL emission by non-stoichiometry and/or structural defects. The 
time-dependent radioactive decay does not seem to play an important role in 
reducing luminescence, as old zircons (Precambrian) with relatively high U con
tents give CL images with a clear zoning and a variable CL intensity. Also, the pos
sibility that U does not play any active role in reducing CL emission, but is sys
tematically correlated to other trace elements more directly related to CL, has to 
be taken into consideration. Possible elements playing an important role as CL 
activators in zircons are, for instance, Dy and Tb (Hanchar and Rudnick 1995); 
however no information about the abundance of these elements was obtained 
during EMP or SHRIMP measurements. 

At this stage it is not possible to understand whether in zircons the relatively 
low luminescence of domains enriched in U and Y is due to the presence of any of 
these two trace elements or to other elements associated with them. Nevertheless, 
the empirical observation that a negative correlation exists between U content 
and CL intensity is important. This correlation is a powerful qualitative tool to 
identify zircons and zircon domains relatively rich in U. The latter are generally 
more suitable for U-Pb dating by ion microprobe, when, as in our case, relatively 
young and U-poor zircons are studied. By contrast, in U-richer zircons the prob
lems of lead-loss and discordance, occurring when very U-rich areas are dated, 
can be avoided. 

9.2 
Magmatic Zoning 

Magmatic zoning has been widely described in the literature not only for zircons. 
Shimizu (1990) suggested possible mechanisms generating oscillatory zoning in 
augite, and Halden et al. (1993) discussed the case of zircons. All authors agree 
that zoning is due to oscillation in trace element chemistry. Our observation that 
the contrast in CL emission within the individual growth bands corresponds to 
depletion or enrichment of U and Y confirms that the classical oscillatory zoning 
of a magmatic zircon is caused by the oscillating depletion and enrichment of 
trace and minor elements at the crystal-melt interface. 

Fig.9a-d. CL images of zircons from eclogite MUC6 (a,b), UHP Mn-rich micaschist CIG3 (c) and 
eclogite CIG2 (d). Numbers indicate U contents in ppm; circles show the location of the SHRIMP 
analyses. The magmatic cores in (a) and (b) display an oscillatory/sector zoning that gradually 
fades in the direction of the rims. The rims show relatively broad, non-polygonal zoning. They 
are thought to have been affected by metasomatic leaching. Zircons (c) and (d) show irregular 
sector zoning with a nonsystematic alternation of bright and darker domains, which display a 
weak and very fine oscillatory zoning. These zircons yield the age of the metamorphism 
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In the present study, the comparison between zircons from granitic and gab
broic rocks led to some relevant observations. The U content of granitic zircons, 
generally higher than of mafic zircons, is a consequence of the enrichment in 
incompatible elements, such as U, in more differentiated melts. Nevertheless, this 
general observation cannot be taken as a rule as shown by U contents higher than 
1000 ppm measured in one zircon from the eclogitic gabbro TASlO (Table 2). 

We described that granitic zircons have narrow bands with strong CL con
trasts, while gabbroic zircons display reduced CL contrasts between bands which 
are sometimes broader. These observations are in tune with cases reported in the 
literature (Hanchar and Miller 1993; Pidgeon 1992; Pidgeon et al. 1990; Van 
Breemen et al. 1987; Vavra et al. 1996). One of the few examples of zircons from 
gabbros is described by Scharer et al. (1995), who shows CL images of crystals 
with a zoning pattern characterised by broad bands (> 10 J.1m) crosscut by sector 
zoning similar to the one shown in Fig. 3b. The difference in magmatic zoning of 
zircons from rocks with different chemical compositions may be explained by the 
different temperatures at which the melts crystallized. Assuming saturation of 
ZrSi04 in a relatively cold granitic magma, the melt at the crystal surface will be 
frequently depleted in trace elements because of the relatively low diffusion rates 
of these elements. This causes a fine growth banding with strong CL contrasts due 
to a strong and frequent oscillation in U and other trace element concentrations 
at the crystal-melt interface. However, in a hotter mafic melt the faster diffusion 
rate of trace elements prevents strong enrichment and depletion at the interface 
so that the chemical zoning of the growing crystal is weaker, broader and some
times gradual. In general, the diffusion coefficient of elements at a given temper
ature is a few orders of magnitude lower in rhyolitic melts than in basaltic melts 
(Brady 1995). This supports our hypothesis. Obviously, the above explanations are 
limited because additional work is needed to understand which other factors 
could control the U and trace element distribution within growing zircon crystals. 
For instance, little is known about the kinetics (e.g. growth rate), crystallisation 
sequence and chemical behaviour of zircons in different melts. 

9.3 
Detrital Zircons 

The zoning pattern described in Sect. 5 revealed that CL is useful in the identifi
cation of detrital zircon cores. As the zircon population of a sediment results from 
the mixing of grains from different sources, detrital zircons will show different CL 
patterns. In poly-metamorphic terrains, detrital zircons with complex internal 
structures are expected. In an eclogitic micaschist of the Sesia-Lanzo Zone 
(MST2a) the presence of detrital zircon cores proves the sedimentary origin of the 
protolith. The complexity of the CL patterns as well as the different ages of the 
detrital cores argue for different sediment sources. 

The identification of detrital zircon cores is of fundamental importance for 
conventional multi grain or single grain dating, in which inheritance causes dis
cordant age patterns and mixing ages. Also, when laser ablation techniques are 
applied to zircons, the presence of inherited cores can be a cause of mixed ages if 
the laser penetrates too deeply into the crystal or if the spot size is relatively large 
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(40 11m). Using the SHRIMP technique, the cores can be dated precisely and rela
tively easily and thus a maximum depositional age can be derived via the 
youngest zircon core found. The deep-sea sediments overlying the Middle Juras
sic ophiolites of the Zermatt-Saas-Fee (CIG3 and TAS27) are a good example of 
the application of CL study to metasediments. They contain zircons with cores as 
young as Middle Jurassic (Rubatto et al. 1998). In addition, most of the zircon 
cores show a zonation pattern quite typical for gabbroic rocks (Fig. 3d). This 
implies that the deposition occurred after the Middle Jurassic and that detrital 
components were coming mainly from the surrounding ophiolitic gabbros, the 
only known magmatic rocks that yield this age. 

9.4 
Metamorphic Zircons 

Our study reports the first cases of metamorphic zircon domains formed at rela
tively low temperatures: metamorphic temperatures of both investigated units are 
well constrained at a maximum of 600°C (Fry and Barnicoat 1987; Pognante 
1989). In the more common case of granulite-facies metamorphism the formation 
of zircon domains is generally attributed to two different processes: (1) over
growth, where partial melting induced zircon resorption and reprecipitation 
(Claesson 1987; Van Breemen et al. 1987; Vavra et al. 1996); (2) solid-state recrys
tallisation or replacement rather than new growth (Pidgeon 1992). In numerous 
zircons analysed during this study it is not always easy to establish whether a 
metamorphic domain represents an overgrowth or a re-orientation during solid 
state processes of a pre-existing crystal lattice (recrystallisation). If metamorphic 
domains cut across older magmatic zoning (Fig. 7) or if they clearly develop 
between two magmatically zoned areas (Fig. 6a) it is likely that they formed by 
sub-solidus recrystallisation of a previous magmatic crystal lattice. Relics of mag
matic zoning within a metamorphic domain are further evidence for sub-solidus 
formation. Domains yielding intermediate ages ranging between the proto lith age 
and the age of the metamorphism confirm the hypothesis of recrystallisation. 
However, metamorphic overgrowth could be an explanation for domains that 
occur externally to crystal faces of euhedral zircons, which do not show any 
resorption (Fig. 6b). 

The chemical composition of most of the metamorphic zircon domains anal
ysed (low Th/U ratio and often relative low U content) is in agreement with obser
vations regarding zircon domains formed during granulite-facies metamorphism 
(Claesson 1987; Williams and Claesson 1987; Pidgeon 1992). Different processes 
can explain the low Th content in metamorphic zircons. (1) Th mobilised during 
metamorphism and thus available in the system at the time of zircon formation is 
trapped by other mineral phases. This process probably acts in rocks in which Th
rich phases such as monazite, titanite or allanite are forming or recrystallising 
during metamorphism. (2) Th is not mobilised from other mineral phases during 
metamorphic processes and therefore the new zircon overgrowth is relatively Th
poor. This explanation alone is plausible only in case of overgrowth, as it cannot 
explain the case of in situ recrystallised domains where Th would be retained. (3) 
At relatively low metamorphic temperatures (in our case ca. 600°C) the amount 
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of trace and minor elements that can fit into the lattice is drastically reduced. 
Therefore, elements as U and Th, having atomic radii larger than that of Zr, are 
expelled in case of recrystallisation or they do not enter the crystal lattice in case 
of new overgrowth. Th might be even more incompatible than U because of its 
slightly bigger radius (e.g. Pidgeon 1992) or different charge distribution. This last 
process is preferred because it explains the fact that some of the domains partial
ly reset in age show an intermediate Th/U ratio. When the sub-solidus re-orienta
tion of the lattice is incomplete then both Pb and Th are only partially lost. How
ever, it is likely that a combination of all these processes, either acting all togeth
er or one or another being prevalent cases, results in the very low Th/U ratios of 
metamorphic domains. The high pressures suffered by the investigated tectonic 
units cannot be considered to be a relevant factor in Th and U distribution as low 
Th/U ratios are typical also for metamorphic rims formed at lower pressures. 

9.5 
Zircon Behaviour in the Presence of Fluids 

The case of zircons from the metamorphic vein MSTl can be interpreted when 
geological and petrographic constraints are integrated with the CL studies and 
SHRIMP dating. Mineral composition and field relations support a metamorphic 
origin of the vein. A magmatic proto lith is ruled out because of the chemical com
position of the vein (quartz and jadeite). In addition, no magmatic intrusions of 
that age are known. The presence of partial melting in this rock is excluded by the 
absence of quartz-feldspar pockets in the rock and by the too low temperature 
reached during metamorphism (600-550 0e). Therefore, the zircons within the 
vein did not crystallise from a melt. The euhedral, elongated crystal shape argues 
against a possible detrital origin of these zircons. Instead, crystal shape and zon
ing observed in CL suggest that the zircons have grown in equilibrium with a flu
id phase, where euhedral crystal faces grew freely and the oscillations in U con
centration at the crystal-fluid interface produced an oscillatory zoning. The rela
tively low Th/U ratios are in agreement with a metamorphic environment and the 
exceptionally high U content of some zircons indicates that the fluid was enriched 
in trace elements. This enrichment might be due to partial dissolution of zircons 
from the country rock. Therefore, it is suggested that the narrow growth zoning 
and the elongated euhedral shape of the zircons occurring in the metamorphic 
vein result from fast mineral growth in a hydrothermal environment. The age of 
these zircons, significantly older than the metamorphic peak dated in the country 
rocks, argues for a formation of the vein and the zircons during the prograde 
path. Quartz-rich veins within metapelites commonly form under low or very 
low-grade metamorphic conditions and the present mineral assemblage of the 
vein would then reflect the HP transformation of such a vein. The fact that the zir
cons from the vein did not record the eclogitic peak is not surprising: at time of 
high-pressure metamorphism they were only 10 Ma old, not yet metamict and 
therefore less subject to lead loss at such low temperatures. 

The eclogite and the metasediments of Lago di Cignana (CIG2, 3 and 4) repre
sent other cases of suspected zircon growth in the presence of metamorphic flu
ids. These low temperature (ultra-) high pressure rocks (600°C and 28 kbar; Rei-
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necke 1991) contain zircons with various type of domains yielding the age of 
metamorphism (Fig. 9c,d). Of particular interest are zircon crystals that in CL 
show irregular sector zoning with a non-systematic alternation of brighter and 
darker domains. The different sectors or areas have polygonal sharp boundaries 
and can display a weak and very fine oscillatory zoning (Fig. 9d). This zircon type 
is present in the eclogite and the two metasediments. It is suggested that these zir
cons, which have no traces of inherited components, grew during metamorphism 
in the presence of HP fluids close to peak metamorphic temperatures (600°C). By 
contrast, zircons within the same samples that yield inherited ages and display 
typical magmatic CL zoning may have been protected as inclusions in stable min
erals. Zr and trace elements (for instance V) were probably introduced into these 
rocks by the fluids, as the inherited zircons preserved are not resorbed. The 
metasedimentary sequence may have been the external source for those elements. 

In eclogite MVC6, sharp boundaries between the core and weakly zoned V-Th
poor zircon rims may argue for the formation of these rims in a V- and Th-poor 
environment, after partial resorption of the pre-existing magmatic crystals. How
ever, the age of the rims does not correspond to any regional event in this tecton
ic unit. The metamorphic evolution of the area is well known and no evidence of 
regional metamorphism, partial melting or magmatism at the time of formation 
of the zircon rims (221±14 Ma) exists. It is suggested that the younger, peripher
al portions probably reflect a metasomatic event during which fluid percolation, 
due to mafic underplating at lower crustal levels (Ivrea Zone), leached Pb, Th and 
V resetting the age of the zircon rims and preserving the cores. The problem of 
the sharp boundaries between the domains affected by metasomatic leaching and 
the magmatic zircon cores would be explained by sub-solidus lattice re-orienta
tion of the rims due to fluids. By comparing the V-rich core with the V-poor rims 
a mobilisation during metasomatic leaching of circa 80-95% of the total V can be 
estimated. The removal of Th was even more dominant, up to 99%. During this 
process no complete annealing of the magmatic zoning was reached as evidenced 
by the preservation of ghost zoning. Fluid percolation, for instance along micro
fractures or grain boundaries, would not be detected by geological and/or petro
graphic evidence, especially because the unit was overprinted by later Alpine 
metamorphism. This would explain why this metasomatic event is only recorded 
by zircons. Similar ages were also found by Vavra et al. (1996) in zircons from the 
nearby Ivrea Zone and by Gebauer et al. (1997) in the Dora-Maira Massif (West
ern Alps). They interpreted these ages as the time of fluid infiltration during maf
ic underplating at the beginning of the continental breakup. 

10 
Conclusions 

1. A negative correlation exists between CL emission and V content of different 
zircon bands or domains. This observation was made on a large number of zir
cons from different rock types having V contents between a few ppm and sev
eral thousands of ppm. Therefore, this correlation is independent of rock type 
and conditions of zircon formation. 
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2. The distinction of different zircon domains according to CL patterns and 
chemical composition (U content and Th/U ratio) is essential for accurate U
Pb dating of distinct geological processes. 

3. Magmatic zircons show a planar, banded oscillatory zoning pattern. The con
trast in CL emission between the oscillating zones reflects depletion or enrich
ment of trace elements (e.g. U and Y) at the crystal melt interface. 

4. In the studied rocks, zircons from granitic and gabbroic rocks have been dis
tinguished on the basis of the width of oscillatory growth bands, presence or 
absence of sector zoning and U content. 

5. CL investigation is indispensable in the identification of detrital zircon cores. 
Moreover, the CL zoning pattern as well as SHRIMP dating of detrital cores 
help in understanding the maximum age of deposition and the source of sedi
ments. 

6. During low temperature-high pressure metamorphism (-550-600 °C and 
15-28 kbar) neo-formation of zircon may occur. The metamorphic domains 
visible in CL are usually irregular in shape, unzoned or with a patchy, cloudy 
zoning. In rare cases they display some traces of regularly banded zoning. They 
are chemically characterised by lower U contents and lower Th/U ratios «0.1) 
than magmatic zircons. 

7. In one metamorphic vein zircons elongated and euhedral in shape are inter
preted as having formed in the presence of hydrothermal fluids. They show CL 
patterns characterised by very narrow growth bands with relatively weak lumi
nescence contrasts. These zircons can reach extraordinarily high U contents 
(up to 8255 ppm) and have Th/U ratios lower than O.l. 

8. The characteristic sector zoning observed in zircons from two UHP metamor
phic rocks is attributed to zircon growth in the presence of metamorphic flu
ids. 

9. In one sample zircon rims that show a weak, broadly spaced zoning and have 
U contents and Th/U ratios drastically reduced with respect to the magmatic 
cores are interpreted as affected by metasomatic leaching of Pb, U and Th relat
ed to fluid percolation. 
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CHAPTER 16 

A Combination of Single Zircon Dating 16 
by TIMS and Cathodoluminescence Investigations 
on the Same Grain: The CLC Method - U-Pb 
Geochronology for Metamorphic Rocks 

ULRIKE PaLLER 

1 
Introduction: 
The Different U-Pb Dating Methods 

An essential question in geoscience is the age of a rock. Geochronologists use dif
ferent isotopic systems to obtain age information about geological events. The U
Th-Pb system is used in many cases to determine the time of crystallisation. Until 
now, there have been several U-Pb dating procedures: the conventional one 
(Krogh 1973; Oberli et a1.1981; Steiger et aI.1993), the Pb-Pb evaporation method 
(Kober 1986,1987), the vapour digestion method (Wendt and Todt 1991) and 
SHRIMP (sensitive high resolution ion microprobe; Compston et al. 1986; 
Gebauer et aI. 1989). 

Dating of magmatic rocks by the conventional U-Pb method was successfully 
and widely applied for Archean to Tertiary rocks (Oberli et al. 1985; Barth et al. 
1992). Even the Pb-Pb evaporation method yielded good results for single phase 
magmatic rocks (Kroner et al. 1991). 

In contrast to the dating of such simple rocks, geochronological investigations 
of metamorphic rocks are much more difficult. Because zircons are very difficult 
to reset, different events are stored in the U -Pb isotopic signatures of zircons from 
metamorphic samples. The resulting measurements reflect a mixture of age infor
mation and are often difficult to interpret. There are several approaches to esti
mate the influence of metamorphism in the U-Pb systematics of zircons. All of 
these have demonstrated that metamorphic events cause overgrowth, resorption 
or new zircon crystallisation (Hart et al. 1968; Grauert 1974; Gebauer and Grii
nenfelder 1976; Mezger and Krogstad 1997). The combination of such effects 
results in discordant data points; if they belong to a two-phase system, they can 
be connected by a discordia line. Unfortunately, the upper and especially the low
er intercepts of such discordia lines are difficult to interpret without any further 
information about the analysed zircons and rocks. 

As a consequence, some geochronologists used scanning electron microscopes 
(SEM) with back-scattered detectors, cathodoluminescence (CL) detectors or 
even microprobes to find out more about the chemistry and the internal struc
tures of zircons (Grauert 1974; Medenbach 1976; Wayne and Sihna 1988; Hanchar 
and Miller 1993). Such efforts provide much additional geochemical information. 
X-ray emission maps for elements such as Hf, U or Y showed, e.g., the enrichment 
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of V and Y in overgrowth areas of zircons from metamorphic rocks (Wayne and 
Sihna 1988). The use of such methods helps in understanding the mechanism of 
geochemical processes in zircon crystals during metamorphic overprints and 
results in a better interpretation of the data set. 

The identification of core components and magmatic zonation as well as 
resorption zones under binocular is very difficult, sometimes even impossible. In 
some cases, cores can be recognised under oil with an optical microscope because 
of their high refringence, but the complex internal structures are best visible with 
CL on polished grains. As a consequence, the conventional V-Pb zircon method 
(based on the crystal selection under microscope) often results in discordant 
data, difficult to interpret in a geologically meaningful way. 

The abrasion (Krogh 1982) of zircons from a metamorphic rock makes it pos
sible to obtain more concordant points and to prove the age of the protolith for
mation. The ages around the lower intercept, indicating the last zircon growing 
event (crystallisation), cannot be improved by abrasion. 

Another alternative, the Pb-Pb evaporation technique of Kober (1986 1987), 
has the advantage of providing different age information from one single zircon 
by stepwise heating. This method uses the whole grain and needs no addition
al chemical step when the analysis is carried out in a clean laboratory. The zir
con is mounted directly into a filament without adding any spike. By stepwise 
heating, Pb of different stable areas from the individual zircon grain is evapo
rated, although no Pb, V or Th concentrations can be measured. Nevertheless, 
this method deals with the Pb isotopes only, and any controls by the 
mother/daughter ratio or the V and Th concentrations are lacking. As a conse
quence, the age information obtained makes it possible to identify the protolith 
age, but mixed ages cannot be resolved and interpreted in a geologically mean
ingful way. 

Consequently, SHRIMP seems to be a more meaningful tool for V-Pb zircon 
dating of polymetamorphic rocks. This method enables optical, but not CL, con
trol of the zircon (back-scattered imaging) before and during measurement. The 
analysed spots can be chosen with regard to the structures of the zircon, and thus 
it is possible to date different areas, such as the core and rim of the same grain 
(e.g. Compston et al. 1992; Maas et al. 1992; Schafer et al. 1993). 

Although SHRIMP seems to be the ultimate technique for zircon dating in 
polymetamorphic rocks, there are some disadvantages: the spot size of 20-30 11m 
using SHRIMP II might be too large for very finely zoned crystals. In addition, the 
precision for very young zircons is not as good as with conventional TIMS (ther
mal ionization mass spectrometer) measurements: since the radiogenic 207Pb is of 
very low intensity, it must be measured very precisely. A 0.1 % variation in 207Pb/206 
Pb ratio corresponds to a 2 Ma change in age. Finally, the availability of measure
ment time on currently running machines is limited. Thus, even SHRIMP is not a 
broad alternative for dating complicated rocks. 
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The main problem in the successful zircon dating of polymetamorphic rocks is 
the selection of appropriate one-phase grains. Multi-grain and single-grain anal
yses have both shown that zircon selection under binocular and optical micro
scope, even under a high refraction liquid (to better detect inclusions), is not suf
ficient to find concordant crystals, because inherited cores are not always visible 
with this kind of equipment (Liebetrau et al. 1995; Poller et al. 1996). 

The use of the zircon typology developed by Pupin (1976), based on the rela
tionship between morphology and crystallisation conditions, is suitable for sim
ple magmatic rocks. But even the combination of typological and geochemical 
studies, such as Hf/Zr ratios or absolute Hf, Y, Zr contents of crystals (Pupin 1988), 
does not allow any differentiation of complex polymetamorphosed zircons. Thus, 
the Pupin typology is a useful tool for magmatic rocks, but it is not sufficient for 
polyphase metamorphosed zircons with overgrowth. 

The best tool to obtain information about the internal structures of zircons is 
CL connected to a SEM, which gives the necessary high resolution. With this 
method, internal structures like inherited cores, resorbed areas and magmatic 
zonations are clearly visible (Vavra 1990; Vavra et al. 1996). 

For example, three grains from the same sample with the same shape, grain 
size and color, picked together as identical types using an optical microscope, may 
show three different internal structures when using CL (Fig.i). Figurela shows a 
homogeneously zoned crystal, ideal for dating the last magmatic event. Figure 1 b 
is a zircon grain with resorbed areas possibly due to a metamorphic overprint. 
The third zircon (Fig. lc) shows a large inherited component. This latter crystal 
should be abraded and might offer additional information about the protolith age 
of the rock. 

Until now CL on zircons was used as a petrogenetic tool. For instance, Vavra 
(1990,1994) has carried out extendsive studies with CL on the kinematics of zir
con growth. In some cases CL studies were combined with SHRIMP dating 
(Schafer et al. 1993). As earlier investigations have shown, the parallel use of CL as 
a preliminary investigating method and TIMS U -Pb dating on similar grains is 
not satisfactory (Liebetrau et al. 1995; Poller et al. 1995, 1996): Grains with differ
ent internal structures seen by CL cannot be distinguished under the optical 

A 

magmatic 
zoned component 

Fig. 1. Schematic drawing of internal structures in zircons, visible with CL 

component 
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microscope and this results in discordant age data for zircons with a multistage 
history. These drawbacks may be overcome by performing CL and U -Pb dating by 
TIMS on the same grain (Poller et al. 1997a). 

3 
The CLC Method: Cathodoluminescence 
Controlled U-Pb Dating of Zircons 

The zircons were separated using standard techniques. The most suitable zircons 
were hand picked and prepared in a standard microprobe mount using a low 
luminescent resin with low Pb content, controlled by blank measurements. Up to 
70 grains were mounted together. In order to avoid the loss of crystals during the 
polishing process, only grains of the same size were mounted together. 

The polishing of the mount has to be done without Pb-bearing materials, to 
avoid any contamination of the samples. The use of a Teflon wheel and diamond 
powder gave good results. Each mount was polished until the centre of the zircon 
was exposed and the internal structures could be observed by CL. After polishing, 
the mounts were coated with carbon for the CL imaging. 

For CL documentation, a Hitachi S450, at the Max-Planck-Institut fur Chemie, 
Mainz (Germany), was used. At the SEM different steps are possible, the most 
important one being CL imaging of each single grain. For better localization of 
the zircons, an overview picture can be taken in secondary electron (SE) mode. In 
addition to the CL photographs, back-scattered electron (BSE) images can give 
further information, especially in the case of inclusions. Such inclusions are fre
quently apparent in the zircons and might cause problems (such as a high com
mon lead component) if they are, for instance, sulfides or apatites. For a fast qual
itative identification of these inclusions, the energy dispersive system (EDX) of 
the SEM can be applied. 

Using the CL images, suitable grains for the specific dating problem are select
ed for the U-Pb measurements. 

The zircons are recovered from the resin mechanically in an ultra-clean lab 
using tungsten needles sharpened by electropolishing. Afterwards, a cold ultra
sonic cleaning step with HN03 should follow for 5-10 min. Now each half zircon 
is transferred to a special Teflon bomb with small holes for each individual zircon 
(Wendt and Todt 1991). A zosPb_233U or a zozPb_233U mixed spike and 3 1l128N HF 
were added into each hole and the "bomb" was placed in an oven at 200°C for 
about 5 days. After complete dissolution, the samples were dried down and 3 III 
6N HCl were added, followed by 1 day in the oven at the same temperature. After 
this step the zircons were completely in solution, homogenized with the spike and 
ready to be measured. 

To get a better signal on the mass spectrometer, U-Th-Pb can be separated and 
cleaned using micro columns. For this purpose, 10 III Teflon micro columns with 
AG1-X8 (l00-200 mesh) resin were used. Afterwards, the U and Pb fractions were 
dried down and loaded on Re single filaments with 3 III of silica gel in 0.2N H3P04• 

The isotopic measurements were done on a MAT 261 mass spectrometer using a 
secondary electron multiplier in peak-jumping mode. 
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The total Pb blank was about 3 pg. For blank Pb corrections the following 
ratios were used: 206Pbpo4Pb=18.59, 207Pbpo4Pb=15.73. For the common Pb cor
rection, galena from the Tatra Mountains was measured. The resulting values for 
correction were: 206Pb/204Pb=18.493, 207Pbpo4Pb=15.665. All ratios were corrected 
for fractionation using the NBS 982 standard as reference (Todt et al. 1996) and 
for U using an U nat. standard solution. The analyses were corrected with paral
lel determined fractionation values scattering for Pb between 2.9%0 and 3.1 %0 per 
amu for the period of measurements (Loveridge 1986). The data are presented in 
Table 1. 

4 
The ClC Method Applied 
to Polymetamorphic Orthogneisses 

The CLC method was applied to granitoids and polymetamorphic orthogneisses 
of the Western Tatra Mountains in Slovakia. The latter rocks were chosen because 
CL images show the complex internal structures of their zircons, and thus con
ventional U-Pb dating techniques without CL control seems to be very difficult. 
As a consequence the CLC method, which was specially developed for such mul
ti-stage rocks, was used to date this rock group. The granitoids often show mag
matic zonation without disturbing cores or resorbed areas. They were also dated 
under CL control to test the method on single-stage rocks. 

The Tatra Mountains belong to the pre-Alpine basement of the Western 
Carpathians. Two tectonic units, separated by Variscan thrust faults, form an 
inverted metamorphic sequence where the upper unit is composed of granitoids 
and high-grade metamorphites (migmatitic ortho- and paragneisses, amphibo
lites). The lower unit is composed of micaschists. Orthogneisses exhibiting 
mylonitic texture occur at the base of the upper unit in the western part of the 
Tatra and are overlain by granitoid rocks. Weakly overprinted granites were sam
pled together with polymetamorphic orthogneisses for geochemical and 
geochronological investigations. 

The CLC method was applied parallel to conventional single zircon dating to 
the Rohac granite (UP 1040) and to the Baranec granite (UP 1023) and the 
Baranec orthogneiss (UP 1025). 

The Rohac granite belongs to the upper unit and is outcropped near the peak 
of Mount Rohac (Fig. 2). During Alpine overprint this granite has undergone low
grade metamorphism. Geochemical and isotopical analyses indicate the S-type 
character with a high alumina saturation index (1.22) and low epsilon Nd value, 
around -5, typical for continental crust. 

In CL mode, the zircons of the Rohac granite exhibit typical, magmatic grown, 
single phase structures beside core-bearing crystals. Such complex zircons are 
very common in anatectical granitoids and are used to obtain information about 
the proto lith. 

For the CLC method, two grains of UP 1040 were chosen in combination with 
conventional measurements. The grain UP 1040-33 (Fig. 3a) shows regular mag
matic zonation without inherited components. Its analyses resulted in a concor-
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Fig. 3. Cathodoluminescence photographs of zircons from Rohac granite (A,B), Baranec granite 
(C,D) and Baranec gneiss (E,F). For explanations, see text 
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dant age at 368±3Ma. This age, interpreted as the crystallisation age of the Rohac 
granite, was supported by conventionally measured points (FigA). The second zir
con dated with CL control was grain UP 1040-23 (Fig. 3b). This crystal bears a 
large inherited component, with a bright CL signal but also regular zonation. The 
outer rim has a dark CL and the typical magmatic zones. This grain was expect
ed to be discordant and indeed has a discordant position visible on the U-Pb con
cordia plot of Fig. 4. Together with conventional points it allows one to draw a dis
cordia line, resulting in an upper intercept around 2600 Ma and a lower intercept 
around 365 Ma. Whereas the lower intercept is constrained by the concordant 
point UP 1040-33, the upper intercept agrees with a Nd model age of 2530 Ma for 
the whole rock sample. 

The sample UP 1023, the Baranec granite, was also a granitoid rock, outcrop
ping at the top of the Baranec mountain, 5 km southwest from the Rohac (Fig. 2). 
The Baranec granite belongs to the same upper unit as the Rohac granite. The 
geochemical characterisation shows a lower alumina saturation index (ASI, 1.0). 
Thus, this seems to be an I -type influenced rock, e.g. a Hs or a Hss hybridic gran
ite, as described by Castro et al. (1991). In contrast to the very fresh Rohac sam
ple, the Baranec granite has suffered high grade alteration. This should be respon
sible for the change in soluble element concentrations like NazO, KzO or CaO. 
These elements are used for the calculation of the ASI, and the lower ASI value 
might be caused by the decrease due to alteration. As a consequence, characteri
sation of the Baranec granite by applying the ASI seems to be doubtful. 

The complex zircon population gives evidence that the Baranec granite is not 
a simple I-type granitoid but a Hs- (hybridic granite with mostly S-type compo
nents) or S-type rock. Beside magmatic zoned zircons, core-bearing crystals are 
also present. For the dating, one magmatic zoned grain (UP 1023-8, Fig. 3c), one 
core-bearing zircon (UP 1023-1, Fig. 3d) and several grains (without CL) were 
analysed. 
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Fig. 5. U -Pb concordia plot of UP 1023, Baranec granite 

As expected, the core-bearing crystal has a discordant position in the U-Pb con
cordia plot (Fig. 5), whereas the magmatic zoned zircon has a concordant age at 
333±7 Ma. The other grains support this result and enable generation of a discor
dia line with 347±14 Ma as lower and 1770±400 Ma as upper intercepts. So the 
magmatic zoned grain UP 1023-8 gives the minimum age of the intrusion of the 
Baranec granite, whereas grain UP 1023-1 constrains the Proterozoic age of the 
protolith. 

In contrast to the two described granites, the sample UP 1025 is a polymeta
morphic orthogneiss. The rock also outcrops in the Baranec region and belongs 
to the upper unit. The metamorphic grade that the Baranec gneiss has suffered is 
higher, and thus the Baranec gneiss is assumed to be older than the Baranec gran
ite and the other granitoids. 

Consequently, the CLC method was also applied to this rock. Two purely mag
matic zoned zircons, UP 1025-14 and UP 1025-30 (Fig. 3e,f) were dated and yield
ed concordant ages. The grain UP 1025-14 (399±2 Ma), together with a second 
grain (403±2 Ma), lies slightly above the concordia line. Analytical problems (e.g. 
less homogenisation of U) can be excluded because no chemistry was done. The 
geological significance of a Devonian event is constrained by the concordant zir
con age, at 406±2 Ma (Poller et al. 1997b), of a nearby upper unit orthogneiss (UP 
1002, west of Baranec). 

Whereas the grain UP 1025-14 marks an event in Devonian time around 400 
Ma, the second zircon UP 1025-30 is 50 Ma younger and fits with the concordia 
around 360 Ma (Fig. 6). 

Again, the predictions based on the CL images were confirmed: the single
phased zircons gave concordant ages. The two ages obtained by the CLC method 
were supported by conventional measurements. The young event in Carbonifer
ous time is interpreted as a high temperature overprint during the intrusion of 
the Baranec granite, which allowed new zircon growth under magmatic condi-
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tions and is responsible for the gneissification of the Baranec gneiss. The Devoni
an event is explained as crystallisation of the precursor of the orthogneisses. In 
correspondence to the internal zircon structures and geochemical analyses, this 
precursor was also an S-type granitoid. 

5 
Summary 

The CLC method seems to be a useful tool for the dating of complex metamor
phic rocks. The predictions of concordance of the investigated grains are precise 
and thus the dating of polymetamorphic rocks is easier, and the resulting ages are 
more convincing. 

As the presented data have shown, the CLC method allows us to distinguish 
several geologic events for the Western Tatra granitoids: 
1. The Rohac granite crystallised 368±3 Ma ago. 
2. The Protolith of the Rohac granite is Archean in age. 
3. The Baranec granite crystallised 347±14 Ma ago and the protolith is of Pro

terozoic age. 
4. The precursor of the Baranec gneiss was overprinted parallel to the intrusion 

of the Baranec granite in Carboniferous time. 
5. The precursor of the Baranec gneiss crystallised in the Devonian 400±2 Ma 

ago. 

All these results were obtained by successful measurement of zircons which had 
been pre-investigated with CL. With this method we can study the internal struc
tures of zircons and interpret the results, obtained with a few grains, in a geolog
ically meaningful way. 
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Nevertheless, this method is limited by the radiogenic Pb contents of each zir
con. While preparing the CL investigations, half of each crystal is lost and the 
sample weights are extremely low (normally below 1 flg). The resulting contents 
of radiogenic Pb are very low and sometimes the signal is not high enough for 
good statistical measurements. This is, at least for young samples (300 Ma and 
younger), problematic. Nevertheless, the CLC method offers a good alternative to 
U-Pb zircon dating by TIMS for metamorphic rocks. 
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CHAPTER 17 

Relevance of Cathodoluminescence 
for the Interpretation of U-Pb Zircon Ages, 
with an Example of an Application 
to a Study of Zircons from the Saxonian 
Granulite Complex, Germany 

VLF KEMPE, TORSTEN GRUNER, LUTZ NASDALA, DIETER WOLF 

1 
Introduction 

In the last few years, an increasing number of papers dealing with applications of 
cathodoluminescence (CL) imaging - using both optical microscopes (OM-CL) 
and systems operating with secondary electron microscopes (SEM) or electron 
microprobes (SEM-CL) - to investigate the internal structures of zircon have been 
published. CL has been demonstrated to be a powerful tool for investigating zir
cons. This method yields high-resolution images of internal structures that often 
cannot be detected with other techniques (e.g., HF etching, Normarski interfer
ence). In most previous publications, CL images were interpreted assuming that 
CL is exclusively generated within the micro-areas that are irradiated with the 
electron beam (e.g., Hanchar and Miller 1993; Vavra et al. 1996). We want to 
demonstrate here that this assumption may in several cases lead to some misin
terpretation of the internal structure of zircon. 

CL investigations of zircon (ZrSi04), which commonly occurs as an accessory 
mineral in most magmatic, metamorphic and sedimentary rocks, is of special 
interest in understanding rock petrogeneses (Pupin 1980; Hoffman and Long 
1984; Vavra 1990; Halden and Hawthorne 1993; Hanchar and Miller 1993; Vavra 
1994; Hanchar and Rudnick 1995; Loth and H6ll1996). Furthermore, CL investi
gation is of importance for the geochronological interpretation of V-Pb and Pb
Pb data obtained by multi- and single-grain conventional investigations as well as 
ion microprobe analyses (Sommerauer 1976; Gebauer 1990; Lork and Koschek 
1991; Koschek 1993; Kramm et al. 1993; Roger et al. 1995; Hanchar and Rudnick 
1995; Gebauer 1996; Chern ale et al. 1996; Poller et al. 1996; Rubatto and Gebauer 
1996; Vavra et aI. 1996; Zinger et al. 1996). 

Zircon V-Pb data are usually interpreted in accordance with the concordia-dis
cordia model, and an episodic loss of Pb is often assumed when the data points 
plot below the concordia curve (Faure 1986). Some apparent "paradoxes" were 
discovered when this model was applied to more complicated geologiCal situa
tions. 

For example, Gebauer and Griinenfelder (1976), without the aid of CL or back 
scattered electron (BSE) imaging, found a single discordia age (lower intercept) 
for zircons from rocks of different degrees of metamorphism (staurolite gneiss
es, garnet and chlorite schists) belonging to a single nappe structure in Mon-
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tagne Noire (France). These authors concluded that a "resetting" of the U-Pb sys
tem of zircon must occur under conditions of green-schist facies of metamor
phism, possibly due to a low-temperature recrystallization of highly metamict 
zircons. 

In another example, from the Southern Bohemian granulites, zircon ages of 
about 340-350 Ma, which are quite near to the 335-340 Ma age of the Moldanu
bian regional metamorphism, were interpreted as related to the high pressure and 
high temperature (granulitic) event which produced these granulites. Roberts and 
Finger (1996) argued that according to geological evidence this age interpretation 
must be wrong. 

A contradictory result comes also from the Saxonian granulite complex (SGC), 
discussed in more detail here. Multi-grain, single-grain and SHRIMP (sensitive 
high resolution ion microprobe) zircon ages of granulites of about 330-340 Ma, 
assumed as the age of peak metamorphism (von Quadt 1993; Baumann et al. 
1996), overlap with multi-grain, single-grain and SHRIMP zircon ages of both 
synkinematic (338 Ma; von Quadt 1993) and postkinematic (330 Ma; Baumann et 
al. 1996) granites. An extremely quick uplift of the complex was suggested to 
explain these data. 

Application of CL and BSE imaging with other micro-methods such as the 
electron probe (Sommerauer 1976; Hoffman and Long 1984; Lork and Koschek 
1991; Pupin 1991; Benisek and Finger 1993; Hanchar and Miller 1993; Hanchar 
and Rudnick 1995), TEM (transmission electron microscopy; Sommerauer 1976; 
Murakami et al. 1991; McLaren et al. 1994), Raman probe (Nasdala et al. 1995, 
1996b) and SHRIMP (Compston et al. 1986; Black et al. 1986; Gebauer 1990; Pid
geon 1992; Hanchar and Miller 1993; McLaren et al. 1994; Hanchar and Rudnick 
1995; Gebauer 1996; Rubatto and Gebauer 1996; Vavra et al.1996) have newly pro
voked discussion on the stability of the U-Pb zircon system and its possible dis
tortion under various conditions. In some studies, the U-Pb system in zircon is 
assumed to be very stable under some extreme geological conditions (e.g., Han
char and Miller 1993; Kroner et al. 1994), whereas other authors discussed the U
Pb system as being quite sensitive even to small changes in the milieu (e.g., Black 
1987). The discussion on stability of zircon is closely related to that of the phe
nomenon of metamictization (Lee 1993; Nasdala et al. 1997). 

Furthermore, it is still controversial which internal zircon structures are 
formed during primary growth (Vavra 1990; Hanchar and Miller 1993; Vavra et al. 
1996) and during recrystallization (Gebauer 1990; Pidgeon 1992). A question of 
particular interest is whether zircon growth is possible during regional meta
morphism, metasomatism, and shearing of host rocks (e.g., Hanchar and Rudnick 
1995; Pan 1997). Obviously, detailed knowledge about the internal structures and 
U-Pb systematics of zircons is necessary for more reliable interpretation of 
geochronological data. 

The aim of this study is to discuss our interpretation of internal zircon struc
tures revealed by CL imaging, especially their application to U-Pb and Pb-Pb dat
ing in geochronology. An example of this interpretation, based on CL, SEM, elec
tron microprobe, Raman microprobe and SHRIMP investigation, is given for zir
cons from the SGC in Germany. 
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2 
Methods 
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Panchromatic and spectral CL investigations as well as BSE imaging and energy 
dispersive X-ray analysis (EDX) were carried out using a IEOL ISM 6400 SEM. 
This SEM is equipped with an Oxford MonoCL system, an additional panchro
matic CL detector, two BSE detectors at different distances from the sample sur
face, and a Noran Series II EDX system with a light element Si(Li) detector. Oper
ating conditions were selected to minimize damage to the sample and carbon coat 
due to the impact of the electron beam and for high spatial resolution. For 
panchromatic CL imaging, the accelerating voltage was 20 kV and the beam cur
rent was set in the range 0.6-1.6 nA. Higher beam currents were used on zircons 
with lower CL intensity. The beam current was generally above 1.3 nA and up to 
1.9 nA for spectral CL investigations (i.e., monochromatic imaging and collection 
of emission spectra). Spectra were excited with a fully focused beam (0.8 J.lm 
diameter). The spectra were detected over the range 300-800 nm, with 0.5-2 nm 
steps and a dwell time of 2-4 s per step. The spectral resolution of the system was 
0.5 nm, the blaze wavelength of the grating 500 nm. The detector was a photo
multiplier tube with a detection range from 300 to 900 nm. 

EDX measurements were done with an accelerating voltage of 20 kV and 
0.6 nA beam current. In some cases, the accelerating voltage was increased up to 
30 kV to improve the BSE contrast when acquiring images. 

Elemental analyses were performed in the GeoForschungsZentrum, Potsdam, 
Germany, with a Cameca SX 50 electron probe operating at 20 kV and 50 nA with 
a spot size of 5 J.lm. Counting times for Si, Zr, Hf and Fe were 50 and 300 s for all 
other elements. Selected lines and standards were SiKa (wollastonite), PKa 
(erbium phosphate), CaKa (wollastonite), FeKa (hematite), YLa (yttrium phos
phate), ZrLa (zircon), YbLa (ytterbium phosphate), HfLa (metallic Hf), UL~ 
(metallic U) and ThL~ (metallic Th). Other elements were in all cases below the 
detection limit of the electron microprobe. 

Raman spectra were obtained with a Dilor XY Raman spectrometer with an 
Olympus petrographic microscope and confocal entrance optics. A detailed 
description of the experimental technique is given elsewhere (Nasdala et al. 
1996b). 

SHRIMP analyses of the isotopic composition of zircons were performed using 
the SHRIMP II at the Curtin University of Technology, Perth, Western Australia. 
SHRIMP was operated at a mass resolution of about 5000. The focused primary 
0 2- beam (10 kV and 3 nA) had a diameter of about 15 J.lm (Fig. 17). Unknowns 
were measured versus the Curtin CZ3 standard zircon (see Pidgeon et al. 1994). 
Isotopic ratios are corrected for common lead using the 204Pb method. A more 
detailed description of the experimental technique has been given, for example, 
by Compston et al. (1984). 
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3 
Interpretation of Cathodoluminescence Imaging 

As shown by Sommerauer (1976), Hoffman and Long (1984), Gebauer (1990, 
1996), Vavra (1990, 1994), Hanchar and Miller (1993), and Hanchar and Rudnick 
(1995), CL provides excellent possibilities for revealing the internal structures of 
zircons. In most cases, the interpretation of observed structures is descriptive and 
based on visible relations. Previous authors assumed local emission of CL signal 
exclusively from a micro-area directly within the excitation volume of the elec
tron beam. For correct interpretation of panchromatic images it is necessary to 
consider the spectral characteristics of the detected CL signal as well as the mech
anisms of excitation and emission related to different emission centers. 

3.1 
Mechanism of Cathodoluminescence 
Emission and Escape Depth 

Emission of CL is generated by activation of radiative transitions within a crystal 
during beam-lattice interaction. Band-band (intrinsic), non-phonon and phonon
assisted trap-band transitions or transitions within closed centers may occur. 
Traps in the band gap may be created by intrinsic defects of the lattice (e.g., intrin
sic electron defects, excitons, and electron defects localized on vacancies) and 
impurities of trace elements (electron defects localized on impurities). Some of the 
impurities, particularly rare earth elements (REE), form closed centers with 4f or 
5f electronic transitions within the centers that are only weakly influenced by the 
crystal field of the host mineral and not related to band transitions (Marfunin 
1979; Remond et al. 1992). High concentrations of traps occur near the crystal sur
faces as well as around dislocations, cleavage planes, grain boundaries and cracks. 
Therefore, an enhanced luminescence intensity was often observed during our 
work at such phase boundaries in cathodo- and UV-activated photoluminescence. 

In the case of CL, activation of radiative transitions is non-specific for activa
tion energy and mechanism of activation, since different types of radiation caus
ing luminescence are present during beam-specimen interaction within the crys
tal (Goldstein et al. 1981). Electrons of the primary beam (typical with energies 
around 15-30 ke V) as well as back -scattered, secondary, and Auger electrons form 
an energy continuum down to low energies in the range of optical transitions 
which leads to activation of different excitation levels of the electron structure in 
the mineral lattice (CL in the strict sense; Goldstein et al. 1981; Remond et al. 
1992). X-ray radiation and phonon-induced temperature increases created by pri
mary and scattered electrons cause additional X-ray luminescence and thermolu
minescence (Remond et al. 1992). Local temperature increases due to the impact 
of the electron beam may be as high as some 100°C in solids with low thermal 
conductivity (Kempe and Sorokin 1988). 

A characteristic feature of luminescence is the relatively long relaxation time, 
allowing migration of energy through the crystal via different mechanisms of 
radiative and non-radiative interaction between different centers (Marfunin 1979; 
Barabanov et al. 1990). A crystal acts as a complex system during excitation of 
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band-related luminescence systems (Barabanov et al. 1990). Both mechanisms 
may lead to significant separation between excitation and emission centers in the 
crystal. This is particularly important if emission centers are absent or quenched 
in the area that is irradiated by the electron beam. As discussed by Remond et al. 
(1992), the CL signal may be additionally influenced by the crystal itself due to 
absorption and reflection on boundaries. 

The sum of these factors leads to a complex CL signal in spectral composition 
generated from various escape depths and lateral areas, which is not directly com
parable with other signals (SE, BSE, X-ray, etc.) in electron-beam analysis. 

3.2 
Comparison of Cathodoluminescence 
and Back-Scattered Electron Images 

Internal structures of zircon crystals observed with CL appear to be quite similar 
to the structures that are sometimes revealed by means of other techniques. One 
of the most common features is growth ("oscillatory") zoning, which is frequent
ly observed under the OM (Fielding 1970; Benisek and Finger 1993), after etching 
(Pidgeon 1992; Nasdala et al. 1997), by precise fission track mapping (Fielding 
1970; Carpena et al.1987), in secondary electron (SE) and BSE images, and in ele
ment distribution patterns obtained by X-ray mapping. Heterogeneities were 
shown to be related to variations of the trace element concentrations of Y, Yb, P, 
U, Th, Hf, Ca, and Fe (Sommerauer 1976; Hoffman and Long 1984; Lork and 
Koschek 1991; Smith et al. 1991; Benisek and Finger 1993; Hanchar and Rudnick 
1995; Chemale et al. 1996; KosIer et al. 1996; Nasdala et al. 1996b). According to 
these authors, zones enriched in trace elements are often colored in transmitted 
light, show decreased hardness (causing topographic contrast in polished sec
tions visible in SE images; see Fig. 2b), and are less stable during etching as well 
as under the electron beam and during single-grain Pb evaporation (Ansdell and 
Kyser 1993). Sommerauer (1976) and Smith et al. (1991) suggested zoned metam
ictization in trace element-rich areas with high U and Th concentrations. 

The interpretation of the CL and BSE contrast is, however, more complicated. 
It is well known that BSE contrast is closely related to the average atomic number 
of phases causing elastic scattering of electrons from the primary beam (Hall and 
Lloyd 1981). Correspondingly, high concentrations of Hf, Y, Yb, U, and Th (e.g., 
Sommerauer 1976; Hanchar and Miller 1993; Benisek and Finger 1993; Hanchar 
and Rudnick 1995) were shown or assumed (Kramm et al. 1993) to be related to 
high BSE intensity. 

However, U, Th, Y and Hf-rich zones with low BSE signal were also observed in 
some cases (Peterman et al. 1986; Pointer et al.1988; Smith et al.1991; Kempe et al. 
1997). The totals of electron probe analyses for such micro-areas are significantly 
lower than 100%. The deficit has been interpreted as due to an increased water 
content (Peterman et al. 1986; Smith et al. 1991). Nevertheless, as discussed by 
Pointer at al. (1988), low BSE contrast in those samples cannot be explained solely 
by the hypothetical water content. A more realistic explanation suggests a high 
concentration of vacancies (Pointer et al. 1988; Kempe et al. 1997), although water 
and other light elements maybe also present in those regions (Smith et al. 1991). 
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Fig. la-d. Internal structures of zircons revealed by CL and BSE imaging. Inverse behavior of CL 
(a) and BSE (b) for an zircon from the leucogranulite from Erlau, SGC, Germany (sample 84031). 
Inverse and concurring trends in CL (c) and BSE (d) intensity variations in one and the same 
zircon crystal from a porphyroid occurring near Neumiihle, Greiz, Germany 

High intensity BSE signals and correspondingly low intensity CL are mostly 
assigned to trace element-rich zones. This inverse behavior of CL and BSE signals 
was described in previous studies (Lork and Koschek 1991; Hanchar and Miller 
1993; Koschek 1993; Roger et al. 1995; Hanchar and Rudnick 1995; Chemale et al. 
1996; Vavra et al. 1996). It is our experience that the inverse behavior of CL and 
BSE intensities is most common. For example, inverse relations between BSE and 
CL were observed in nearly all zircon grains from the SGC investigated in this 
study (Fig. la,b). 

However, inverse behavior is not always observed. The opposite case is repre
sented by zircons showing concurring behaviors of BSE and CL intensities. For 
instance, BSE and CL images obtained on grains from samples W34 (Pidgeon 
1992) and W61 from the Archaean granite from the Jack Hills, Western Australia, 
show remarkable similarities to each other not only in terms of structure patterns 
but also in terms of brightnesses (low BSE -low CL and vice versa; Fig. 2c,d). It is 
interesting to note that, using CL imaging, some internal structures were 
observed within recrystallized patches that appeared to be homogeneous under 
the OM and after etching. 

We obtained similar results from zircons from postkinematic granites of the 
SGC, Hf-rich zircons from rare-metal bearing granites (Kempe et al. 1997), zircons 
from enclaves in gabbros from the MARK area, Mid-Atlantic Ridge (Pilot et al. 
1997), and zircons from Archaean gneisses from the Belomor Complex, Kola 



Relevance of Cathodoluminescence for the Interpretation of U -Pb Zircon Ages 421 

Fig.2a-d. Internal structures of a granite zircon from the Jack Hills showing recrystallization 
(see Pidgeon 1992). Total view of the crystal in SE image (a), Concurring trends in the variations 
of the SE (b), CL (c), and BSE (d) signals. An additional structure revealed by CL (c) is visible 
within the recrystallized patches (sample W 61) 

Peninsula (Savatenko et al. 1995). The intensity of the BSE signal of these zircons 
is one order of magnitude lower than that of zircons from the Saxonian granulites 
(i. e. the variations of the BSE contrast for the two types of zircons compared are 
at fundamentally different levels of absolute intensity). 

In some rock types, both parallel and inverse behavior can be found in one and 
the same zircon. This is demonstrated using a specimen from the porphyroid 
from Neumiihle near Greiz, Germany (Fig. 1c,d). 

3.3 
Spectral Cathodoluminescence Investigations 

In accordance with observed luminescence colors, Ohnenstetter et al. (1991) and 
Remond et al. (1992) distinguished blue and yellow luminescent zircons. The sam
ples from the SGC described in the present study belong mainly to the yellow 
type. Nevertheless, some zircons showing bluish luminescent cores and yellowish 
luminescent rims were found in the granulite from Erlau. Both types of lumines
cence color in the same crystal were also detected in a few zircons from other 
localities and origins. Typical CL spectra of zircons from the SGC are shown in 
Fig. 3a. The spectra are not corrected for instrumental response. They consist of a 
broad peak at 560 nm with two superimposed lines at 488 and 575 nm. The lack 
of the fine structure in the CL spectra may be related to the low resolution of the 
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Fig. 3. CL spectra (a) obtained form six spots set within a single crystal from the leucogranulite 
from Taura (sample Pa III). Spectra are not corrected for instrument response. Spot location is 
shown in (b) in relation to panchromatic CL patterns 
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system used. However, since the optical resolution of the grating used was suffi
cient for line group detection, we assign this effect to temperature quenching 
caused by local heating under the focused electron beam. 

The spectrum of the bluish luminescent cores in some zircons from the gran
ulite from Erlau (Fig. 4; see Fig. 7d) suggests that there exists an additional CL peak 
at around 400 nm which is mainly suppressed due to detector sensitivity in the UV. 

These results are in good agreement with the data of previous authors, espe
cially if, as in our case, the spectra were obtained with detectors not sensitive in 
the UV (Mariano in Marshall 1988; Halden and Hawthorne 1993; Phillips et al. 
1996; Chemale et al. 1996). 

In all spectra observed in this study, integral intensities of the band lumines
cence predominate in the total CL intensities (Gruner et al. 1996). In our experi
ence, luminescence of the superimposed narrow lines is mostly of minor impor
tance for the total signal intensity, except for some zircons showing an extremely 
different CL behavior (Hanchar and Rudnick 1995; G6tze et al. 1997). This con
clusion agrees with the results reported by Remond et al. (1992). 

Figure 3 also demonstrates another feature typical of granulite zircons from 
the SGC: Areas with decreased yellow band CL (and, correspondingly, decreased 
total CL) show increased line CL and vice versa. However, the behavior of the 
band and line luminescence is not fully inverse but may be independent of each 
other. This fact suggests that these two signals are related to different lumines
cence centers. 
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Fig. 4. CL spectra obtained from a bluish luminescent core of a zircon grain from the leucogran
ulite from Erlau (sample 84031). The panchromatic CL image of the grain is shown in Fig. 7d. 
The spectra is not corrected for instrument response 
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Fig. 5. Comparison of BSE (a), panchromatic (b), 482 nm (c), and 525 nm (d) CL images for the 
zircon crystal shown in Fig. 3 (sample Pa III, leucogranulite from Taura) 

Monochromatic CL imaging (Fig. 5c,d) emphasizes the dominance of the band 
luminescence. Only small differences between the monochromatic 482 nm image 
(corresponding to the weakly band-influenced Dy luminescence) and the 
panchromatic image were registered. This is explained by the fact that the back
ground from the "yellow band" yields still about 20-50% of the total signal inten
sity in the monochromatic 482 nm image. 

3.4 
Interpretation of the Cathodoluminescence Signal 

A few publications dealing with the mechanisms of luminescence in zircon docu
ment contradictory results. In early publications, only relations between CL sig
nal and total trace element content are discussed (Sommerauer 1976; Hoffman 
and Long 1984). Sommerauer (1976) reported a quenching of the CL signal for 
trace element totals above 1 wt%. More detailed examination of published data 
shows indeed variations in total CL intensity with changing trace element con
tents. However, changes of spectral characteristics of the CL were not detected. 
Different mechanisms of CL quenching have to be taken into account: (1) self
quenching at high concentration levels ofluminescence centers, (2) quenching by 
non -radiative transitions provided by high contents of hole centers or "killer" ele
ments, (3) annealing of luminescence centers by radioactive radiation related to 
U and Th contents, and (4) local distortion of the band structure in the crystal 
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caused by metamictization (a-recoils in the U and Th decay). In any case, the pre
vailing reasons are difficult to evaluate empirically since concentrations of most 
trace elements related to different quenching mechanisms are at least roughly 
correlated. Consequently, interpretations of zircon CL that consider only the total 
trace element content (Vavra 1990; Kramm et al. 1993) do not facilitate detailed 
discussions about internal structures and U-Pb isotopic data from CL imaging. 

In several publications, Dy3+is assumed to be the principal luminescence acti
vator in zircon CL (Lork and Koschek 1991; Hanchar and Miller 1993; Phillips et 
al.1996). The analysis of the CL spectra shows that in most cases line groups relat
ed to the emission of RE£3+ centers (with dominance of Dy3+) are superimposed 
on broad bands of varying intensity. Consequently, integral zircon CL is a com
plex signal caused by the effect of different emission centers (e.g., Mariano in 
Marshall 1988; Ohnenstetter et al. 1991; Remond et al. 1992). 

Luminescence of trivalent REE can be recognized in different hosts with rela
tive ease because of the closed character of the centers (well defined energy lev
els only weakly influenced by the crystal lattice). Correspondingly, the emissions 
at 482 and 575 nm (which represent resolved or unresolved line groups) are 
assigned to the Dy3+center in many investigations (Mariano in Marshall 1988; 
Ohnenstetter et al.1991; Remond et al. 1992; Koschek 1993; Hanchar and Rudnick 
1995; Phillips et al. 1996). Among other possible REE3+centers, only Er (Remond 
et al. 1992) and Tb (Hanchar and Rudnick 1995) are assumed to be activators in 
some cases. The other RE£3+centers (Pr3+, SmH, EuH, Gd3+, H03+and Tm3+) are 
quite common in other host minerals and were detected in doped synthetic zir
cons (Cesbron et al. 1993; Hanchar, pers. comm. 1997) and by X-ray luminescence 
(Krasnobaev et al. 1988), but they were not reported for natural zircons. This phe
nomenon may be explained by specifics of the host lattice. REE contents, except 
heavy REE (HREE) in zircons are generally lower than in luminescent Ca miner
als such as fluorite, apatite, and scheelite. Strong REE fractionation with depletion 
of light REE (LREE) and enrichment of HREE (especially Yb) and Y is caused by 
zircon lattice parameters. However, concentration of odd REE (Pr, Eu, Tb, Ho, Tm) 
is always lower than that of even REE, according to Oddo-Harkin's rule. In addi
tion, the luminescence of Dy3+centers in zircons is more efficient than that of 
SmHand Er3+centers at room temperature. 

As discussed above, zircon CL in the visible range is often dominated by lumi
nescence bands at 400 and 560 nm. This luminescence is not intrinsic in the nar
row sense (Remond et al. 1992). The band gap for zircon is about 5.3-5.4 eV 
according to optical absorption investigations (Krasnobaev et al. 1988; Cesbron et 
al. 1993). Band-band transitions lie in the UV range around 255/265 nm (Kras
nobaev et al. 1988) or 230 nm (Cesbron et al. 1993). Band-band transitions are 
quenched by defect-related centers and, therefore, they are found only in pure 
synthetic crystals (Remond et al. 1992; Cesbron et al. 1993). Additional bands in 
the UV range are reported around 280-295 nm (1),315-320 nm (II; for synthetic 
zircons only) and 350-375 nm (III; Krasnobaev et al. 1988; Remond et al. 1992; 
Cesbron et al. 1993). 

As already mentioned, main bands in the visible range are at 400 nm (IV; 
Remond et al. 1992; Koschek 1993; this study) and at 560-580 nm (VII; Kras
nobaev et al. 1988; Mariano in Marshall 1988; Lork and Koschek 1991; Ohnenstet-



426 ULF KEMPE et al. 

ter et al. 1991; Remond et al. 1992; Cesbron et al. 1993; Halden and Hawthorne 
1993; Koschek 1993; Chemale et al. 1996; this study). These two bands are also 
observed in photoluminescence spectra (Krasnobaev et al. 1988; Aoki 1994). Fur
ther CL bands are detected at 425 nm (Lork and Koschek 1991),450-466 nm (V; 
Ohnenstetter et al. 1991; Remond et al. 1992; Koschek 1993) and at 480-516 nm 
(VI; Remond et al. 1992; Koschek 1993; Chemale et al. 1996). 

The nature of the band luminescence of zircon is still poorly understood. Dif
ferent suppositions are made in previous studies. For example, band I is assumed 
to be related to OH- defects (Remond et al. 1992), broken atomic bonds (Cesbron 
et al. 1993), or electron defects localized on Zr-O complexes or excitons (Kras
nobaev et al. 1988). 

Krasnobaev et al. (1988) found band III to be possibly caused by Ii impurities, 
through electron defects localized on 0 in Ti-O complexes, while Ohnenstetter et 
al. (1991) and Remond et al. (1992) discussed correlation with Y3++REE3+replace
ment not charge compensated by P. However, high Y contents not compensated by 
P rather lead to CL quenching (Hoffman and Long 1984; Remond et al. 1992; Ces
bron et al. 1993). The latter authors refer to an intrinsic luminescence (from Si04-
groups) for bands IV and V. Koschek (1993) tried to interpret the zircon lumines
cence in analogy to quartz (bands IV, VI and VII as Si centers) and baddeleyite 
(band Vas Zr-O center). Quite different assumptions exist for the "yellow center" 
(band VII). It is regarded as electron defects localized at Si04 groups (Krasnobaev 
et al. 1988; Koschek 1993), Ii4+ or U4+ centers (Ohnenstetter et al. 1991), radio
genic defects caused by U radiation damage (Remond et al. 1992), and Mn2+or 
REE defects (Chemale et al. 1996). 

Because of the non-specific activation of the centers, it is not possible to clar
ify the nature of the band luminescence by CL investigations only. Therefore, 
complex investigations including other spectroscopic methods are necessary. 
According to our knowledge, the only attempt in this manner was made by Kras
nobaev et al. (1988). Non-intrinsic band luminescence is typical of semiconduc
tors containing oxy-tetrahedra. In most cases, luminescence may be explained by 
electron defects or excitons localized on oxygens of the tetrahedron and some
times stabilized by additional defects. In such cases, double bands corresponding 
to different 0-0 distances in the tetrahedron may be resolved. This thesis is sup
ported by: (1) the Gaussian shape of the bands when plotted versus energy 
(Koschek 1993), (2) extremely large band half-widths (measured as full width at 
half height), and (3) indications from X-ray luminescence (Krasnobaev et al. 
1988) and photoluminescence (Aoki 1994) for the existence of double bands at 
255/265 nm; 2801295 nm (band I), 350/375 nm (band III), 400/450 nm (bands IV 
and V), and 540/580 nm (band VII). 

Radiative transitions in zircon occur over quite a large energy range in the 
band gap. Luminescence, related to high-energy transitions, is quenched by emis
sion of centers with lower energy. For instance, bands in the far UV (band-band 
transition and band I) are quenched by the band II emission (Krasnobaev et al. 
1988) and REE3+ luminescence (Cesbron et al. 1993). If the intensity of the band 
III in the near UV is high, all bands in the far UV are quenched (Krasnobaev et al. 
1988). The yellow center (band VII at 560 nm) quenches the blue luminescence 
(bands IV and V) and the emission of REE3+ centers. 
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We assume that emission in the far UV may be related to band-band and 
phonon-assisted band-band transitions. The intensive luminescence in the blue 
range is possibly exciton-assisted, as discussed above. 

The trap of the yellow center lies relatively deep in the gap. There are some indi
cations from our data for some fine structure of the 560 nm band, however, it 
seems not to be a typical double band. Therefore, the related center is possibly 
caused by an impurity and not by an intrinsic defect of the lattice. From spectral 
characteristics and crystal chemistry, the occurrence of Mn2+, Ti4+ and U4+ centers 
seems to be unlikely. As discussed above, substitution of Zr by Y not charge com
pensated by P,as reported by Hoffman and Long (1984), Ohnenstetter et al. (1991), 
Remond et al. (1992) and Benisek and Finger (1993) for some natural samples, 
may cause CL quenching rather than emission. Radiative transitions for Y3+have 
not been reported in the literature and are unlikely according to the electron 
structure. In our study, measured Y and P contents correlate well for all analyses 
in which concentrations exceed the detection limits of the electron probe (Fig. 6). 

We propose another possible explanation for the yellow emission: a Yb2+ cen
ter created by «radioactive reduction" ofYb3+ due to U (and Th) radiation. There 
are some facts supporting this thesis: 
1. The occurrence of REE2+ in minerals with ion lattices is well known (Marfunin 

1979), and the reduction by ionizing radiation to the divalent stage (including 
the occurrence of Yb2+) is well documented, for example, for natural fluorites 
(Chatagnon et al. 1982; Chatagnon and Meary 1982; Trinkler et al. 1993; Moro
zov et al. 1996). 

2. The Yb content in natural zircon is always relatively high. 
3. The Yb2+ emission in fluorite detected at 568-575 nm shows a comparable 

large band width (Feofilov 1956). 
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Fig. 6. Correlation between P Ps and Y 203 concentrations detected with electron probe (WDX) 
analysis from zircons from different granulites (samples Pa III, Pa X, and 84031) from the SGC 
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4. The yellow center is found only in natural zircons. Nevertheless, a very weak 
band at 565 nm was detected by Cesbron et al. (1993) in an Y-doped zircon. 

5. Creation of yellow centers due to radioactive radiation was also discussed by 
Remond et al. (1992). 

6. By X-ray luminescence and photoluminescence investigations, Krasnobaev et 
al. (1988) observed a quenching of the yellow center after annealing in air 
above 600°C (with parallel increase in the REP+ luminescence) and a corre
sponding increase of the yellow emission after annealing in a reducing atmo
sphere. 

7. Another indication is the inverse behavior of CL and BSE intensities obtained 
on zircon samples from the SGC showing intensive yellow CL. As discussed 
above, BSE intensity variations may be related to various trace element (e.g., 
Hf, U, Th, Y, Yb, P) and vacancy concentrations. In agreement with results 
reported by other authors for granulite zircons, the trace element content in 
granulite zircons from the SGC is very low. In the majority of electron probe 
analyses performed in the present study, U, Th, Y, Yb, P, Fe, and Ca were found 
to be below the detection limits (about 500-100 ppm). Only the concentrations 
of U and Y reach up to 1000-2000 ppm. Variations of the Hf content within sin
gle crystals without cores are negligible for the SGC zircons. These results are 
in good agreement with PIXE (Gruner and Grambole 1996, unpubl.) and 
SHRIMP data. If the equation of Hall and Lloyd (1981; which was also 
employed by Pointer et. al. 1988) was used for calculating the average atomic 
number, the variations of the average atomic number caused by trace varia
tions would be found to be somewhat below the BSE detection limit. We used 
atomic% (instead of weight% as suggested by Hall and Lloyd 1981) for calcu
lating the average atomic number, which has more physical significance. We 
found that differences in the BSE intensity that are caused by lateral trace ele
ment variations are clearly below the sensitivity of the BSE detector. Therefore, 
we assign the internal structures of granulite zircons from the SGC revealed by 
BSE mainly to variations in the vacancy concentration on the Zr sites. Moder
ate concentrations of vacancies (areas in SGC zircons with moderate BSE con
trast) may stabilize and high concentration of Zr vacancies (low BSE signal) 
may quench the Yb2+ center if incorporation of trivalent elements is compen
sated by P. Additional work is necessary to clarify the nature of the yellow cen
ter in natural zircons. 

3.5 
Interpretation of Internal Structures in Zircons Visible 
in Panchromatic Cathodoluminescence Images 

From the discussion above we conclude that contrast in panchromatic images 
may be caused by intensity variations of the blue and yellow luminescence bands 
(sometimes also by REE3+ CL variations) due to: (1) different degrees of CL 
quenching without changes in the spectral characteristics; or (2) changes in the 
relative efficiencies of various CL centers. 

As shown by a large number of published data, growth zoning revealed by CL 
and/or BSE may be a principal characteristic of primary zircon growth. This the-
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sis agrees with observations on growth phenomena in many other minerals (e.g., 
pyroxenes, feldspars, fluorite, topaz, cassiterite). As shown by Halden and 
Hawthorne (1993), by analysis of the fractal geometry of chaotic oscillatory zoned 
zircon from Silinjarvi carbonatite (Finland), the structure is caused by growth 
kinetics rather than temporal variations in the melt or fluid composition (see also 
discussion in Benisek and Finger 1993). Such zoning was also found as a primary 
growth phenomenon in zircons formed during metasomatic alteration in Thor 
Lake, Canada (Smith et al. 1991) and in Tsakhir, Mongolia (Kempe et al. 1996) and 
is not restricted to a magmatic environment, as assumed in most publications 
(Carpena et al. 1987; Vavra 1990; Lork and Koschek 1991; Pidgeon 1992; Benisek 
and Finger 1993; Hanchar and Miller 1993; Rubatto and Gebauer 1996). Growth 
zoning is often accompanied by sector zoning (Hoffman and Long 1984; Carp en a 
et al. 1987; Benisek and Finger 1993; Hanchar and Miller 1993) due to the 
anisotropic distribution of point defects (including trace elements and vacancies) 
during crystal growth. 

Before discussing more complicated internal structures for zircons from meta
morphic rocks, we would like to describe some artefacts often leading to misin
terpretations of panchromatic CL images. As mentioned above, enhanced lumi
nescence intensity on phase boundaries, cracks and holes in the sample surfaces 
may simulate internal crystal structures. CL may be created only at grain bound
aries or certain local structures below the polished surface if it is quenched in the 
area directly irradiated by the beam. Interpretation of CL images obtained from 
transparent crystals as common in granulitic rocks is, therefore, sometimes quite 
difficult. In this case, a three-dimensional CL image (and not, as often assumed, a 
two-dimensional surface image) may be detected because of the high optical 
transparency of the crystal. An example is shown in Fig. 7 c. Here, a phantom crys
tal, which can be recognized from the pronounced CL on its surface, is imaged 
whereas the central part and the outer rim of the crystal are transparent and 
almost free of luminescence (the polished grain surface is somewhat above the 
half-height of the crystal). In other cases, the three-dimensional luminescence 
structure is more complicated and more difficult to understand. The three
dimensional effect must be also taken into consideration in the case of images 
providing essentially two-dimensional information, as demonstrated in Fig. 1c. 

If the CL contrast is very high, it is often difficult (or even impossible) to image 
variations in CL intensity both on the upper and lower limit of the gray levels. 
Such white or black imaged areas may be erroneously described as not showing 
any internal structure. 

Another artefact is related to changes in spectral characteristics and to the 
detector sensitivity. An example is demonstrated in Fig. 7d, which shows the 
panchromatic CL image of a zircon with a highly luminescent core. It is interest
ing to note that yellow luminescence intensities for core and rim are roughly in 
the same range. The considerably increased total CL intensity in the core is caused 
by more intense blue luminescence and enhanced detector sensitivity in the blue 
wavelength range. 

CL is often used for proving the existence of inherited cores in zircons from 
magmatic and metamorphic rocks (e.g., Gebauer 1990; 1996; Hanchar und Rud
nick 1995; Vavra et al. 1996). As we have shown, interpretation of CL images must 
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Fig. 7a-d. Illustration of possible "artefacts" sometimes influencing the interpretation of CL 
images. The zircon shown in the left contains a detrital core and shows thermal recrystallization 
deleting primary oscillatory zoning. The apparent sector zoning visible under CL (a) is related 
to radial cracks as proved by the BSE image (b). An luminescent phantom crystal within a weak
ly luminescent zircon is shown in c. The luminescence in the yellow range is in the same order 
of intensity for the core and the rim of the zircon imaged with CL in d. The bright luminescence 
of the core is caused by emission in the blue wavelength range. (All zircons from the leucogran
ulite from Erlau, sample 84031) 

be done with appropriate care. For example, the dark area in the zircon shown in 
Fig. 7c cannot be assigned to a detrital core. Contrast in CL intensity alone is not 
a sufficient criterion for proving the existence of a core. More reliable indications 
pointing to the presence of a core are findings of clear discordances in the inter
nal structure and often the observation of rounded surfaces of the assumed cores 
(e.g., see zircon in Fig. 7d or zircon with radial fractures containing a discordant 
detrital core in Fig. 7a,b as proved by CL and BSE images) as well as differences in 
trace element contents (Hanchar and Rudnick 1995; Hanchar, pers. comm. 1997). 

The zircon shown in Fig. 7a demonstrates a further structure often detected in 
zircons from the SGC (see also Fig. 11) - deletion of growth zoning by develop
ment of bright luminescent areas, sometimes feeding in growth zoned areas along 
zone boundaries. This observation is interpreted as recrystallization during meta
morphism. We emphasize that this recrystallization is different in nature com
pared with recrystallization phenomena that have been found, for example, in zir
cons from the Jack Hills (Pidgeon 1992; Fig. 2, this work): No phase boundary is 
detected between zoned and recrystallized sectors in the SGC zircons. In the 
Neumiihle zircon (Fig. lc,d), both types of recrystallization are observed. 
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The results of imaging the internal structures of about 600 zircons of different 
origin lead us to the conclusion that only very little or perhaps even no zircon 
growth takes place during regional metamorphism. Only in one case (zircons 
from amphibolithes in the Erzgebirge region), we found clear indications for 
overgrowth and veinlets, cementing also broken crystals. The CL intensity of 
these newly formed areas was much higher than in recrystallized areas of other 
zircons from metamorphic rocks. The overgrowths have typically thicknesses of 
a few !Jm and show cloudy internal structures under CL. Therefore, more or less 
homogeneous "rims" or areas with bright luminescence often showing residues of 
primary growth zoning in SEM-CL within zircon grains from metamorphic rocks 
were interpreted as resulting from solid state recrystallization and not as meta
morphic overgrowth. This inference agrees well with conclusions of Pidgeon 
(1992) and contradicts suggestions from Hanchar and Miller (1993), Hanchar and 
Rudnick (1995), and Vavra et al. (1996). 

3.6 
Relevance of Cathodoluminescence Imaging 
for Interpretation of U-Pb Data 

Interpretation of internal structures revealed by CL combined with SE and BSE 
imaging provides additional constraints for discussing concordance/discordance 
of V-Pb isotope data obtained by different methods. 

Discordance (in the sense of "normal", i.e. non-reverse discordance) may be 
explained by: (1) analyses of composites (different isotope systems mixed in mul
ti-grain samples, within a single zircon or in a spot); or (2) by Pb loss (and, less 
likely, V gain or diffusion of both of these elements). The various mechanisms of 
Pb diffusion in zircon (continuous or episodic) have been recently summarized 
by Lee (1993). 

The possibility of discordance caused by composite analyses may be demon
strated by multi-grain analyses of zircons from gneisses with protracted history 
commonly containing detrital cores (e.g., Todt and Busch 1981; Peterman et al. 
1986; Tichomirowa et al. 1996). On a concordia diagram, such single data points 
often scatter over a wide range, erroneously suggesting quite different degrees of 
discordance. Similar results are obtained with the SHRIMP when the beam spot 
straddles a boundary between zircon phases with different isotope systems, as 
shown by Hanchar and Miller (1993). This possible falsification should be con
sidered when discussing the isotopic data obtained on the zircon shown in 
Fig. 16c (see also Fig. 18). However, it seems to be unlikely that discordance mea
sured in zircons showing growth zoning may be interpreted as such apparent dis
cordance due to mix-analysis, as assumed by Hanchar and Miller (1993) and 
Chemale et al. (1996). Distinguishable differences between the initial isotope 
compositions of single growth zones resulting from one and the same event can 
hardly be expected. 

Another possible explanation for discordance phenomena is the assumption of 
Pb loss (or less commonly V gain). Investigations on natural zircons showed that 
Pb loss at lower T is clearly enhanced by metamictization (Silver and Deutsch 
1963; Nasdala et al. 1997). 
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Summarizing our data, two types of zircons showing metamictization or low 
degree of crystallinity are suggested. The first type of metamict or not well-crys
tallized zircon contains primary growth zones with enhanced trace element con
tent (including Y, Yb, P, U, and Th) which are characterized by a relatively high 
intensity of the BSE signal and quenched CL, compared with the well crystallized 
zones. Low crystallinity may be assigned to the high level of trace element incor
poration causing lattice destabilization with additional damage due to radioac
tive decay. This type is represented by magmatically grown zircons showing pri
mary growth zoning, where enhanced trace element contents are restricted to 
certain zones (Benisek and Finger 1993). Uranium-lead data for such zircons or 
zircon micro-areas give concordant, or at most moderately discordant, data 
points which are plotted relatively close to the upper intercept of hypothetical 
discordia lines (see Black 1987; Nasdala et al. 1996a). In the case of low degrees 
of isotopic discordance, the model of episodic Pb losses cannot be distinguished 
from the model of continuous Pb losses (as reviewed by Faure 1986). The dif
ferent degrees of discordance may be related to the presence of different path
ways (cracks, dislocations, etc.) to the crystal surface providing Pb grain bound
ary diffusion out of the zircon lattice. 

We suggest that such behavior of the U-Pb system may be a result of contin
uous Pb loss of varying intensity from trace element-rich and metamict zones. 
Our inference is supported by the correlation between degree of discordance and 
radioactive dosage that was observed by Gracheva et al. (1981) on granitic zir
cons, which in most cases show normal growth zoning (see Vavra 1994), where
as other zircons investigated by these authors were found to not follow this ten
dency. 

The second type of metamict or low crystallized zircons is characterized by 
high U, Th, Y, and Yb and shows in particular enhanced Fe and Ca content. 
Metamictization is observed on entire zircons or zircon micro-areas which feed 
from the surface to the core of single crystals along cracks, growth zones or 
other heterogeneities probably by phase-boundary diffusion. These zircons show 
low CL and remarkably low BSE (see Sect. 3.2). Such characteristics were, for 
example, observed on zircons from the Jack Hills (see also microprobe analyses 
for Fe and Ca in Nasdala et al. 1996b), from granites belonging to the SGC (Bau
mann and Kempe, unpubl. data), and from gabbros from the MARK area 
(Haubrich and Kempe, unpubl. data). Since the same chemical features and 
BSE/CL behavior as named above were found on metasomatic ally grown, 
metamict zircons from Tsakhir and Thor Lake, we conclude that the occurrence 
of this type of low crystallinity and metamictization is related to metasomatic 
alteration. 

This interpretation possibly explains the findings for the Jack Hills zircons. 
Both recrystallized (and well concordant) and growth zoned (discordant) areas 
lie on a single chord the lower intercept of which is still questionable (Pidgeon 
1992). BSE and CL behavior suggests that the metasomatic alteration has affect
ed both recrystallized and zoned areas. Therefore, we assume that the alteration 
process has fully reset the U-Pb system of the entire crystal both by recrystal
lization and defect-related diffusion because the pre-existing zoning was affect
ed by the recrystallization only partly. The subsequent Pb loss is more extensive 



Relevance of Cathodoluminescence for the Interpretation of U -Pb Zircon Ages 433 

in zoned than in recrystallized areas, due to increased Pb diffusion rates in 
zoned areas caused by more intense metamictization (Nasdala et al. 1997). 
According to the model discussed, only the age of metasomatic alteration may 
be dated by U-Pb measurements on zircons that underwent metasomatic recrys
talliza ti 0 n. 

The classification of the two types of metamict or low crystallized zircons 
described is also in agreement with Raman microprobe data reported elsewhere 
(Nasdala et al. 1996b). Internal structures of metamict lattice domains far in the 
sub-micron range are below the resolution limits of methods used in this study. 
High-resolution-TEM and electron diffraction investigations are necessary to 
evaluate the metamict state in more detail. References in this field are limited, 
and reported investigations were carried out on some extreme samples (e.g., zir
cons from Sri Lanka carbonatites) because of difficulties in sample preparation 
(e.g., Murakami et al. 1991; McLaren et al. 1994). 

Although distortion of the U-Pb isotope system is enhanced by metamictiza
tion, as discussed above, even well crystallized zircons may be affected by loss of 
radiogenic Pb. An example is Pb loss related to recrystallization at high T. As 
stated by Mezger (1996), zircon tends to recrystallize above 600°C. According to 
Krasnobayev et al. (1988), partial recrystallization of metamict areas in granite 
zircons at about 600°C causes increased X-ray and photoluminescence intensi
ties. Above 600°C, photoluminescence of granite zircons quenches. Only in this 
temperature range, the behavior of granite zircons is similar to that of zircons 
from kimberlites and pegmatites. 

The process of thermal recrystallization leads to low trace element content 
and high CL intensities in more or less homogeneous areas (Fig. 7a,b and 
Fig. 11). The recrystallization happens in the solid state along lattice domains 
enriched in vacancies and impurities, since diffusion is more rapid here. Conse
quently, thermal recrystallization does not take place from the rim to the core 
(as metasomatic alteration does; see Fig. Id) but from certain defect-rich 
domains in the crystal such as metamict detrital cores, defect-rich sectors in sec
tor zoning, and boundaries between growth zones in oscillatory zoning (see 
Fig. 1 in Pidgeon 1992; Fig. 2 in Nasdala et al. 1997; see also Fig. 12a, this work). 
Resulting internal structures show extreme varieties. An example are fir tree 
structures described by Vavra et al. (1996; see also Fig. llc, this work). 

Thermal recrystallization, typical of regional metamorphism, causes episodic 
Pb loss leading to partial or complete reset of the U-Pb system. Data obtained 
from micro-areas that have been almost fully reset plot near the lower intercept 
of the discordia line. They may define the age of the metamorphic event causing 
Pb loss (e.g., Gebauer and Grunenfelder 1976; Todt and Busch 1981; Kotov et al. 
1990; Lork and Koschek 1991; Vavra et al. 1996). According to data reported by 
Pidgeon et al. (1966) and Kotov et al. (1990), thermal recrystallization may be 
stimulated by the presence of a fluid phase. This process is rather related to the 
whole complex of physico-chemical conditions (including the chemistry of the 
fluid involved) than exclusively to the temperature variations. 
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4 
An Applied Cathodoluminescence, Scanning Electron 
Microscope, Microprobe, Raman and SHRIMP Study 
on Zircons from the Saxonian Granulite Complex, Germany 

4.1 
Introduction, Geological Setting, Sampling Sites 

ULF KEMPE et al. 

The SGC is an exotic crust fragment situated north of the Moldanubian, at the 
northern borderline of the Erzgebirge crystalline complex (Fig. 8; Kroner 1995). 
The complex consists of three types of granulitic rocks (leucogranulites, pyrox
ene-bearing granulites, and mafic granulites - so-called pyriclasites), which are 
overlaid by cordie rite, garnet, and biotite gneisses. The outermost zone of the SGC 
is formed by a mantle of mica schists and phyllites. The rocks are intensively 
deformed and foliated, particularly in the southern part that lies parallel to the 
southeast boundary of the SGC (Kroner 1995). Magmatic rocks are represented by 
serpentinized gabbros set mainly at the southern and northern ends of the south
east border of the complex, as well as by concordant (foliated) and discordant 
granite intrusions of various scale. Significant granitoids are the large Mittweida 
granite, which is situated near the center of the SGC, and the foliated Berbersdorf 
granite, at the northeastern end of the SGC. 

Notwithstanding the long history of investigation, the formation of the SGC is 
still controversial. According to Rotzler (1992), the main topics of discussion are: 
(1) determination of the protoliths of different granulites and gneisses (ortho- or 
para-nature of the rocks respectively); (2) dating of the granulite metamorphism; 
and (3) relation between the high-pressure/high-temperature metamorphism 
and the tectonic uplift of the complex. 

Previously published data of isotopic age determinations were reviewed by von 
Quadt (1993) and discussed considering new Sm -N d and U -Pb data. More recently, 
additional results were presented by Kroner et al. (1994) and Baumann et al. (1996). 

Considering reliable isotopic data only, reported ages cluster mainly in two 
groups, around 340 and 450 Ma. Sm-Nd isotope systems of the whole rocks are 
clearly distorted (e.g., data in von Quadt 1993), whereas Sm-Nd mineral isochrons 
for leucogranulites from Erlau and Diethensdorf as well as for a mafic granulite 
from Diethensdorf and a pyroxene-bearing granulite from Hartmannsdorfyield
ed ages between 346 and 355 Ma (Chernyshev and Zhuravlev 1987; von Quadt 
1993). Another mafic granulite from Diethensdorf with re-equilibrated apatite 
defines an age of 308 Ma, as discussed by von Quadt (1993). This author also 
reported an Sm-Nd mineral age of 380 Ma for a garnet pyroxenite from 
Klatschmiihle, whereas Baumann et al. (1996) found 322 and 345 Ma (Sm-Nd 
mineral ages) for the same rock type, in agreement with U-Pb zircon age deter
minations. Using Rb-Sr analysis, Gorokhov et al. (1987) obtained similar Car
boniferous ages (321 and 342 Ma) from thin slab profiles from leucogranulites. K
Ar dating of secondary biotites from leucogranulites gave ages of 336 and 350 Ma 
(Watznauer 1974). 

Conventional multi-grain U-Pb dating, Pb-Pb single-grain evaporation data 
and SHRIMP analyses performed on zircons from different granulites confirm 
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Fig. 8. Geological sketch of the Saxonian Granulite Complex (SGC) with regional geological set
ting and sample locations. (Modified after von Quadt 1993) 

ages around 340 Ma (von Quadt 1993; Kroner et al. 1994; Baumann et al. 1996; 
Nasdala et al.1996a), but an older inherited component (around 411-485 Ma) has 
also been identified (Gorokhov et al. 1987; Wenzel et al. 1990; von Quadt 1993; 
Kroner et al. 1994; Baumann et al. 1996; Nasdala et al. 1996a). 

Other rock types of the SGC gave the same zircon age, around 340 Ma. Bau
mann et al. (1996) reported 320-365 Ma for cordie rite gneisses (single-grain 
evaporation), and von Quadt (1993) found an age of 338 Ma for a garnet pyrox-
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enite from Klatschmiihle (V-Pb multi-grain analysis). Even the SGC granites show 
identical Carboniferous zircon ages: (1) 338 Ma for the foliated Berbersdorf gran
ite was reported by von Quadt (1993; multi-grain analysis, data points plot near 
the upper intercept); (2) Kroner et al. (1994) found 333 Ma for the foliated gran
ite from Wolkenburg by single-grain evaporation; and (3) 351 Ma for the Mit
tweida granite was calculated by Baumann et al. (1996) based on multi-grain anal
yses (data points plot near the upper intercept), whereas Nasdala et al. (l996a 
1997) measured 333 Ma (SHRIMP V-Pb dating). For the Mittweida granite, addi
tional older ages (up to 470 Ma) were found by single-grain evaporation (Bau
mann et al. 1996). 

Zircons from twelve samples of leucogranulites, pyroxene-bearing granulites 
and mafic granulites were investigated in the present study (locations are shown 
in Fig. 8). Leucogranulites from Knaumiihle (Pa VIII), Kaufungen (Pa X) and 
Zschauitz (87007) are foliated, white-grayish rocks consisting mostly of feldspar 
and quartz with visible red garnet and a very low content of mafic minerals. The 
leucogranulite from Taura (Pa III) is reddish due to the color of the K-feldspar. 
Pyroxene-bearing granulites from Hartmannsdorf (Pa IV, V, XI and XII) and 
Gr06stadten are grayish and contain high quantities of hypersthene and augite. 
The pyroxene granulite from Erlau (84031) is an orthopyroxene granulite (only 
with hypersthene). Mafic granulites from Hartmannsdorf (Pa VII) and Knaumiih
Ie (Pa IX) are dark colored rocks mainly consisting of pyroxene, garnet, and basic 
plagioclase. 

The syenite granulite sample from Kiefernberg (Pa II) is from a xenolithic 
block within pyroxenite rocks. The specimen is yellowish-grayish and massive 
without visible foliation. Chemical analyses of the samples are presented in 
Table 1. 

4.2 
Zircon Morphology 

Accessory zircons were separated from 10 kg of each rock sample. Some 30-40 
zircon grains per sample were included in morphology investigations using an 
SEM. 

The shapes and degrees of rounding of the zircon grains vary over a large 
range, from euhedral to anhedral (Figs. 9, 10). Idiomorphic grains, crystals with 
rounded edges, and spherically shaped zircons were found in every sample. 
Aggregates apparently consisting of several zircon grains are remarkably com
mon (Fig. lOa; about 20-50% of the zircons from the samples described in the 
present study). Normally, the content of zircon aggregates in the zircon fractions 
from magmatic and metamorphic rocks is significantly lower. These aggregates 
may be interpreted as polycrystalline intergrowths or as a result of crushing of 
elongated zircon grains during shearing of the rocks. 

It is difficult to quantify abundances of idiom orphic and rounded zircon crys
tals because all transitions between well-idiomorphic and spherical-shaped 
grains are observed. The shapes of idiomorphic zircons vary from short and pris
matic to elongated (Fig. 9a,b). The more spherical zircon grains have more round
ed edges (Fig. 9c,d). In addition, a conspicuous thinning of the central part of the 
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Fig. 9a-d. Morphology of zircons from the SGc. a Elongated idiomorphic crystal (pyroxene 
granulite from GroBstadten, sample GS); b equant idiom orphic crystal (leucogranulite from 
GroBstadten, sample GS); c rounded elongated crystal with thinning at the central part 
(leucogranulite from Kaufungen, sample Pa X); d rounded equant crystal (leucogranulite from 
Taura, sample Pa III). SE images 

crystal (i.e. near the middle of the prism faces) is occasionally observed on elon
gated crystals (Fig. 9c). In the case of equant grains with spherical shape, it is dif
ficult to recognize relics of crystal faces and edges (Fig. lOb). 

Some general correlations between crystal shape and tectonics are recognized. 
As found by Kroner (1995), the shearing of the SGC is more intensive in the 
southeastern part. This trend correlates with the proportions between idiomor
phic crystals and rounded grains plus aggregates in the granulite samples. About 
one third of the grains from the granulites from Kaufungen (Pa X), Zschauitz 
(87007), Erlau (84031), and Taura (Pa III) were found to be more ore less 
idiom orphic in shape, whereas samples from Hartmannsdorf (Pa IV, V, VII and 
XI) and Knaumiihle contain less than 25-20% idiom orphic zircons. Exceptions 
are the pyroxene granulite Pa XII from Hartmannsdorf, with about 50% equant 
and more or less idiomorphic crystals, and the syenite granulite Pa II from 
Kiefernberg where - in accordance with the massive texture of the rock - aggre
gates and rounded crystals as well as rounded edges were not found at all (Fig. 
lOc,d). 
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Fig. lOa-d. Morphology of zircons from the SGc. a Zircon aggregate (Ieucogranulite from Kau
fungen, sample Pa X); b spherically shaped zircon (pyroxene granulite from GroBstadten, sam
ple GS); c idiomorphically elongated and d equant zircon crystals from the syenite granulite 
occurring at Kiefernberg (sample Pa II). SE images 

4.3 
Back Scattered Electron and Panchromatic 
Cathodoluminescence Imaging 
of the Internal Structure of Zircons 

From the twelve rock samples investigated, 10-40 zircon grains each were sepa
rated. Polished microprobe mounts were prepared using epoxy epo-tek 301. The 
internal structures of the zircons were investigated by means of BSE and CL tech
niques (see Chap. 3). 

As can be seen in Figs. 11 and 12, internal structures of zircons from the SGC 
vary considerably (see also Fig. la,; Fig. 4a,b as well as Figs. 7,14,16). Growth and 
sectoral zoning, highly luminescent cores in weakly luminescent rims (homoge
neous or zoned), and vice versa, and three-dimensional effects were observed. No 
indications for metamorphic overgrowths were found. Thermal recrystallization 
developed in cores (Fig. la,b), rims (Figs. 7a,b, 16a,b,d), sectors, and along growth 
zones (Fig. lla) is a principal feature of zircons from the SGc. Thermal recrystal
lization alters primary internal structures (as shown in Fig. 11), up to almost 
homogeneous patterns in spherically shaped crystals. However, there is no simple 
correlation between the morphology of the grains and their internal structures. 
BSE and CL imaging support the conclusion that rounding of elongated crystals 
and the occurrence of zircon aggregates are caused by crushing of long-prismat-
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Fig. lla-d. Internal structure of zircons from the SGc. Transition from oscillatory and sector 
zoned crystal fragments (a) to homogenized rounded grains (d). Thermal recrystallization 
starts from defect-rich sectors feeding into other parts along oscillatory zoning (a; mafic gran
ulite from Hartmannsdorf, sample Pa VII). Thermal recrystallization leads to deletion of pri
mary zoning (b; leucogranulite from Taura, sample Pa III). Recrystallization along primary 
zoning forms fir-tree structures (c; leucogranulite from Kaufungen, sample Pa X). In some 
cases, the internal structure is nearly homogeneous (d; mafic granulite from Hartmannsdorf, 
sample Pa VII. Note that the dark areas also consist of (very weakly luminescent) zircon. CL 
images 

ic grains (Fig. 12). In Fig. 12c,d, an aggregate resulting from the deformation of 
the rim is shown. The internal structure of the core also documents strong defor
mations. 

Although characteristics of zircons may vary appreciably, some features are 
generally found on zircons from a certain sample. For instance, equant and pris
matic grains showing primary growth zoning without detrital cores prevail in the 
leucogranulite from Taura (Pa III). Rounded grains with varying degrees of ther
mal recrystallization appear to be fragments of larger crystals (e.g., Figs. lIb, 12b, 
16d). Elongated grains are also characterized by recrystallized growth zoning 
(Figs.4b, 12a). 

Some typical internal structures were also found on zircons from the 
leucogranulite from Kaufungen (Pa X). Extremely weakly luminescent cores and 
highly luminescent rims (the latter occasionally being remarkably thin down to a 
few microns) are quite often present in equant grains (Figs. 14a, 16a,b). Another 
typical feature is sector zoning detected in the luminescent rims. Long and pris
matic crystals are not common in the Kaufungen granulite. 
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Fig. 12a-d. Internal structures of zircons from the SGc. a Primary oscillatory zoning in an elon
gated crystal is partly destroyed by recrystallization; b strongly deformed and partly recrystal
lized grain (both zircons from the leucogranulite from Taura, sample Pa III, CL images). Inter
nal structure of a zircon aggregate revealed by CL (c) and BSE (d) images documents strong 
deformation of the rim and the core (leucogranulite from Erlau, sample 84031). Kfsp K-feldspar; 
Ab albite; Qz quartz 

However, we would like to point out that the described general features do 
preferentially but not always occur. Zircons with differing characteristics are 
also found in each sample (see, e.g., Fig. lic for the leucogranulite from Kau
fungen). 

4.4 
Spectral Cathodoluminescence, Electron Probe 
and Raman Investigations 

A few CL spectra were taken from one or two typical grains each from five sam
ples of leucogranulites, pyroxene granulit~s and pyriclasites (locations Taura, 
Knaumiihle, Kaufungen, Hartmannsdorf, and Erlau). We found some concurring 
spectral characteristics in each of the spectra: The total CL intensity is dominat
ed by emission of the yellow center, and additional weak line groups assigned to 
Dy3+ were obtained (see Sect. 3.3). An exception is bluish luminescent cores, 
which were exclusively observed in some zircons from the orthopyroxene gran
ulite from Erlau. An unusual phosphorescence was observed on a highly recrys
tallized zircon from the pyroxene granulite Pa IV (Hartmannsdorf) with an 
extremely low U content of about 10 ppm. 
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Electron probe analyses (142 spots on 33 zircons from five samples) revealed 
the overall low trace element content in the granulite zircons. As stated above, P 
and Y concentrations were only in a few cases found to be higher than the detec
tion limits. In these cases, a positive correlation between these two elements 
(suggesting the xenotime-type substitution Zr4++Si4+HY3+, REP++ps+) is ob
served (Fig. 6). 

Some indications concerning the precursors of the granulitic rocks may be 
derived from the Hf distribution. As can be seen in Fig. 13, the Hf content shows a 
normal distribution, with an average Hf02 value of about 1.6 wt%. This result lies 
within the range typical of zircons from most magmatic (and metamorphic) rocks. 
The zircons from the leucogranulite from Taura (Pa III) are clearly more enriched 
in Hf, with an Hf02 average of about 3.0 wt%. This is probably caused by Zr/Hf 
fractionation occurring in pegmatites and evolved granites (Kempe et al. 1997). 

Raman microprobe analyses were done on a few zircon grains from selected 
samples (Pa III, Pa IV, Pa VIII, and Pa X). The results support the assumption that 
the total luminescence intensity (i.e., emission from the yellow center) correlates 
well with the degree of crystallinity (Fig. 14). For example, very weakly lumines
cent cores in zircons from the leucogranulite Kaufungen (Pa X) were found to be 
metamict whereas highly luminescent patches in the elongated zircon from Tau
ra (Pa III, Fig. 14b) correspond to very well-crystallized areas (see Nasdala et al. 
1996b). 

4.5 
SHRIMP Ion Probe Measurements 

SHRIMP analyses were carried out on selected grains (one to five point analyses 
per grain) from the samples Pa III (Taura) and Pa X (Kaufungen). Spot positions 
were chosen in accordance with the internal structures revealed by BSE/CL imag-

35 

30 • zircons from other samples 

rJ) o zircons from leucogranulite Taura 
'iii 25 
>. 
m 
c 20 
m 
"-
0 15 ... 
Q) 
.0 
E 10 
::::I 
C 

1.2 1.4 1,6 1,8 2,0 2,2 2,4 2,6 2,8 3,0 3,2 3,4 3,6 

Hf02 [wt-%] 

Fig. 13. Distribution diagram for the Hf02 content in zircons from SGC granulites (WDX analy
ses). Note the distinct distribution for the data obtained from sample Pa III, (leucogranulite 
from Taura) 
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Fig. 14a,b. Examples for possible relationships between the degree of crystallinity obtained by 
Raman microprobe measurements and structures imaged by CL. a Zircon from leucogranulite 
from Kaufungen, sample Pa X; b zircon from leucogranulite from Taura, sample Pa III, also 
shown in Figs. 3 and 4 

ing, performed in order to check the identified detrital cores of different types in 
comparison with the «common" zircons. Another aim of the ion probe investiga
tions was to examine possible relations between the internal structures of the zir
cons and the degree of disturbance of their U-Pb isotope systems. Results are 
shown in Table 2 and in Figs. 15 and 16. 

As demonstrated in Fig. 15 (comparison of «apparent SHRIMP ages" with data 
obtained by Baumann et al. 1996 using the single-grain evaporation technique), 
our data confirm results reported by other authors. Most of the calculated ages 
cluster around 340 Ma, and some older ages around 450 Ma are also detected. As 
reported elsewhere, there is evidence for inherited zircons with ages greater than 
1200 Ma (Nasdala et al. 1996a). 
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Fig. IS. Comparison opo6Pbp38U ages calculated from single SHRIMP analyses (this study) with 
207Pbp06Pb ages from single grain evaporation reported by Baumann et al. (1996) 

Ages of about 340 Ma were obtained from crystals without inherited cores or in 
rims independently of the internal structures (including degree of recrystalliza
tion revealed by CL) of the analyzed areas (see Fig. 16 and results for the zircon 
from Taura shown in Fig. lIb. The latter was analyzed in five spots placed in the 
zoned and recrystallized areas). 

The ages around 450 Ma were found in detrital cores that do not show radial 
cracks (as in the case of the zircon from Kaufungen, Pa X, shown in Fig. 16a). 
Again, the age does not depend on the internal structure of the analyzed cores. 
(Note that the central part of the zircon in Fig. 16d is not a detrital core and the 
bright luminescent rim is formed by thermal recrystallization). 

The extent of the spot analyzed by the ion probe may be checked by SEM inves
tigation (Fig. 17). Analysis pits from measurements set in brightly luminescent, 
well-crystallized areas with low trace element contents show smooth walls and 
bottoms (Fig. 17b). In contrast, tiny holes were found at the bottom of pits in areas 
that are rich in trace elements (Fig. 17a). As an additional feature, patterns of par
allel cracks within and around such pits were found in some cases (Fig. 17a). 
These surface features are similar to structures detected in evaporated zircon 
grains and may be assigned to the local heating of the zircon lattice under the ion 
beam during analysis. Holes and cracks provide diffusion of material from deep
er and unstable domains into the area of sputtering. The structures visible after 
irradiation by the ion probe may perhaps indicate zonal metamictization of the 
zircon investigated. 
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Fig. 16a-d. Relation between 206Pb/238 U ages (top), U content (bottom) from SHRIMP analy
ses and internal zircon structures revealed by CL for some zircons with metamict (a,b), prima
ry zoned (c) and apparent (d) cores. The cores from the first three zircons from sample Pa X 
(leucogranulite from Kaufungen) may yield an age around 450 Ma (b,c) independent of their 
internal structures, provided that they are "closed" systems (which is not the case for a). The 
apparent "core" for the zircon (d) from the leucogranulite Taura (sample Pa III) is formed by 
inhomogeneous recrystallization (only the rim was recrystallized). The 364 Ma age in (c) is a 
mixed age: Zircon from both the core and the rim were analyzed here. CL from the oscillatory 
zoned core in this part is generated from areas not exposed at the polished surface 

4.6 
Interpretation of Morphology, 
Internal Structures and Isotope Data 

We interpret variations of the zircon morphology as a result of foliation of the 
rocks caused by intensive shearing during uplift of the SGC, but not as a result of 
"granulitic" (i.e. metamorphic) growth. Equant crystals were rounded whereas 
elongated crystals were deformed and crushed with formation of aggregates or 
subsequent rounding of the fragments. Thus, it is possible to explain the high con
tent of zircon aggregates and the occurrence of both idiomorphic and rounded 
grains in one and the same rock sample. Our inference is in accordance with the 
interpretation of zircon morphology for rocks from the Belomor complex by 
Zinger et al. (1996) and is supported by the observation of widely idiomorphic 
crystals in weakly deformed granulites from southwestern Norway (Bingen et al. 
1996). In other words, spherically shaped zircons are not typical of "granulitic 
growth" but represent intensive foliation of metamorphic rocks caused by defor
mation processes. If this hypothesis is true, we may conclude from our results that 
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Fig. 17a,b. SE images of SHRIMP analysis pits in zircon grains from the SGC (sample Pa X). The 
spots in a were set in an area with more than 1000 ppm U whereas the area around the spot in 
b contains less than 150 ppm U 

mafic granulite protolithes must have contained mainly short-prismatic zircons 
whereas elongated and prismatic crystals prevailed in the precursor rocks of the 
leuco- and pyroxene granulites. 

Our conclusions are supported by results obtained using CL and BSE imaging 
of the internal zircon structures along with chemical and structural data. The 
assumed rounding and crushing of the crystals is accompanied by thermal 
recrystallization in defect-rich areas. The resulting more homogeneous cores, 
rims, and patches can be recognized as brightly luminescent domains. They gen
erally contain low trace element concentrations. The occurrence of rounded and 
homogeneous rims is, therefore, interpreted as a result of recrystallization. Con
sequently, these rims are not metamorphic overgrowths, as was assumed by 
Hoppe (1966), Hanchar and Miller (1993), and Vavra et al. (1996). If zircon growth 
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during regional metamorphism occurred, newly formed rims would be a general 
feature for the majority of zircon grains from metamorphic rocks, as reported by 
Hanchar and Rudnick (1995) for lower crustal granulite xenolithes. 

Relationships between U -Pb ages, internal structures, total CL intensity, and U 
content are compiled in Fig. 18. Detailed interpretation of the internal structures 
of the granulite zircons allows us to discuss critically the meaningfulness of U-Pb 
and other isotopic data. 

According to Kroner (1995), two distinct events have taken place in the tecton
ic development of the SGC: (1) granulite facies regional metamorphism, and (2) 
uplift of the complex with intensive shearing of the rocks and metasomatic alter
ation. We assume that the latter event corresponds to age determinations around 
340 Ma. The presence of a fluid phase (stimulating distortion and/or resetting of 
K-Ar, Rb-Sr, Sm-Nd and U-Pb isotope systems) may be indicated by the local 
occurrence of synkinematic polymetallic and scheelite-bearing mineralization 
and by alteration (biotitization and serpentinization) of the respective rocks. 
Clear indications for the synkinematic age are concurring K-Ar ages for sec
ondary biotite and U-Pb data for the syn- and postkinematic granites of the SGC. 
According to the reported P-T paths with temperatures greater than 600°C (Rot
zler 1992), recrystallization processes in defect-rich zircon grains could possibly 
have occurred. 

Our conclusions are in good agreement with interpretations based on region
al and local geological data (Rotzler 1992, Franke 1993) and contradict the age 
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interpretation presented by von Quadt (1993). It is interesting to note that ther
mal recrystallization influences the V-Pb system of the zircons more sensitively 
than the internal structures. Whereas the V-Pb system mostly experienced com
plete reset, the internal structures are only partly smudged (Figs. 16, 18). 

The interpretation of V-Pb and Pb-Pb zircon ages around 450 Ma is more 
complicated. The fact that these ages are measured in detrital cores independent
ly of their zoned or unzoned internal structures (Figs. 16, 18) suggests a meta
morphic event because in this case it appears to be more probable that cores of 
different history may yield the same age information. We interpret these ages as 
perhaps representing the granulite facies metamorphism (leading role of static 
pressure and temperature) which have reset all zircons and most detrital cores 
(excluding the old core with an age > 1000 Ma, probably related to a protholite 
age). During the following uplift, the cores were not affected to the same extent as 
the rims by stress and external fluids. 

Due to extreme conditions during granulite metamorphism and uplift, it is 
very difficult to determine the age of the precursor rocks unambiguously. Never
theless, some information may be derived by systematic checks of V-Pb systems 
of detrital zircon cores. As stated before, a highly discordant data point measured 
on a granulitic zircon core pointed to a Precambrian age (Nasdala et al. 1996a). 

Interpretation of internal structures of granulite zircons provides some addi
tional information about the nature of the precursor rocks. More uniform char
acteristics of relics of the primary structures (i.e. growth zoning throughout with
out detrital cores), observed on zircons from mafic granulites from Hartmanns
dorf and from the leucogranulite from Taura, suggest magmatic protoliths of 
these rocks. For the leucogranulite from Taura, this inference is supported by the 
distribution of the Hf content in the zircon, yielding relatively high values, around 
3 wt% Hf02• 

5 
Concluding Remarks 

1. Visible CL signals generated in zircon grains under the electron beam are in 
most cases dominated by band luminescence. Additional spectroscopic inves
tigations are necessary for clearing up the nature of the band luminescence in 
natural zircons. Separate detection of the Dy3+ luminescence superimposed on 
the band luminescence may provide additional information, since the related 
centers show a distinct distribution in the lattice. 

2. To avoid misinterpretations of internal structures revealed by panchromatic 
CL imaging, careful checks for possible artefacts (phase boundaries, small 
holes, etc.) must be done using SE and BSE imaging. In the case of transpar
ent crystals, possible three-dimensional images have to be taken into consid
eration. Lateral variations of the CL intensity may be caused by local quench
ing of the luminescent centers as well as by changes of the spectral character
istics of the luminescence. 

3. Primary zircon growth with growth and sectoral zoning may occur not only 
during magmatic but also during metasomatic processes. Strong growth zon-
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ing corresponding to large variations of trace element (Hf, U, Th, Y, Yb, and P) 
content is in some cases related to the behavior of the U-Pb isotope system. 

4. Defect-rich areas may provide thermal recrystallization leading to the gener
ation of brightly luminescent cores, rims, and patches with well-crystallized 
lattices and low trace element content. Therefore, homogeneous and brightly 
luminescent rims are in most cases not regarded as metamorphic over
growths. 

5. Another phenomenon obtained on some zircon grains is metasomatic recrys
tallization spreading from the rim to the core of the grains. Metasomatically 
altered zircons are characterized by low CL and BSE contrast and enhanced Fe 
and Ca concentrations. 

6. The U-Pb isotope system may be more sensitive to secondary processes than 
often assumed. A more or less continuous Pb loss from metamict, trace ele
ment-rich zones formed during primary growth may occur. Metasomatic 
recrystallization (Pb loss or U gain), thermally induced recrystallization 
(episodic Pb loss during regional metamorphism or shearing of the rocks 
with synkinematic rock alteration), and other geological events may also 
influence the U-Pb system. 

7. The interpretation of zircon morphology and internal structures of zircons 
from granulitic rocks from the SGC leads us to the following conclusion: 
Spherical shapes of zircon grains and the occurrence of zircon aggregates 
together with idiomorphic crystals in one and the same sample are a result of 
rounding and crushing of the zircons caused by intensive shearing of the 
rocks during uplift, and not, as often assumed, of zircon growth during gran
ulitization. 

8. Based on the inferences above, and considering the results of SHRIMP analy
ses, an age of around 340 Ma (which has been measured by many authors 
using different methods of isotope dating on different rock types from the 
SGC) are assigned to the uplift of the complex. This interpretation is in good 
agreement with local and regional geological evidence. 

9. An age of about 450 Ma, found on some zircons by single-grain evaporation 
and SHRIMP analysis, is believed to represent the granulitic event. 

10. The assumption of a complete reset of the U-Pb system during intensive meta
morphic deformation solves apparent contradictions observed by dating of 
metamorphic rocks. 

11. Reliable interpretation of U-Pb zircon ages requires not only consideration of 
geological and petrologic data but has to be accompanied by detailed miner
alogical investigations, especially of morphology and internal structures of 
the dated zircons. 

12. The precision and accuracy of U-Pb zircon ages are not only limited by ana
lytical precision. Calculated "ages" may scatter around the real age of the event 
by a considerably larger extent than analytical errors and, therefore, must be 
checked by additional studies. 
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CHAPTER 18 

Cathodoluminescence 
in Applied Geosciences 

JENS GOTZE 

1 
Introduction 

Cathodoluminescence has developed into a standard technique for mineralogical 
and petrological investigations in geosciences. This is especially due to several 
advantages which have made cathodoluminescence (CL) a powerful tool in the 
analysis of solid matter. Generally, CL has been applied to investigations of crys
tallographic and typomorphic properties of minerals (real structure, zonation, 
etc.), the identification of mineral constituents, and the reconstruction of miner
al- and rock-forming processes (Walker 1985; Marshall 1988; Remond et al. 1992). 
Investigations of gemstones by CL have especially focused on the evaluation of 
typomorphic properties to distinguish natural from synthetic gemstones (e.g. 
Gaal1976, 1977; Ponahlo and Koroschetz 1985; Ponahlo and BrandsHitter 1996). 

In several fields of applied geosciences, CL is an effective addition to conven
tional analytical methods such as polarizing microscopy, X-ray diffraction 
(XRD), scanning electron microscopy (SEM) or microprobe analysis (McCauley 
1975; G6tze 1995). Using modern CL equipment it is possible to reveal textures 
and variations in the chemical composition of solids regardless of their crys
tallinity. Thus, CL results are of special interest in materials in which a high con
tent of amorphous components, low concentrations of mineral phases and/or 
extremely heterogeneous materials limit other analytical methods. CL analysis 
plays a signficant part in specific investigations of geomaterials, industrial min
erals, and technical products such as: 
1. Natural and synthetic minerals, gemstones 
2. Industrial raw materials 
3. Products of coal and waste combustion (fly ashes, slags) 
4. Metallurgical slags and dust 
5. Structural materials (natural stones, bricks, mortar, concrete) 
6. Ceramics, glasses, refractory materials 
7. Archaeological materials 

Several luminescence spectroscopic methods have been applied to prospecting and 
exploration purposes or for mineral processing (Gorobets et al. 1989; Hagni 1984; 
Kogut and Hagni 1995; Gorobets and Rogozhin 1996; Gorobets et al. 1996). Miner
als which were successively sorted by X-ray luminescence or photoluminescence 
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are represented by technical and building materials (e.g. fluorite, feldspar, calcite, 
wollastonite), chemical raw materials (e.g. apatite, datolite, danburite, barite, sylvi
nite), and gemstones such as diamond, ruby, spinel or beryl (Gorobets et al.1996). 

Although CL has been fully accepted in geological investigations, its important 
role in the study of the mineralogy involved in a wide variety of problems of envi
ronmental significance has not been fully recognized. For instance, dark-field ore 
microscopy and CL microscopy were found to provide excellent methods to 
determine the mineralogy, porosity, and permeability of roast products of gold 
metallurgy in sulfide ores or cyclone dust, sludge, and accretions from iron-mak
ing plants (Hagni and Hagni 1996; Hagni et al. 1996). Furthermore, the identifica
tion of phases in fly ashes and slags of lignite combustion is more effective using 
CL microscopy (e.g. Munch and G6tze 1994; Walther et al. 1995; G6tze 1996a). 

Many of the phases occurring in ceramics, glasses, and refractory materials 
show distinct CL properties allowing a rapid identification of phase distribution 
and phase transformations (G6tze et al. 1993; Alvarez et al. 1996; Karakus and 
Moore 1996; Phillips et al. 1996). Luminescence techniques are also widely used in 
the characterization and dating of archaeomaterials and archaeological objects 
(Schvoerer 1996). Different materials have been investigated including ceramics, 
glasses, terra cotta, mortars or painted coatings. 

In the field of structural materials, such as natural stones, bricks, concrete and 
mortars, CL helps to identify the phase composition and to reveal reaction pro
cesses during firing of natural and synthetic raw materials or phase transforma
tions due to weathering (G6tze and Klemm 1994; Mumenthaler et al. 1995; Frati
ni et al. 1996; Motzet et al. 1997). 

Three case studies are presented here which illustrate the advantages of CL 
microscopy, optical CL combined with high resolution spectral CL and a combi
nation of CL microscopy and image analysis for investigations of geological sam
ples and technical products. 

2 
Application of Cathodoluminescence Microscopy 
to Fly Ashes and Slags of Lignite Combustion 

The growing interest in the study of mineral matter in coals and products of coal 
combustion is especially due to environmental aspects and problems of waste dis
posal. Accordingly, information about the behavior of chemical elements, miner
als and their phase transformation during coal combustion are important (Raask 
1985; Smith 1987; Querol et al. 1994, 1995). Furthermore, during the last few years 
research has focused on the characterization of combustion products of large 
power stations in order to use this material in industry (e.g. building material). 

Waste materials often show a heterogeneous chemical and phase composition 
which complicates their deposition and/or utilization in industry. Although there 
is a basic knowledge concerning the phase composition of lignite fly ashes and 
combustion slags, there is a lack of data especially regarding the glass particles 
which are important in the hydraulic reactions of these products (Keyn and 
Schreiter 1985; Werner et al. 1988, Enders 1995). Chemical analysis alone gives 
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only partial information about the behavior of some elements during coal con
version processes because of the heterogeneity of the natural raw materials. Oth
er conventional analytical methods such as polarizing microscopy, SEM, trans
mission electron microscopy (TEM) and XRD cannot completely determine the 
phase composition because of the very complex composition of the particles. 

In the present study, the phase composition (mineral phases and glassy 
spheres) of lignite fly ashes of some of the most important German power sta
tions (Lower Lusatia lignite area, Rhenic area, central German area, and Upper 
Lusatia area) and synthetic combustion slags was analyzed using a combination 
of hot-cathode luminescence microscopy and chemical microanalysis. The ashes 
and slags were investigated in detail using chemical analysis (i.e. inductively cou
pled plasma, atomic absorption spectroscopy) as well as XRD, SEM, microprobe, 
and CL microscopy. The study was focused on the characterization of particles 
modified, transformed and newly formed during combustion processes. 

The major mineral phases in lignites used for coal combustion are kaolinite, 
illite, quartz, gypsum, pyrite/marcasite, and feldspar. The phase transformations 
during the combustion of the coals result in the formation of the crystalline phas
es anhydrite, free lime, calcium ferrites {e.g. brownmillerite 2CaO · (AI, Fe)203)' 
and iron oxides in the lignite fly ashes, as confirmed by XRD analysis (for details 
of the transformation processes, see Querol et al. 1994). The mineral phases 
resulting from the high-temperature processes also include quartz and feldspar 
as residuals and considerable amounts of glassy spheres and devitrification 
products such as anorthite and gehlenite {Fig. l}. The chemical composition of 

Fig. !. SEM micrograph showing several ash particles in a lignite fly ash from Jiinschwalde 
(Lusatia area, Germany) including glassy spheres 
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Fig. 2. Chemical composition of glassy spheres in lignite fly ashes of various origin. (After 
Munch and G6tze 1994) 

these particles is very complex, as shown in Fig. 2. Comparison of Al!Si ratios of 
initial phases (clay minerals: kaolinite, illite) with those of glassy spheres pro
duced during combustion revealed that the starting material underwent pro
cesses of amorphization and dehydration but also chemical reactions between 
the components. 

Investigations of different ash samples by CL microscopy show that a clear dif
ferentiation of mineral particles is possible regardless of their crystallinity 
(Fig. 3A,B). This is especially important for the characterization of constituents 
which are not discernible by conventional polarizing microscopy and non-crys
talline phases which cannot be identified by XRD. 

Clastic particles (e.g. quartz, feldspar, zircon) are clearly identifiable in the ash
es, indicating that their characteristic luminescence properties were not changed 
during thermal treatment (Fig. 3B). The different primary origin of quartz grains 
(e.g. blue/blue-violet luminescing igneous quartz or brown luminescing meta
morphic quartz, see Fig. 3B) can still be detected in the samples. Additionally, cer
tain components were revealed in agglomerates (Fig. 3B). 

Yellowish luminescing and non-luminescing glassy spheres were mainly 
observed by CL (Fig. 3A,B). Particles with green, reddish or violet CL colors are 
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minor. The CL spectrum in Fig. 4 shows a strong emission around 550-600 nm for 
a yellowish luminescing glassy sphere. It is uncertain whether this broad band 
emission is caused by an activator element (e.g., MnZ+ as in feldspar) or is due to 
another luminescence center (e.g. electron defects localized on Si04 groups). This 
aspect needs further investigation. 

In general, the samples of the Lower Lusatia area and the Central German area 
show all luminescence types, samples of Rhenish power stations are dominated by 
yellow CL colors, and the content of luminescing particles is low in the Upper 
Lusatia ashes. A comparison of CL colors and microchemical analyses shows a 
correlation between chemical composition and luminescence properties of the 
glassy spheres. A plot of the most common luminescence colors (yellow CL and 
non-luminescent) in the CaO/(SiOz+Alz03)/Fez03triangle (Fig. 5) indicates that 
variations in the chemical composition of the ash particles influence their lumi
nescence. The CL color is dominantly caused by the Ca:Fe ratio. Other elements 
such as Mg, Na, K and S have no influence on CL properties. 

Based on these results, glassy spheres were classified based on their lumines
cence and chemical composition. Particles with high CaO contents (>35 wt-%) 
and low concentrations of (SiOz+Alz03+Fez03) show a typical yellow lumines
cence color, whereas phases with low CaO content and high concentrations of 
(SiOz+Alz03+Fez03) generally do not luminesce (Fig. 6). 

Assuming that the chemical composition of ash particles causes differences in 
luminescence, the recognition of particles with varying elemental composition is 
possible. Furthermore, changes during chemical reactions of various components 
should be detectable by CL. Therefore, samples of raw ashes and hydrated ashes of 
the same locality were analyzed to obtain information about phase transforma
tion processes in these samples. Hydrated ashes show a significant decrease in yel
lowish luminescing particles. This indicates that especially the high CaO-contain
ing particles underwent alteration processes, resulting in changes in luminescence 
behavior. This would confirm results of Enders (1995), who proposed a boundary 
in the chemical composition of glassy spheres in lignite fly ashes at 25 wt% CaO, 
which separates highly reactive glassy spheres from less reactive spheres. 

The promising results concerning the phase composition of lignite fly ashes 
encouraged us to study the luminescence behavior of slags from lignite combus
tion. We investigated model slags formed during gasification of brown coal from 
the Lower Lusatia area and a mixture of this coal with 35% sewage sludge at 600, 
800, and 1200°C under oxidizing and reducing conditions. Furthermore, com
bustion products of coal and 1 % added potassium dichromate were analyzed to 
obtain more information about the chemical bonding of potential toxic elements 
in such combustion slags. 

In general, the amount of amorphous phases in the slags is high, sometimes 
very high (estimated up to 90%). The most common crystalline constituents 
detected by XRD are quartz and iron oxides (hematite, maghemite, magnetite), 
the former deriving from clastic input into the samples (Table O. High concen
trations of anhydrite were detected in all samples gasified at 600°C, which was 
confirmed by high contents of S03(12.4-19.5%). At 1200 °C, Ca and Mg preferen
tially formed silicate phases (melilite) and ferrites. The addition of sewage sludge 
caused the formation of Ca- and Ca-Mg-phosphates during gasification at 600°C 
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Fig. 4. CL emission spectrum of a yellowish luminescing glassy sphere in a lignite fly ash from 
Janschwalde, Germany 

Fig. 3A-K. Cathodoluminescence micrographs of investigated geological samples and technical 
products. Scale bar is 200 flm. A Lignite fly ash from the central Germany area. The amount of 
glassy spheres is very high, dominated by yellow luminescent and non-luminescent particles; 
glassy spheres with greenish and red-violet CL are minor. The different particles are only dis
cernible by CL. B Lignite fly ash from the Lower Lusatia area with high contents of detrital 
quartz (Q) and feldspar (F). Glassy spheres are characterized by yellow CL (Ca-rich) or lacking 
CL (Fe-, Al-, Si-rich). In agglomerates (arrow) different crystalline and glassy components are 
distinguishable by CL. C Synthetic combustion slag (coal, 1200 °C). The sample shows extreme 
differences in luminescence color and intensity contrasting several phases (compare with 
Table 2) which are not discernible by optical microscopy. Differences in CL color reveal phase 
formation in small areas including glasses of varying chemical composition. D Synthetic com
bustion slag (coal+sewage sludge, 1200 °C). The addition of sewage sludge at 1200 °C results in 
red-pink luminescence colors of Ca phosphate and Ca silicate phases; high Fe contents can 
inhibit the CL. E CL micrograph of MgO, periclase, at room temperature (20°C). CL reveals blue 
and red luminescing MgO grains due to lattice defects (blue CL) and trace element impurities 
(Mn2+, Cr3+: red CL).l, 2, analytical points for spectral CL measurements (see Fig. 7). F The MgO 
grain after thermal treatment at 950°C exhibits heterogeneous CL distribution due to partial 
recrystallization (blue luminescing grain cores) and diffusion of impurities to grain boundaries 
(red CL) (see Fig. 8). G MgO brick in the direct contact to the iron melt. The MgO grains show 
features of cracking and alteration visible by different CL colors. Yellow-greenish luminescing 
slag material (spinel) is distributed in micro-cracks and in the pore space. H-K Images of a 
feldspathic sandstone representing the processing algorithm for quantitative phase determina
tion by combined CL and image analysis: H crossed polars, I CL mode showing dark blue-vio
let luminescing quartz grains, yellow-orange carbonate and bright luminescing (overexposured) 
feldspar, K contrasting and quantification of feldspar in the binary mode 
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in investigated lignite fly ashes. (Modified after Munch and G6tze 1994) 

Table 1. Crystalline phases detected in model slags by X-ray diffraction analysis. (Walther et al. 
1995) 

Sample 2 3 4 5 6 7 8 9 10 11 12 
T (0C) 600 1200 600 1200 1200 800 1200 800 1200 800 1200 1200 
Composition C C C+S S C+S C C C+S C+S C+P C+P C+P 

Oxi- Reducing Oxidizing Red. 
dizing 

Anhydrite X X X X x X x 

Hematite/ x X x x X x X x x x x x 
maghemite 

Mg-Al-Fe spinel x x x 

Ca/Ca-Mg ferrite x x x 

Apatite X X 

Ca/Ca-Mg x x x x 
phosphate 

CalK feldspar X x 

Melilite X x X X 

Forsterite x 

Mg-chromite/ X X X 
chromite 

Periclase x x 

Quartz X X X X x x x 

C, coal; S, sewage sludge; C+S, coal+ 35% sewage sludge; C+ P, coal+ 1 % potassium dichromate; 
X, main constituent; x, minor constituent. 
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and apatite at 1200 °C, respectively. Further minerals detected were feldspar, 
forsterite, periclase and minerals of the spinel group. The addition of potassium 
dichromate caused the formation of minerals of the chromite type. 

CL revealed some extreme differences in luminescence color and intensity 
within single aggregates, indicating formation of different phases in small areas 
(Fig. 3C,D). Furthermore, the differentiation of several glass phases was possible. 
Although a general correlation of phase composition and luminescence color is 
not possible yet, some preliminary conclusions could be drawn from this study. 
The following particles can be distinguished based on their luminescence color 
(Table 2): Ca-Fe sulfate (green CL), CaO (red), Ca-Mg silicate (blue-violet) and 
particles with feldspathic composition (yellow). High Fe-, Ti- and Cr-bearing 
samples are mostly non-luminescent. The samples containing sewage sludge show 
dominantly red-pink luminescence resulting from a mixture of phosphate and 
silicate phases (Fig. 3D). Accordingly, CL microscopy reveals phase distribution in 
samples in which a high content of amorphous components, low crystallinity, low 
concentration of mineral phases and/or extremely heterogeneous material limit 
other analytical methods. This gives CL microscopy promising perspectives in 
specific investigations of minerals and technical products such as glasses, ceram
ics or waste materials. 

3 
Investigation of MgO Refractories by Optical 
and Spectral Cathodoluminescence 

Refractory materials are commonly used due to their high-temperature mechan
ical behavior in several fields of industrial high-temperature processes. MgO 
bricks, for instance, are used in LD converters, molten-iron ladles and electric arc 
furnaces because of their thermochemical and thermomechanical properties. 
MgO, periclase, is not only an important refractory material in industry but also 
a very interesting mineral phase of the earth's interior. Therefore, understanding 
the thermal behavior of MgO is important for many problems ranging from ther
mal expansion and alteration processes in refractory materials (Vu et al. 1997) to 
modeling relations of the earth's interior (Reeber et al. 1995). 

To enhance the service time of refractory materials in the industry, their 
microstructure should be well understood. Both the technological parameters 
during production processes and the varying properties of the raw materials (e.g. 
crystallinity, incorporation of impurities) can considerably influence the proper
ties of the manufactured refractory material. Furthermore, these parameters can 
change during thermal treatment due to thermal expansion, recrystallization or 
diffusion of trace impurities. To detect variations of structural parameters in syn
thetically treated MgO materials and periclase bricks used as refractory materials 
both optical and spectral CL were used. 

At room temperature (20°C) periclase exhibits blue and/or red CL. Figure 3E 
illustrates that the MgO grains are partially heterogeneous under CL, reflecting 
differences in structure and chemical composition. These differences are not dis
cernible using conventional reflected light or polarizing microscopy. 



n ., s- o 0
-

0 2"
 

3 S·
 

(1
) '" " (1
) ::;
 " (1

) S·
 

:>- "0
 

'E.
. ;;;.
 

0
-

C
l 

(1
) 

T
ab

le
 2

. R
es

ul
ts

 o
f 

m
ic

ro
ch

em
ic

al
 a

na
ly

si
s 

an
d

 C
L 

m
ic

ro
sc

op
y 

o
f 

se
le

ct
ed

 s
la

g 
pa

rt
ic

le
s 

I~
 " ;;;. 

N
o.

 
N

a 2
0 

K
2
0 

C
aO

 
M

gO
 

M
nO

 
A

l 2
0

3 
Fe

2
0

3 
C

r 2
0

3 
Ti

O
z 

S
i0

2 
P

2
0

S 
S0

3 
C

I 
C

L 
co

lo
r 

la 
C

oa
l 

(1
20

0 
°C

) 
2/

1 
41

.7
9 

7.
18

 
16

.8
9 

0.
86

 
0.

57
 

32
.7

0 
B

lu
e 

2/
2 

52
.4

3 
12

.2
5 

35
.3

2 
V

io
le

t 

2/
3 

7.
96

 
0.

75
 

5.
13

 
26

.7
0 

59
.4

5 
Y

el
lo

w
 

2/
4 

65
.3

8 
0.

59
 

0.
38

 
33

.6
4 

B
ri

gh
t b

lu
e 

2/
5 

1.
99

 
18

.4
8 

0.
68

 
11

.9
8 

65
.6

7 
0.

49
 

0.
71

 
N

o
C

L
 

C
oa

l+
se

w
ag

e 
3/

1 
0.

65
 

20
.5

9 
3.

32
 

35
.2

6 
34

.6
7 

5.
51

 
G

re
en

 
sl

ud
ge

 (
60

0°
C

) 
3/

2 
20

.0
6 

1.
51

 
34

.1
6 

1.
13

 
37

.3
1 

5.
84

 
G

re
en

 

3/
3 

22
.9

6 
5.

52
 

4.
51

 
24

.3
1 

41
.9

7 
0.

73
 

G
re

en
 

C
oa

l+
se

w
ag

e 
5/

1 
41

.3
9 

2.
24

 
5.

14
 

4.
74

 
1.

40
 

5.
66

 
37

.9
3 

1.
51

 
P

in
k 

sl
ud

ge
 (

12
00

 °
C

) 
5/

2 
46

.8
5 

1.
93

 
0.

54
 

1.
14

 
0.

64
 

46
.3

3 
2.

56
 

P
in

k 

5/
3 

38
.9

9 
2.

58
 

9.
38

 
5.

34
 

2.
95

 
13

.9
0 

26
.0

8 
0.

78
 

P
in

k 

C
oa

l+
po

ta
ss

iu
m

 
11

/1
 

2.
92

 
20

.9
7 

2.
32

 
7.

55
 

23
.7

9 
42

.4
5 

N
o

C
L

 
di

ch
ro

m
at

e 
11

/2
 

2.
59

 
22

.1
4 

0.
50

 
11

.9
9 

22
.5

6 
40

.2
2 

N
o

C
L

 
(1

20
0°

C
) 

I~
 

'-
J 



468 TENS GOTZE 

The CL spectra (Fig. 7) reveal that the CL emission of MgO consists of three 
broad bands: in the blue region between 400 and 500 nm, at about 615 nm, and 
in the red region around 750 nm. According to Fiske et al. (1994) the blue emis
sion is due to intrinsic lattice defects. Sathyamoorthy and Luthra (1978) con
cluded from doped MgO samples that Ni2+ gives a blue-green emission near 
490 nm although they found no correlation between the intensity of this emis
sion and the Ni content. The 615 nm band can be related to Mn2+, and the incor
poration of Cr3+ causes the emission band in the red region around 750 nm and 
shows some vibrational structures (Sathyamoorthy and Luthra 1978). The role of 
Fe3+ as an activator of red CL, as in many other minerals, is still uncertain 
because Sathyamoorthy and Luthra (1978) considered Fe3+ as a quencher under 
thermoluminescence. 

The comparison of the CL spectra of blue and red luminescing MgO grains 
shows that the blue luminescing grain has a stronger emission in the 400-500 nm 
region whereas the red luminescing grain exhibits stronger CL emission at 
615 nm and in the red region. This indicates that MgO grains with blue CL have 
more intrinsic lattice defects and lower concentrations of Mn2+ and Cr3+ than red 
luminescing MgO. Similar results were reported by Alvarez et al. (1996), who pub
lished microprobe analyses of blue luminescing magnesia with low Cr and Mn 
(0-310 and 0-230 ppm, respectively) and red magnesia containing high contents 
of these elements (340-890 ppm Cr and 460-930 ppm Mn). Accordingly, CL spec
troscopy is very sensitive to both lattice defects and trace element impurities in 
MgO. 

This is emphasized by results of thermally treated periclase samples. During 
the thermal treatment at 550°C changes of the CL of MgO are detectable. Micro-
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Fig. 7. CL spectra of blue (1) and red (2) luminescing MgO grains (see Fig. 3E). The red grain 
shows two strong emission bands, at 615 nm and around 750 nm, which are caused by Mn2+ and 
Cr3+ , respectively 
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cracks, which result from the thermal expansion of the material, are visible in the 
MgO grains due to bright CL. An increase in the CL emission in the blue region 
can be interpreted as an increase in lattice defects. High densities oflattice defects 
are especially detectable in the area of micro-cracks where the thermal expansion 
has probably caused non-bridging atoms and vacancies. 

Further thermal treatment up to 950°C promotes this effect. Figure 3F illus
trates high densities of micro-cracks in the treated samples. Moreover, diffusion 
of impurities resulted in very heterogeneous MgO grains visible under CL as blue 
and red grain areas. The impurities (especially Mn2+ and Cr3+) are concentrated 
in the red luminescing grain boundaries and cracks which are clearly detectable 
in the CL spectra (Fig. 8). Compared to the blue luminescing sub-grain areas the 
red areas show strong emission bands at 615 and 750 nm. 

To continue the study of the thermal and chemical behavior of periclase 
bricks, samples from the contact zone between the MgO refractory material and 
an iron melt were investigated. CL is a powerful tool in order to detect changes 
in the microstructure of the MgO bricks and to distinguish several phases 
formed due to the reaction of MgO with the melt. Figure 3G characterizes the 
reaction zone in the outer rim of the bricks. The primary MgO grains are par
tially dissolved and almost completely altered, only small blue luminescing cores 
have been left. Most of the grains show dull brown CL and the marginal zones 
are nonluminescent. This significant change of the CL properties of MgO can be 
explained by the very reduced redox conditions (low oxygen partial pressure) in 
the contact with the iron melt which caused a reduction of the transition ele-
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Fig. 8. CL spectrum of MgO grain after thermal treatment at 950 DC (see Fig. 3F). The blue sub
grains show a strong CL emission between 400 and 500 nm (intrinsic lattice defects), whereas 
the red luminescing areas are dominated by emissions due to Mn2+ and Cr3+ which probably dif
fused to the subgrain boundaries 
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ments. Furthermore, iron which diffused into the MgO grains can strongly 
quench the CL intensity. 

The internal grain structure of the MgO grains is marked by small cracks filled 
with yellowish-green material, which is also present in the pore space between the 
grains. Microprobe analysis showed that spinel was formed, which is clearly 
detectable by CL due to the bright luminescence. 
With increasing distance from the contact (in the order of some mm) the influ
ence of the melt on the refractory material decreases. Only the outer rims of the 
MgO grains show effects of thermal treatment. The intergranular pore space is 
partially filled with bright bluish-green luminescing spinel which has formed due 
to reactions between the melt and the refractory material. Where no spinel is 
detectable, a porous magnesia zone is formed showing bright red CL. This zone 
exhibits a strong emission in the 750 nm range. 

In conclusion, investigations of MgO refractories by optical and spectral CL 
revealed differences in the trace element content and microstructure of the initial 
material, crystal chemical changes during thermal treatment, and formation of 
new phases in the contact zone between the refractory bricks and the melt. 

4 
Quantification of Mineral Phase Proportions 
Using Combined Cathodoluminescence Microscopy 
and Image Analysis 

Mineral identification and quantification are important problems for mineralo
gists and petrologists in the geosciences. Generally, conventional analytical tech
niques are used such as XRD, polarizing microscopy, SEM or chemical analysis. 
However, identification and quantification of minerals are often unreliable 
because of certain short-comings in analytical techniques. 

For instance, low concentrations of mineral phases or the nearly identical 
structure of two minerals may limit the amount of information obtainable from 
XRD analysis. Some of these problems may be solved using Rietveld analysis (Hill 
et al. 1993). However, no information can be obtained concerning rock fabric, 
mineral intergrowth or porosity. In some cases, even, conventional polarizing 
microscopy can be problematic if the crystal structure is very heterogeneous or 
the mineral very fine-grained. The quantification of the mineralogical composi
tion by point-counting is time-consuming and not always accurate, especially 
when fine-grained material is present. 

Using CL it is possible to distinguish certain mineral constituents by color con
trast, even in fine-grained material. These high-contrast color patterns can be 
effectively quantified by computer-aided image analysis, and additional informa
tion can be obtained at the same time on texture, grain-size distribution, or grain 
shape. The results of Evans et al. (1994) illustrated the advantages of combined 
SEM-CL and image analysis in quantifying quartz cements in sandstones. In the 
present study combined hot cathode luminescence microscopy and image analy
sis were used to quantify the abundance of mineral phases in Turonian sandstone 
samples of the Elbe zone (Germany). Previous investigations have shown that the 



Cathodoluminescence in Applied Geosciences 471 

sandstone material consists mainly of quartz, feldspar, carbonate minerals, and 
clay minerals (predominantly kaolinite). Because of the high abundance of these 
minerals in clastic sediments, their recognition and quantification are common 
problems in sedimentary petrography. Furthermore, a reliable differentiation of 
these constituents in fine-grained material by CL is possible using the character
istic CL properties of the minerals (Marshall 1988; Ramseyer et al. 1988; Machel 
and Burton 1991; Habermann et al. 1996; Gotze 1996b; Gotze et al. 1996). There
fore, CL in combination with image analysis should be tested to see whether or 
not a reliable mineral composition is produced. 

Artificial standard sample sets were first investigated to test the suitability of 
the analytical and processing algorithm. To simulate possible variations in the 
properties of the natural samples, varying grain-size distribution and variations 
in the mineralogical composition of the samples were considered (Table 3). When 
preparing thin sections of the standard samples, the resin was colored by Epodye. 
In this way pore space could be quantified and total mineral contents could be 
calculated in the loose material by eliminating the artificial pore space. 

Carbon-coated polished thin sections of both standard samples and natural 
sandstone samples were analyzed using a CL microscope (Neuser et al.1995) with 
a hot cathode electron gun (acceleration voltage 14 kV, beam current 0.5 mA). 
Luminescence images were captured "on-line" during CL operations by means of 
an adapted digital video camera (KAPPA 961-1138 CF 20 DXC) coupled with 
computer-aided image equipment (KS-300, distributed by Kontron Electronics). 
Installed on a personal computer, this configuration allows the acquisition of dig
ital signals from the video camera and the processing of high-contrast color pat
terns produced by CL as real color images (Fig. 3H-K). The image processing 
algorithm comprises the following steps: 
1. Shadow correction by means of low-pass filtering 
2. Basic image processing (focus, contrast, brightness, etc.) 
3. Definition of the CL colors of the different mineral phases by combination of 

the values of color and brightness 

Table 3. Comparison of the theoretical composition (wt%) and the analyzed contents of quartz 
(Q), feldspar (F), calcite (C) and opaque minerals (0) in synthetic standard samples. (Giitze and 
Magnus 1997) 

Sample Grain size Theoret- Composition determined by combined CL 
no. fraction ical com- and image analysis 

(mm) position 
(wt%) (vol%) (wt%; calculated) 
Q F C 0 Q F C 0 Q F C 0 

1 0.1-0.5 45 5 49 45.7 5.3 48.4 0.6 46.3 4.5 48.5 0.7 

2 0.1-0.5 35 25 39 35.2 26.1 38.1 0.6 36.0 25.2 37.8 1.0 

3 0.1-0.5 79 10 10 79.3 10.4 9.8 0.5 84.7 8.2 6.4 0.7 

4 0.063-0.1 5 44 50 5.0 45.7 48.7 0.6 4.8 45.3 48.5 1.4 

5 0.063-0.1 35 35 29 35.0 36.3 28.2 0.5 36.9 34.2 27.8 1.1 

6 0.063-0.1 79 10 10 79.3 10.4 9.8 0.5 82.7 8.7 8.0 0.6 
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4. False color imaging of the different minerals (thresholding) and conversion to 
binary mode 

5. Processing of phases in the binary mode 
6. Definition of options and measuring 
7. Extraction of data and interpretation 

The strategy for image processing can vary in detail, depending on specific sam
ple characteristics. Because of heterogeneities existing in natural samples, sever
al fields of view must be analyzed to obtain reliable phase abundances. Several 
factors influence the analytical procedure including the heterogeneity of the sam
ple investigated, magnification used, and contents of mineral phases analyzed. 
Accordingly, in coarse-grained sandstones more sample points must be analyzed 
than in fine-grained samples. It was found that 10-20 fields of view were suitable 
to give a statistically meaningful result (G6tze and Magnus 1997). 

In the investigated samples mineral phases are clearly distinguishable due to 
their luminescence colors. The feldspar fraction is only composed of bright blue 
luminescing alkali feldspar, which is different from the deep blue CL color ofkaoli
nite. The intensity of quartz CL is significantly weaker. The carbonate minerals 
show typical yellowish-orange luminescence colors. In some cases different inte
gration times were used to improve the color contrast between the mineral phases. 

The mineral contents of the investigated sandstone samples analyzed are sum
marized in Fig. 9. Changes in the mineralogical composition are clearly 

Fig. 9. Mineral composition 
of a section through the 
Lower Turonian sandstone 
from Graupa (Elbe zone, 
Germany) determined by 
combined CL and image 
analysis. (Data from Mag
nus and Giitze 1996) 
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detectable. The standard deviation of the various mineral contents is strongly 
influenced by the scattering of single analytical results, depending especially on 
the homogeneity or heterogeneity of the sample investigated. Because of pore 
space and the occurrence of non-luminescent minerals the sum of mineral abun
dances detected is lower than 100%. 

The contents of selected oxides and their associated minerals are correlated in 
Fig. 10. The theoretical mineral composition was calculated from the chemical 
analysis and is indicated by a correlation line. Assuming that the samples consist 
of the detected minerals, only the proportions of oxides were calculated from the 
mineral formula. The mineral contents plot somewhat below the theoretical line 
indicating that small amounts of additional Ca-, Mg-, AI-, and Si-bearing miner
als are present. In particular, the deviating samples in Fig. 10 may be caused by 
relatively large amounts of illite, which was confirmed by XRD analysis. 

The results of the study illustrate that quartz, feldspar, calcite, and kaolinite are 
successfully distinguishable in sandstone samples. The advantages of the method 
presented are: 
1. CL and optical microscopy images can be compared directly. 
2. The method can be readily automated. 
3 . . Additional information (grain-size distribution, roundness, pore space) can be 

obtained simultaneously using computer-aided image analysis. 

Furthermore, all investigations can be carried out on a polished thin section of 
the sample. This enables information derived from CL and polarizing microscopy 
to be combined and the same material to be used for further investigations (e.g. 
microprobe). Accordingly, combined CL and image analysis is not only relevant 
for sedimentary petrology but also in many other fields of geosciences. However, 
the image processing can lead to unreliable results if the luminescent properties 
of the minerals do not permit a clear distinction between different phases. If a 
mineral phase completely loses the characteristic properties (e.g. due to alter
ation) or if the phases have no luminescence, the application of CL to determine 
phase proportions is useless. 

5 
Conclusions 

Cathodoluminescence is an excellent method which can supplement petrograph
ic observations and geological considerations made by polarizing microscopy 
and other conventional analytical methods. Additionally, this method can also 
provide a specific contribution to the phase characterization of technical prod
ucts and waste materials, especially in combination with XRD, SEM and micro
probe analysis. CL microscopy alone provides at least a clear differentiation of 
several phases even in samples with a high content of non-crystalline components 
or extremely heterogeneous material. In combination with spectral measure
ments of the CL emission, conclusions concerning structural states of solids and 
trace element incorporation are possible. This enables detection of differences in 
the crystal structure and monitoring of diffusion processes or can reveal process-
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Fig. 10. Correlation of contents of selected oxides obtained from chemical analysis and their 
associated mineral contents detected by combined CL and image analysis. The proportions of 
oxides were calculated from the mineral formulae 

es of alteration and formation of new phases. A combination of CL microscopy 
and image analysis allows quantification of different mineral phases. Only when 
the phases in rocks or technical products with a complex mineralogy have no 
luminescence, the use of CL to determine phase proportions is limited. All these 
advantages of CL offer promising perspectives in the specific investigations of 
minerals and technical products in research and industrial application. 
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CHAPTER 19 

Cathodoluminescence as a Tool 
in Gemstone Identification 

JOHANN PONAHLO 

1 
Introduction 

The introduction of a method such as cathodoluminescence (CL) in gemmology 
calls for two prerequisites. First, the new method must be applied non-destruc
tively, furnishing unambiguous results. Second, it has to enable a trained gem
mologist to differentiate quickly and accurately between a natural gemstone, a 
synthetic or an artificial stone. 

The first publication on CL was by Crookes (1879). Afterwards, it was Michel 
(1914, 1926) who systematically studied the CL phenomena of gemstones; and 
Pochettino (1913) who, at the same time, was investigating CL of minerals by 
means of a special spectrophotometer. Twenty years later spectral CL analyses of 
gemstones were carried out by Deutschbein (1932). In the following decades the 
interest in CL studies seems to have slackened. The renaissance began first among 
sedimentologists, with Sippel (1965) and many others, as soon as an easy-to-han
dIe, cold cathode apparatus was developed by Herzog et al. (1970; see also Nickel 
1978). Using this method, CL investigations of gemstones were started again by 
Gaal (1977) and later by Ponahlo (1988). In the 1970s, when petrologists became 
more and more interested in CL microscopy of thin sections and the use of CL 
spectroscopy, these techniques were practically unknown among gemmologists 
and restricted to research centres investigating diamonds. In this chapter, some 
recent developments of CL of diamonds will be discussed. Broader consideration 
will be given to the application of CL in testing coloured stones, since good results 
can be obtained with alexandrites, cordierites, emeralds, kyanites, some sap
phires, spinels, topazes, and other gemstones. Special attention will be paid to the 
CL of green ornamental stones which are commonly known as jades and to some 
jade simulants. Important diagnostic CL features of some major synthetic coun
terparts will also be discussed. 

2 
Methods 

When accelerated electrons hit the surface of a solid mineral or a semiconductor 
material CL may visually be observed. To work with energised electrons one 
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needs an evacuated compartment. For the study of CL effects in minerals and 
gemstones electron guns of the cold cathode type are frequently used. These are 
commercially available, whereas hot cathode apparatuses are still tailor-made for 
the application of the thin slide technique. The results described in this chapter 
were obtained with a cold cathode Luminoscope (Nuclide Corp., USA) making 
use of a large compartment that can house bigger stones or even a group of crys
tals. The Luminoscope was fixed to the table stand of a microscope. For visual 
observations, a Nikon F3 was mounted on the trinocular. The large compartment 
can be loaded, for example, with more than a dozen 1 ct cut diamonds, which can 
be inspected visually and the results documented in a very short time. 

For taking CL spectra the trinocular of the microscope was combined with a 
motor-driven monochromator (380-1000 nm), a photomultiplier and an amplifi
er. This assemblage, manufactured by Zeiss, Germany, was connected to a 
Hewlett-Packard computer system. The micro spectrophotometric computer
assisted assemblage was automated to run CL spectra within 20-25 s between 400 
and 900 nm. The stepper motor could be adjusted to intervals of 0.5 nm or larger. 
CL spectra of one variety of gemstones were always taken under the same condi
tions of excitation with a reference stone. The distance between the surface of 
each sample and the front lens of the microscope was kept constant. The spectra 
were not corrected for spectral response. The experiments were carried out at 
room temperature. 

3 
Results 

3.1 
Diamonds 

Cut and polished natural and synthetic diamonds were used for CL studies with 
their table facets as the target for the impinging electron beam. To compare CL 
results of natural with synthetic diamonds, only yellowish to brown natural dia
monds were tested. Most of these diamonds show blue CL colours and straw-yel
low geometric patterns. Figure 1a presents a microphoto of the CL colours of a 
luminescing brownish cut natural diamond. Some of these natural diamonds 
show also reddish, brown, green uniform CL and/or blue irregularly distributed 
blotches and, rarely, so-called Pueblo structures (Ponahlo 1992). 

Synthetic diamonds are grown as cubo-octahedra. The samples that could be 
investigated were large experimental specimens made available by De Beers. They 
displayed yellow, green or blue CL colours within distinct growth sectors. The 
{001} faces of such cubo-octahedral synthetic diamonds luminesce in a yellowish 
green to greenish yellow CL colour, each sector exhibiting delicate parallel growth 
lines. Higher indexed faces show blue CL colours. The {Ill} faces remain dark at 
high temperatures. Some synthetic large diamonds contain small bundles of nee
dles luminescing in a bright orange CL colour (Fig.1b). The same kind of needles 
has been found in a synthetic diamond synthesised in Russia. Recently, four 
Siberian cognac-brown, cubo-octahedral synthetic diamonds were tested. One 
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specimen had its table facet polished. The other three stones contained artificial
ly roughened table facets. They display a mixture of brown, green, violet and white 
CL colours. Fig. Id documents the yellowish-tinted green CL of one of these syn
thetic diamonds with the polished table facet containing distinct sectoral growth 
zones. The {1lI} faces show up in black. In the roughened table facets of each of 
the three other synthetic stones a seed crystal was detected. 

A CL microphoto of a natural rough diamond with cuboid growth - such 
stones are found commonly in the Jwaneng mine in Botswana, Africa - is repro
duced in Fig. lc, exhibiting growth features different from all the other natural 
and synthetic diamonds investigated so far. 

In a recent study by Ponahlo et al. (1994) plasma-enhanced chemical vapor 
deposition (CVD) diamond films were investigated by means of cold cathode CL 
and CL micro spectrophotometry. The films were grown by the same plasma
enhanced CVD method on various substrates such as SiAION, Nb, Ta, W, cast iron, 
Ni, and Co. Cubic, octahedral and ballas-type diamonds could be differentiated by 
their respective CL colours and CL spectra. Two optical CL effects obtained with 
plasma-enhanced CVD diamond layers on SiAION substrates are shown in 
Fig. Ie. The octahedral habit CVD diamond layers exhibit a mauve to violet CL 
colour; the cubic CVD diamond samples all luminesce in a yellow-orange CL 
colour. 

3.2 
Emerald 

Over the last decade many natural and synthetic emeralds from all over the world 
have been observed by cold cathode CL. Up to now, nearly all specimens (for 
exceptions, see below) show a red CL. The CL intensities vary. Striking differences 
in CL intensities can be observed between natural and synthetic stones, both visu
ally and by comparing the CL spectra, when taken under standardised conditions 
(Ponahlo and Koroschetz 1985; Ponahlo 1988). Typical examples of CL spectra of 
natural and synthetic emeralds are presented in Fig. 2. 

3.3 
Alexandrite 

Alexandrite is a rare variety of chrysoberyl whose colour changes from green in 
daylight to red in incandescent light. Alexandrite is also synthesized by various 
enterprises because of its properties as a tunable laser material and has entered 
the gem market. Similar results to those described with emeralds may be obtained 
when studying the CL phenomena of alexandrites of gem quality from the major 
mining localities of the world. More than 170 specimens have been tested so far. 
Natural alexandrites are characterised by distinctly low CL intensities, synthetic 
alexandrites by higher ones. Older synthetic stones show additional effects, as 
reported by Gaal (1977) and Ponahlo (1989). The lowest CL intensities were found 
in alexandrites from the Takowaya mine in Russia. In Fig. 3, various CL spectra are 
presented which illustrate the differences in the intensities between natural 
alexandrites and man-made stones. 
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Fig. I. a Brownish yellow, brilliant cut diamond (0.644 ct). CL blue and yellow. Conditions of exci
tation: 7.7 kV; 0.92 rnA; magnification: SOx (24x36 mm), Nikon F3, Kodacolor 400 ASA. b De 
Beers' experimental large synthetic diamond DMY 3 (4.104 ct) luminescing greenish yellow. It 
shows strong zoning of {I OO} faces and an intercalated blue CL of a higher indexed face. Also vis
ible are orange needles of unknown origin. Conditions of excitation: 15 kV; 0.9 rnA. 20x 
(24x36 mm). c Small platelet of a cuboid natural diamond from the Jwaneng mine, Botswana, 
exhibiting a saturated green CL colour. Mixed habit growth made visible by means of CL is a char
acteristic feature of cuboid diamonds. Conditions of excitation: 15 kV; 0.9 rnA. 40x (24x36 mm). 
d Polished table facet of a cognac-brown synthetic diamond (0.852 ct) from Russia luminescing 
yellowish green showing sectoral growth. {Ill} faces are non-luminescent. Conditions of excita
tion: 10.0 kV; 0.85 rnA. 28x (24x36 mm). e CVD diamonds on SiAION-substrates showing a yel-
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low orange CL colour for cubic habit, and a violet CL colour for octahedral habit. Conditions of 
excitation: lO.O kV; 0.95 rnA; macrophoto: P=0.93 (24x36 mm). fVerticai row, left: top, nephrite, 
Switzerland; centre, hydrogrossular, Transvaal; below, chalcedony, unknown locality. vertical row, 
right: top, glass; center, "maw-sit-sit", Myanmar (Burma); below, williamsite, USA. Largest diame
ter of the "Maw-sit-sit" cabochon=21.3 mm. g Left, a large hydrogrossular cabochon, misnamed 
"Transvaal Jade"; centre, a carved jadeite figurine; right, a polished triangle of californite. The 
jadeite is said to come from Myanmar (Burma). The californite is from a locality in the Austrian 
Alps. Macrophoto, incandescent light. The total length of the carved figurine=25 mm 

300 

~ 
~200 
." c 
S .; 
e 

100 

CL SPECTRA OF NATURAL AND SYNTHETIC EMERALDS 

600 700 

N ... 

wavelength (nm) 

100~ F' 
50 ~* 

:;: 

350 600 850 

800 900 

Fig. 2. CL spectra of natural and synthetic emeralds using a natural emerald as a reference stone. 
Standard conditions of excitation: 7.5 kV; 0.5 rnA 
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Since 1993 some natural alexandrites which were said to come from the new 
Malisheva mine in the same Ural region as the Takowaya mine exhibited such high 
CL intensities that at first they were considered to represent a new type of synthet
ic. On the table facet of an emerald-cut stone the CL intensity was 200 times that of 
a Takowaya alexandrite. Careful investigations of rough material from Malisheva 
put the natural origin of these alexandrites beyond doubt. Moreover, it was possi
ble to excite the Cr3+ doublet at 683 nm by means of low energised incident wave
lengths between 440 and 580 nm. This feature gave rise to the hypothesis that an 
unknown co-activator might be present, sen sit ising the CL of Cr3+ ions. But trace 
element analyses by means of EDPXRF (energy dispersive polarised X-ray fluores
cence) to less than 5 ppm has failed to indicate the presence of a co-activator up to 
now. The form of the broad-band emission and the wavelength of the laser doublet 
is consistent with those discussed in detail by Henderson and Imbusch (1989, 
p.428; Figs. 9, 10). Some CL spectra of Malishevan alexandrites exhibit an addi
tional broad CL band in the green and yellow spectral range never found in the CL 
spectrum of other natural alexandrites or synthetic stones. Figure 4 illustrates this 
fact. Further tests are underway to clarify these discrepancies. 
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3.4 
Ruby 

485 

Cathodoluminescence tests of rubies did not give such unequivocal results as 
found for emeralds and alexandrites. It is well known that modern heat-treated 
Verneuil rubies do not show optically curved striae. In a CL test the curved striae 
of such Verneuil synthetics nevertheless become visible and/or irregular colour 
patches or wavy growth lines may disclose their man-made origin. CL spectra can 
sometimes be useful when they contain side bands not observed in natural stones. 

3.5 
Sapphire 

The blue sapphires from Sri Lanka and Burma both contain enough chromium to 
luminesce in a violet-red CL colour and display a distinct CL spectrum. Sapphires 
rich in iron do not luminesce at all. They can be recognised by both their prima
ry and secondary inclusions and/or by colour zoning. If patchy rose-red or violet
red CL effects are observed, the sapphires have most probably been subjected to 
heat treatment. Diffusion-treated off-coloured stones from Burma, Sri Lanka or 
Thailand do not show any luminescence. Sometimes the nature of a blue sapphire 
can be elucidated by means of its CL spectrum. CL spectra of natural and syn
thetic blue sapphires have been published (Ponahlo 1990, 1993a,b). 

CL spectra are helpful to differentiate quickly and non-destructively between 
a blue sapphire, a kyanite and other blue stones like lazurite. If such stones are cut 
"en cabochon" or mounted or carved, CL micro spectrophotometry offers a fast 
and reliable method rendering unequivocal results (see also Ponahlo 1989; 
Figs. 24, 27; 1993a, Fig. 3). 

3.6 
The Cathodoluminescence 
of Colourless Gemstones 

Colourless gemstones are interesting objects for CL research. Colourless topaz, flu
orite, spinel, enstatite, and spodumene exhibit different CL colours and spectra. 
Occasionally, colourless sapphire crystals are found which show a blue and a red 
luminescing zone. The corresponding CL spectra are presented in Fig. 5. The 
dashed line represents the blue luminescing part and the full line the red one. The 
element concentrations of both zones determined by EDPXRF are listed in Table 1. 

Table 1. Trace analyses of a 
Element Red area Blue area I Blue area II colourless sapphire crystal 

Titanium 340 450 470 
Chromium l3 7 5* 
Iron 640 540 340 
Gallium l30 140 150 
Zinc 21 16 9 
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Fig. 5. CL spectra of a colourless corundum crystal exhibiting blue and red CL colours. Condi
tions of excitation: 8.5 kV; 0.6 mA 

Surprisingly, 6 ppm chromium are capable of exciting a weak Cr3+ doublet, and 
13 ppm chromium give rise to a full ruby spectrum with prominent side bands, 
even in the presence of more than 500 ppm iron. The blue CL of the crystal results 
form a broad short-wave CL band characterised by two peaks, at 472 and 483 nm, 
respectively, the nature of which is obscure. 

3.7 
Jade and Its Simulants 

3.7.1 
Jadeite 
Jade in its proper sense comprises two minerals: jadeite, which is luminescent, and 
inert nephrite. Gemmologist have added the mineral chloromelanite (Keverne 
1991; Deer et al. 1978). Also "maw-sit-sit" should be included here as a bright
green ornamental stone which originates from the same locality in northern Bur
ma where most of the jadeite rough material of today comes from. "Maw-sit-sit" 
is a rock consisting of chrome-rich jadeite, kosmochlor and small black patches 
of chromite. Other green ornamental stones which are frequently confused with 
jadeitic jades do not luminesce and can be sorted out: chalcedony, glass, serpen
tine, smaragdite, steatite, verde-antique and verdite. Important luminescent sim-
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ulants are amazonite, anorthoclase, hydrogrossular and californite. A green 
hydrogrossular variety of gem quality is mined in South Africa. It is sometimes 
misnamed "Transvaal Jade". Californite is a massive green variety of vesuvianite 
(Webster 1983). 

In the macrophoto of Fig. If, taken in incandescent light, a series of commer
cial "jades" are presented. Vertical row, right: top, glass; center, maw-sit -sit, Burma; 
below, "williamsite", a chrysotile from the USA; vertical row, left: top, nephrite, 
Switzerland; center, hydrogrossular, Transvaal; below, green chalcedony, unknown 
locality. Of these six "jades" only two are luminescing, i.e. maw-sit-sit and the 
mineral hydrogrossular. Figure Ig shows a large hydrogrossular cabochon simu
lant on the left, a carved jadeite figurine in the center, and a polished yellow tri
angle of a "californite" on the right. Figure 6g illustrates the CL colours of two of 
these. The parrot-green to canary-yellow CL colour of the figurine contrasts with 
the characteristic reddish egg-yolk to reddish brown CL of the hydrogrossular. 
The latter shows some dark spots of non-luminescent chromite inclusions. CL 
spectra, dealt with later, facilitate the visual discrimination. 

3.7.2 
Visual Cathodoluminescence of Jadeite 
The most important phase of luminescent natural jadeitic specimens is the min
eral jadeite NaAI(Siz06). Other luminescent pyroxenes found in such samples are 
diopside CaMg(Si20 6), chloromelanite (Ca,Na)(Mg,Fe2+,Fe3+)(Si20 6) and kos
mochlor NaCr(Si20 6), the chromium analogue of jadeite. Non-luminescing phas
es are amphiboles and chlorites, as described by Chhibber (1934), Harlow (1994), 
Morkovkina (1960), Takayama (1986) and others. 

When studying the CL of jadeite samples under the microscope, two indicators 
for natural untreated jadeite were found: parrot-green to canary-yellow CL 
colours, and an interlocking granular texture(Fig. 6c). Less frequently, rhythmic 
zoning was observed (Fig. 6e). If the jadeite grades into chloromelanite, the bright 
green of jadeites turns into a much darker green, and the textural changes and CL 
colours become manifold, like those documented in Fig. 6d. Comparing Fig. 6d 
with Fig. 6a and 6g the CL phenomena may help to discriminate a green 
chloromelanite from a similarly coloured hydrogrossular. Maw-sit-sit may show a 
similar flame-like texture to chloromelanite, but is luminescing predominantly 
red. Moreover, their CL spectra differ. Figure 6f reveals that maw-sit-sit consists of 
relicts of chromite grains embedded in a ground mass of kosmochlor. 

3.7.3 
Cathodoluminescence Spectra of Jadeites 
The CL spectra of jadeites are presented in Fig. 7. Parrot-green and/or canary-yel
low luminescing samples exhibit three distinct bands. The most prominent one is 
in the green, with a maximum at 554±4 nm. The smallest and weakest band can 
be found in the blue violet, peaking between 410 and 418 nm. A third broad band 
of varying intensity lies in the red spectral range extending into the NIR. Many 
green samples have the maximum of this red band between 686 and 693 nm. 
Rose-red luminescing green or greyish jadeites have this band shifted into the 
NIR, exhibiting a broad peak between 745 and 760 nm. If green or greyish green 
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Fig. 6.a Hydrogrossular of Fig. If, centre left. All hydrogrossulars investigated so far exhibit a 
distinct yellow and/or brown to reddish brown CL of varying intensity. Under the impact of 
electrons relicts of choked and zoned feldspar grains become noticeable. Conditions of excita
tion: 7.0 kV; 0.80 rnA; 40x (24x36 mm). b CL of an anorthoclase from Tanzania. Exsolved albite 
I shows sky-blue CL embedded in masses of fine tapering cross-hatched lamellae of anortho
clase. They appear brown or brownish purple to the eye, but as a brownish-tinted green on the 
photo. The large blocky crystal inclusion is albite II of different chemistry luminescing in a 
rubiginous CL colour. Length of the albite II inclusion=1.3 mm. Conditions of excitation: 15 kV; 
0.9 rnA; 40x (24x36 mm). c Natural green jadeite from Myanmar with a distinct columnar to 
fibrous texture. Parrot-green to canary-yellow CL. Conditions of excitation: 15.0 kV; 0.9 rnA. 
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125x (24x36 mm). d Dark green chloromelanite from Myanmar showing red, blue and green 
mottled and patchy CL colours at higher beam energies. Conditions of excitation: 17 kV; 
0.9 rnA. 125x (24x36 mm). e Natural untreated green jadeite from Myanmar exhibits rhythmic 
zoning of predominantly red, green, blue CL colours. Conditions of excitation: 17 kV; 0.9 rnA. 
125x (24x36 mm). f "Maw-sit-sit" of Fig. If, centre right, with predominantly violet-red CL 
colour. The electron microscope reveals blocky relicts of non-luminescing chromite (bright) 
embedded in luminescing kosmochlor (dark brown). Length of the largest chromite grain 
(lower right)=27 flm. g CL elucidates the presence of two different minerals which show very 
similar daylight colours. Jadeite luminesces parrot-green to canary-yellow; hydrogrossular 
exhibits a brownish yellow to brownish-red CL colour. The californite of Fig. Ig is not shown. 
Conditions of excitation: 7.0 kV; 0.85 rnA 

jadeites luminesce blue-violet, the blue CL band remains unaltered, but the oth
erwise prominent band at 554 nm is reduced to medium or weak intensity. The 
band in the red becomes broader, its tail reaching into the NIR. The CL spectra of 
natural white or violet-tinted jadeites consist of a single strong to very strong 
small band in the blue-violet, like the CL spectra of some green samples, but with
out any feature in the red or NIR, and with a greatly diminished signal in the yel
low-to-green spectral range. 
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Fig. 7. CL spectra of green jadeites from Myanmar (Burma) and Japan. The filled spectral band 
has been found in all spectra of jadeites investigated so far. Most probably, it is caused by Mn2+ 

ions which would be responsible for the parrot-green to canary-yellow CL colours. Conditions 
of excitation: 12.5 kV; 0.9 rnA 
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3.7.4 
Cathodoluminescence and Cathodoluminescence 
Spectra of Maw-Sit-Sit and Chloromelanite 
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Comparing the CL spectra of maw-sit-sit in Fig. 8 with those of jadeite in Fig. 7, 
the strong and characteristic band of jadeite at 554 nm seems to have lost its 
strength in the former, becoming barely visible in maw-sit -sit. Moreover, maw-sit
sit does not show any CL feature in the blue spectral range. If the amount of kos
mochlor in maw-sit-sit increases, the red CL band moves further into the NIR 
with a broad peak between 760 and 800 nm. In the microscope this red/NIR band 
becomes noticeable as a subdued violet-tinted red CL colour. Occasionally, small 
bright red luminescing inclusions in maw-sit-sit may exhibit thermolumines
cence at higher beam energies. 

3.7.5 
Cathodoluminescence 
of Amazonite and Anorthoclase 
Green amazonite is not frequently used in jewelry, but fine material can be 
obtained from various localities in Canada, Mozambique, Norway, USA, etc. Ama
zonite can be distinguished visually from jadeitic jade or nephrite by its content 
of exsolved white albite. A new jade simulant is anorthoclase of gem quality, 
which supposedly originates from Tanzania. It is characterised by a fine gridiron 
of microperthitic exsolution lamellae, not so well resolved as in amazonite. CL 
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Fig. 8. CL spectra of "maw-sit-sit" and chloromelanite from Myanmar. "Maw-sit-sit" lacks spec
tral features below 500 nm. Chloromelanite does not show a significant CL band in the green 
and yellow spectral range. Conditions of excitation: 15 kV; 0.9 rnA 
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tests of anorthoclase reveal the sky-blue CL colour characteristic of albite 
(Fig. 6b). This exsolved feldspar (albite I) is embedded in the main constituent of 
anorthoclase, which exhibits a brownish-red CL colour. It contains cross-hatched, 
fine tapering lamellae. The large crystal inclusion in the centre of the anortho
clase sample is an albite of different chemical composition (albite II). It displays a 
ruby-like CL colour unlike anything observed in jadeititic jades. 

3.7.6 
Cathodoluminescence Spectra 
of Amazonites and Anorthoclase 
Amazonites exhibit three types of CL spectra. They are presented in Fig. 9. Type 1 
is characterised by a single strong band in the violet (E). Amazonites from Pike's 
Peak, USA (C), from Norway and the Pack, Austria (A), belong to the spectral type 
2 with a single broad band extending from 380 to 750 nm and showing two max
ima, one at -475 and the other at -518 nm. South African amazonites show the 
same type (D) of CL spectrum, but with a weak band in the NIR that extends 
between 816 and 834 nm. The anorthoclase furnishes the third type of CL spec
trum (F). It consists of a smaller type 2 band in the blue spectral range plus a new 
strong band in the red, peaking between 706 and 720 nm. Monapo amazonites 
from Mozambique show a similar CL spectrum (B). The same holds for the CL 
spectrum of the albite II inclusion of Fig. 6b shown as (G), except for the CL band 
in the red which has tripled intensity. 
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Fig. 9. CL spectra of rough and polished amazonites from various localities. Condition of exci
tation: 15.0 kV;0.9 rnA. For details, see text 
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3.7.7 
Cathodoluminescence of Hydrogrossular 
and Californite 

JOHANN PONAHLO 

Hydrogrossular of gem quality was first described by Hall (1925). It is found at 
Buffelsfontein in the Rustenburg district, South Africa, as a red and a green vari
ety. Only the green one is of interest as a simulant of jadeititic jades. The yellow 
and/or brown CL of green hydrogrossulars is reproduced in the microphoto of 
Fig. 6a. The relicts of feldspar grains can clearly be recognised without making 
use of a destructive thin section technique. The non-luminescing phases in this 
plate are serpentinised clinopyroxenes. Similar results are obtained with cabo
chons or carved pieces of hydrogrossular (Fig. If,g and Fig. 6g). Polished califor
nites tested so far luminesce in a uniform brownish copper-red colour without a 
significant texture, which helps to distinguish them from jadeititic jades and the 
other simulants mentioned. The CL spectra of hydrogrossular and californite are 
dealt with in the Discussion (Sect. 4.4.3.). 

4 
Discussion 

4.1 
Diamonds 

Within the last two decades a number of industrial enterprises have started pro
duction of synthetic diamonds for technical purposes. Today synthetic diamonds 
can be produced of near-colourless quality (Pal'yanov et al. 1990). Analytical 
methods of their detection have also been refined, which should help gemmolo
gists to distinguish between natural diamonds and their synthetic counterparts: 
UV, VIS, IR spectral analyses and X-ray topography (Field 1992; Shigley et al.1995; 
Welbourn et al.1996). By bombarding diamonds with electrons, Woods and Lang 
(1975), Vishnevsky (1975), and later Hanley et al. (1977), showed that most natu
ral yellow or brown cut stones are characterised by peculiar CL patterns forming 
straw-yellow triangles or polygons within an overall blue luminescing sample. 
Macrophotos of CL tests with large experimental synthetic diamonds have been 
published by Burns et al. (1990) and by Ponahlo (1992). Recently, a chart was 
issued by the GIA (Gemological Institute of America; Shigley et al. 1995) propos
ing suggestions for the visual CL method as a future standard technique for test
ing diamonds. Figure 1a,b gives evidence for the fine details of growth conditions 
made visible by means of CL. Even the latest near-colourless synthetic diamonds 
investigated can be differentiated by uneven luminescence patterns of blue CL 
and sectoral growth zones (Shigley et al. 1997) together with a prolonged phos
phorescence. 

The nature of the orange needles in synthetic diamonds shown in Fig. 1 b could 
not be discerned. When Shigley et al. (1993) reported on the use of cold cathode 
CL to reveal sectoral growth phenomena in yellow diamonds grown in Russia, 
they did not mention orange needles in the synthetic diamonds they investigated. 
Quite recently Shida (1997) has reported on the advantage of testing a broad 
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range of natural yellow cut diamonds by means of CL microscopy, used as a rou
tine method in Japan. 

As to the CL features of cuboid natural diamonds (Fig. 1c), such a mixed habit 
growth has not been detected with any synthetic diamond grown during high tem
perature and high pressure synthesis. They are grown as nearly perfect cubo-octa
hedra. Therefore the CL image of Fig. 1d reveals octahedral growth features along 
the four arms, which luminesce bright green, and cubic growth features in 
between, leading to re-entrant outer surfaces of these type of diamonds which 
have already been described by Suzuki and Lang (1976) and Welbourn et al. (1989). 

The use of CL in the study of CVD diamond films has been documented by 
Collins et al. (1989a,b) and Robins et al. (1989) among others, but they used SEM 
techniques, not cold cathode CL microscopy or CL micro spectrophotometry. 
Robins et al. (1989) mentioned violet CL colours of octahedral CVD diamond lay
ers on silicon substrates. 

Our own recent cold cathode CL studies showed that a yellow orange CL colour 
is excited in cubic CVD diamonds on SiAION substrates and a violet CL colour in 
octahedral CVD diamonds on the same substrates as shown in Fig. Ie. Using CL 
microspectrophotometry defect centres in the CVD diamond layers became visi
ble. The CL result obtained with 30 CVD samples make it feasible to characterise 
CVD diamond layers on different metal and ceramic substrates. It was proposed 
to use the cold cathode CL method for control of the morphology in a possible 
industrial production of CVD diamond films. 

4.2 
Emeralds 

As early as 1879, Crookes reported the crimson-red CL of emeralds. However, 
Gaal (1977) tested emeralds visually by means of cold cathode CL microscopy and 
found no luminescence. From the CL spectra of Fig. 2 it is evident that emeralds 
emit CL that can be measured and quantified. The area under the spectral curve 
is integrated and the result compared with those of other emeralds whose CL 
spectra have been taken under the same conditions of excitation. The integrated 
area is proportional to the CL intensity. From Fig. 2 follows that natural emeralds 
are characterised by a low CL intensity, whereas synthetic stones show a high CL 
intensity, several times that of natural ones. The effect is based on the activation 
of CL by Cr3+ ions and on the quenching effect by Fe3+ ions. All synthetic emer
alds contain very little or no iron. Thus the CL of a synthetic emerald must be 
higher than that of a natural one. Synthetic emeralds deliberately grown with high 
iron contents to quench CL do not match the pleasing emerald-green daylight 
colour. Their absorption spectra disclose strong iron lines that can even be detect
ed with a hand spectroscope. Yet, among the emeralds tested so far, some excep
tions to this rule exist: 
1. Some Russian hydrothermally grown synthetic emeralds. They may show no 

CL at all apart from a short-lived green flash at the beginning of the bombard
ment. 

2. Australian synthetic "Byron" emeralds. They are coloured by vanadium instead 
of chromium. Such specimens betray themselves by careful inspection in the 
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direction of the optical axis under crossed polarisers by strong undulous 
extinction phenomena. 

3. Some hydrothermal synthetic emeralds produced in Austria. Their CL spec
trum (Fig. 2, insert) contains an additional distinct emission band at 522 nm, 
probably caused by traces of Mn2+ ions. A similar band between 518 and 
528 nm has been found in many spinels. Lanver and Lehman (1978) have 
ascribed it to Mn2+ ions in tetrahedral configuration. The same holds for the 
green CL spectrum of willemite at 525 nm. 

4.3 
Rubies and Sapphires 

Cathodoluminescence macro- and microphotos as well as CL spectra of rubies 
from various localities have been published (Ponahlo 1988,1989, 1993a,b), but no 
routine method could be defined that would clearly differentiate between the 
majority of natural and synthetic rubies on the market today. The examples giv
en indicate the possibilities offered by cold cathode CL. 

Studies of the CL effects in sapphires would comprise investigations of a great 
variety of coloured specimens from different localities including heat-treated and 
diffusion-treated stones, besides the many blue synthetics of countless producers. 
Some preliminary information has already been provided by Ponahlo (l993a). 
Only a few diffusion-treated blue sapphires have been studied at the present time. 
These stones show strong quenching effects of CL. This results from the increase 
of Fe2+, Fe3+ and Ti4+ ion concentrations in the outermost thin diffusion-treated 
layers of the cut stone which the electron beam cannot penetrate. Thus, for sur
face-treated gemstones and ornamental stones, further tests will show whether 
CL offers an advantage as a non-destructive, discriminatory analytical method. 

Sometimes the nature of a blue sapphire can be elucidated by means of its CL 
spectrum (Ponahlo 1993). CL spectra may help to distinguish between different 
blue minerals like sapphire, kyanite and lazurite, especially if stones are cut "en 
cabochon", carved or mounted (see also Ponahlo 1989, Figs. 24 and 27; 1993a, 
Fig. 3). 

4.4 
The Jade Group and Its Simulants 

4.4.1 
Jadeite, Chloromelanite and Maw-Sit-Sit 
Very few publications exist on CL phenomena of jadeite and jadeitic jades; none 
on maw-sit-sit. Gorz et al. (l970) mentions a wine-red CL of jadeite with a rapid
ly decaying intensity (cited in Marshall 1988, p. 52). 

The visual microscopic distinctions of jadeites and simulants by means of the 
CL colours and textures given above are self-explanatory. Despite the many 
shades of CL colours observed with jadeite, the CL spectra show only a few diag
nostic features (Fig. 7). The blue band peaking between 410 and 418 nm cannot 
be assigned to any activator ion at present. In the opinion of many researchers 
any blue CL in silicates is excited by one or two hitherto unknown defect centres 
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(Walker 1983). By analogy with CL spectra of diopsides the broad strong band at 
554 nm is assigned to Mn2+ ions. It is well known that diopside emits two CL 
bands that have been assigned to Mn2+ ions in Ml sites at 588 nm and to Mn2+ 
ions in M2 sites at 690 nm (Walker 1985). Manganese has a preference for the lat
ter, but diopsides also show the 588 nm emission band. In spectra of jadeites the 
band is shifted to 554 nm and signals the presence of Mn2+ in M1 sites where it 
replaces Na+. There it is responsible for the parrot-green to canary-yellow CL 
colour of many jadeites and jadeititic jades. It is missing in most chloromelan
ites and maw-sit-sits (see Fig. 8). The third strong band of jadeite in the red 
and/or NIR may be excited either by Cr3+ or Fe3+ ions. Gorobets and Walker (in 
Marfunin 1995, p. 142) prefer to ascribe this band to low-field Cr3+ ions. This 
explanation seems plausible because in white or violet jadeites which do not con
tain Cr3+ ions, no CL band could be observed between 684 and 696 nm. The fre
quently observed shift of this band towards longer wavelengths up to 760 nm 
cannot be explained at present. Low temperature CL and excitation spectra might 
bring more insight. 

A recent CL investigation of chemically treated and impregnated jadeites (Pon
ahlo 1996) furnished diagnostic evidence for how to distinguish quickly between 
untreated and chemically treated and/or dyed jadeites. 

4.4.2 
Amazonite and Anorthoclase 
Marfunin (1979) and Tarashchan et al. (1973) describe defect centres in ama
zonite feldspars. They propose Pb+/Pb2+ ions being responsible for a CL band in 
the UV range at 294 nm. This spectral range could not be investigated. Tarashchan 
(1978, p.191) mentions albite with a broad band at 470 nm which he assigns to an 
AI044- centre and another one at 570 nm excited by Mn2+ ions. In this work the 
band maxima are found at 478 nm and between 512 and 530 nm. The first one 
causes the sky-blue CL colour which is observed in albites from many localities, 
as documented by Marshall (1988). No explanation for the second band can be 
given at the present time. The strong band in the NIR of albite II of anorthoclase, 
of amazonites from Monapo and from other localities is most probably evoked by 
Fe3+ ions in tetrahedral configuration (Telfer and Walker 1978; Tarashchan 1978). 
SEM analyses support such an assignment, with albite I containing 0.08 wt% and 
albite II 0.23 wt% Fe20 3• Many adularia feldspars show similar CL bands in the 
same spectral ranges (Ponahlo 1993a). 

4.4.3 
Hydrogrossular and Californite 
The brownish CL colour of hydrogrossulars is reflected in the spectrum docu
mented in Fig. 10. However, the texture (Fig. 6a) is also a diagnostic aid to differ
entiate it from jadeite, chloromelanite and maw-sit-sit. The green hydrogrossular 
is characterised by two strong bands, one in the yellow, the other of equal inten
sity in the red. The latter extends into the NIR and has narrow peaks at 689,701 
and 717 nm. Californite emits a single band with a maximum at 593 nm that near
ly coincides with the 590 nm band of the green hydrogrossular variety. The red 
hydrogrossular variety lacks the long wave band. 
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Fig. 10. CL spectra of a green hydrogrossular from Transvaal and a brownish yellow californite 
from Austria. Conditions of excitation: 7.0 kV; 0.85 rnA 

Arguing that the lattice of the hydrogrossular contains eightfold coordinated Ca2+ 
ions which can be replaced by Mn2+ ions, Green (1981) assigns the 590 nm band 
to activated Mn2+ ions. Octahedrally coordinated Ai3+ can be replaced by Cr3+ 
ions. For the CL band in the red both Mn2+ and CrHions are possible candidates. 
Green (1981) finds a Cr3+ activated band in the NIR at 752 nm, but his findings are 
based on (OH)-free grossulars. The mean ratios of Cr/Fe calculated for the 
hydrogrossulars of this investigation were 0.33 and ::;0.06 for the green and the red 
samples, respectively. The iron content of red and green hydrogrossulars varied 
between 0.4 and 7 wt% FeO. The mean manganese content of five green 
hydrogrossular samples was 1.6 wt%, that of the red specimens as high as 5.3 wt%. 
If the CL band in the red is excited by chromium ions, then, most probably, the red 
CL band in the red variety is quenched by its high iron content. In green 
hydrogrossulars this CL band could always be excited but not the 590 nm band. 

5 
Conclusions 

These investigations have made obvious the great diagnostic potential of CL in 
disclosing subtle chemical and physical changes of surface structures and textures 
in many gemstones, ornamental stones and artefacts. Evidently, one main field of 
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application is the discrimination of natural and synthetic diamonds. Figure 1a-d 
reveals striking CL differences between natural diamonds and their synthetic 
counterparts. The visual CL microscopy at low beam energies can easily be used 
by trained gemmologists and will render unequivocal results. Photographs of 
luminescing diamonds of any kind should be taken at less than 7 kV and 0.4 rnA 
and a beam density of $;15 Wcm-2• The excitation parameters can easily be modi
fied as soon as new types of synthetic diamonds may appear on the market. 

CVD diamonds can also be tested by the same methods especially for studies 
of the morphology of diamond layers. But further tests would need to be applied 
as a quality control method in the production of low pressure synthesised dia
mond layers. 

The examples given with emeralds and alexandrites show that cold cathode CL 
and micro spectrophotometry are reliable and fast. Because of the ease of prepa
ration and the number of specimens that can be tested in one run, it seems feasi
ble to introduce CL as a routine method in gemmological laboratories, especially 
for differentiating between natural and synthetic alexandrites, should they lack 
significant inclusions. The same holds for emeralds, but with the reservations 
already mentioned, and by considering the worldwide efforts made to enhance 
low quality emeralds and to improve synthetic products. 

Given the increasing number of simulants and treated jades on the market in 
Asia, the most promising results are obtained when studying ornamental stones 
of the jade group. For these materials, cold-cathode CL methods should become 
much more significant. Green jadeite and jadeititic jades are differentiated by 
their CL colour, rhythmic zonation, texture and CL spectra from simulants like 
green hydrogrossular, saussurite (Ponahlo and BrandsUitter 1997), californite, 
dyed jades, chloromelanite and maw-sit-sit. Necklaces, carved figurines and cabo
chons can also be tested non-destructively. The size of a sample is limited only by 
the construction of the CL compartment that rests on the table stand of the 
microscope (Luminoscope, maximum sample size: 7x4x3.5 cm). 
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B 
back-calculation of fluid compositions 278, 

291 
back-scattered electron and CL imaging 439 
baddeleyite 426 
Ba-feldspar, Cl emission of 254 
band(s) 
- band gap, E 63 
- component bands 44 
- conduction band electrons 63 
- deformation bands 235 
- distortion of band structure 424 
- Fe3+ emission band in feldspars 26 
- feldspars, CL emission bands 265 
- valence band electrons 63 
- wavelength dependence of the Mn emission 

bands in carbonates 46 
beam 
- currents 172 
- electrons 61 
- sample heating, beam-induced 199 
- spectra irradiated by an electron beam and 

proton beam 348 
- voltages 172 
biogenic carbonates 303-329 
blue-violet luminescing albite, Cl emission 

spectrum of 262 
brachiopod shells 318 
brecciation 13 
brittle deformation 225-243 
broad 
- emission 131 
- peaks 71 
BSE emission / imaging 62,416,419,420, 

447 
- internal structures 420 
bulk solution disequilibrium 281,292 
- partitioning 281 

C 
Ca / calcium 
- activity of calcium and salinity 

gradients 295 
- calcic plagioclases 256 
- Mn2+ ion in Ca and Mg position 337 
calcite 2,25, 44,129,130,132,135,136,305, 

331-356 
- carbonate diagenesis 273,322 
- CL emission spectrum of Mn2+ 

in calcite 25,315 
- CL micrographs 355 
- CL spectroscopy 342 
- - of calcitic oysters 315 
- fields of CL in calcite and dolomite 276 

Subject Index 

- high resolution spectral analysis of Mn2+ 
in sedimentary calcite 331-356 

- - Oy3+ -activated 350 
- - REE 349 
- - Sm3+-activated 350 
- Mg-calcite 335,336 
- Mn2+ and Cr3+ in spodumene 37 
- Mn2+ activation 
- - in calcite and dolomite 334 
- - in orange luminescing biogenic 

calcite 315 
- regenerative 312 
- saturation states 287 
calibration 90, 167 
- transmission function calibration 9,167 
- wavelength 9,90, 168 
californites 492,495,496 
camera, CCO 85 
capture 
- electrons 10 
- large capture cross section for emission 48 
carbonate 46,271-301,303-329 
- diagenesis 271-301,322 
- - activators 272,290 
- - CL in carbonate, scale dependent 296 
- - CL zonation 278 
- - closed system diagenesis 284 
- - growth rates 291,292 
- - quenchers 272, 290 
- - REE 272,29l 
- - saturation states 287 
- - sensitizers 272,275,290 
- sedimentary calcite 334 
- shells 303-329 
- - biochemical vs diagenetic process 303 
- - biogenic 303,305 
- - CL of micrograph of carbonates 304, 

314 
- - Fe2+ carbonate 305 
- - fossil shells 313 
- - Mn2+ carbonate 305 
- - mollusk shells 313 
- wavelength dependence of the Mn emission 

bands, different carbonates 46 
cassiterite 2 
cation 
- charge compensating cations 196 
- ofluminescence centers in silicates 79 
causes of CL in minerals 23 
CCO camera 85 
Ce3+ 140,143,249,260,275,347 
cement / cementation 
- quantification of quartz cement 

volumes 226 



Subject Index 

- stratigraphy 289,292 
- - stratigraphic correlations 297 
- syn- and postkinematic cements 237 
- textural detailed cementation and recrystal-

lization 290 
- transcement fractures 233 
centers 
- A centers 369 
- alkali feldspar, paramagnetic centers 248 
- cation ofluminescence centers 
- - in diamonds 362 
- - in silicates 79 
- classification 
- - based on the origin of a center 370 
- - based on type of a center 370 
- Dy3+ center 425 
- E2' center 196 
- non-bridging / non-holding oxygen hole 

centers 181, 187 
- percursor hydroxyl defect centers 187 
- REE centers 180,425 
- - luminescence centers in silicates 180 
cephalopods 316 
ceramics 457 
charge trapping mechanisms 120 
chemiluminescence 1 
chemistry / chemical 
- chemical species in solution 281 
- of feldspar minerals 247 
- periclase bricks 466 
- physico-chemical conditions of crystal for-

mation 182 
chlorapatite 129,131,132 
- emission spectra of Dy doped-

chlorapatite 152 
chloromelanite 487,490 
- CL spectra of maw-sit-sit 490 
chromium-rich spodumence (see also spodu-

mence) 25 
clastic diagenesis 183 
clay mineral diagenesis 285 
CLC method - U-Pb geochronology 

401-414 
closed system diagenesis 284 
Co2+ 2 
- quenching effect 187,345 
coal combustion 457,458 
- products 458 
coating 7 
cold cathode microscopic equipment / 

system 5,174 
collector 76 
color prints 171 
combustion 

- coal 457 
- slags (see also there) 457,458,461 
- waste 457 
component bands 44 
computer-aided image analysis 473 
concordant ages 410 
conduction band electrons 63 
continuous pulsed electron excitation 24 
copper 181 
corals 318 
correction curve for total CL 8 
corundum, CL spectra 486 
Cr3+ 24,28,35,52,181,264 
- CL in applied geosciences 468 
- gemstone identification 484,495,496 
crack-seal microstructure 233 
cross-cutting relations 239 
crushing 13 
crustaceans 319 
crystals / crystalline 
- crystalline Si02 194 
- feldspar, crystal structure 247, 261 
- growth / growth rate 185,280 
- hydrothermal alteration 183 
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- internal structures of zircon crystals 419 
- physico-chemical conditions of crystal for-

mation 182 
- recrystallization (see there) 13,431,433 
- silicon dioxide 197, 208 
- - CL emissions from ultrapure amorphous 

and crystalline silicon dioxide 208 
- - extrinsic and intrinsic CL from 

crystalline and amorphous silicon 
dioxide polymorphs 197 

- textural detailed cementation and recrystal-
lization 290 

- U-Pb zircon ages 418 
- zonation of (see zoning) 13 
Cu2+ 251 
current density 43 

D 
decay 
- radiative and non-radioactive 28 
- short-decay spectra 362 
- times 363 
deconvolution 44 
decreases, CL intensity 10 
defects 194 
- distribution of defects 193 
- halogen vacancy type 52 
- hydrogen 217 
- impurity 63,211 
- intrinsic 210,418 
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- irradiation-induced 195 
- mobile defect species, thermal and electro-

migration 214 
- 0- defects 249 
- OH- defects 426 
- oxygen deficient defects 207 
- point defects (see also there) 72,203 
- preexisting-induced 195 
- radiation-induced 179 
- structural 63, 131,249 
deformation 
- bands 235 
- brittle 225-243 
- sediment compaction, deformation 

associated 228 
density, current 43 
depth distribution of CL emission 118 
detection 
- limit of quantitative CL 344 
- variations 166 
detrital 
- quartz grain 11,183-185,226 
- zircon core 383,385, 394, 395 
diagenesis / diagenetic processes 8 
- carbonate (see there) 271-301 
- clastic 183 
- sandstone 225-243 
- shells, diagenetic evolution of 322 
diamonds 2 
- CL spectra of Yakutian diamonds 369 
- gemmology 370 
- gemstone identification 492 
- luminescence centers 362 
- natural 359-371,480 
- - discrimination of 497 
- pure-type 361 
- synthetic 480 
- - discrimination of 497 
diffraction gratings 43 
diopside 487,495 
disequilibrium, bulk solution 281,292 
- partitioning 281 
distribution 
- coefficients 275 
- of defects 193 
- spatial distribution of CL 62 
dolomites 30, 45 
- carbonate diagenesis 273 
- fields of CL in calcite and dolomite 276 
- Mn2+ activation in calcite and 

dolomite 334 
donors 64 
- donor-acceptor pairs (DAP) 70 
dust 457 

Subject Index 

Dy 
- Dy-doped zircon spectrum 165 
- emission spectra doped-chlorapatite 

ofDy 152 
- Sm and Dy in zircon 169 
Dy3+ 9,24,96,98,261,441 
- calcite 350 
- carbonate diagenesis 274 
- center 425 
- luminescence 449 
- photo-emission 113 
- related CL emission 134 
- spectra of zircon doped with 

Dy3+ 9,98, 136 

E 
E2' center 196 
echinoderm tests 318 
eclogite 382 
- CL images of zircons 393 
ecological parameters 312 
eggshells 319 
Eh, pH / Eh changes 289,295 
elastic scattering 61 
electro and thermal-migration, mobile defect 

species 214 
electroluminescence 1 
electron(s) 
- analytical electron microscopy 62 
- back scattered electron and CL imaging 

439 
- beam 61 
- - spectra irradiation 348 
- capture 10 
- conduction band electrons 63 
- continuous pulsed electron excitation 24 
- electron beam / electron beam energy 43 
- electron-hole 
- - pairs 64 
- - recombination 53 
- electron -solid interactions 61-64 
- energy transitions of inner electrons 274 
- EPMA (electron probe micro-analyser) 

59 
- pulsed excitation 24 
- valence band electrons 63 
emeralds 2, 36 
- gemstone identification 493 
- natural 481, 483 
- synthetic 481,483 
emission / CL emission spectra 8,41-57,97 
- beam, spectra irradiated by an electron 

beam and proton beam 348 
- broad emission 131 



Subject Index 

- CL and X-ray data I X-ray emission 63, 
1l0, 114, 116 

- - blue-violet luminescing albite 262 
- - from a-Si02 202,206 
- - labradorite 258, 260 
- - in natural zircon 102 
- - from Nd:YAG 50 
- - from silicon dioxide polymorphs 204 
- - red luminescing albite 256 
- - ZnS 80 
- CL spectra 50,80, 102, 132 
- of Cr3+ in spodumene 37 
- depth distribution of CL emission 118 
- Dy doped-chlorapatite 152 
- emission spectra (see there) 41-57,97,152 
- excitation spectra of Mn2+ 34 
- extrinsic and intrinsic CL from crystalline 

and amorphous silicon dioxide poly
morphs 197 

- Fe3+ emission band in feldspars 26 
- fluorapatite, natural, emission spectra 

of 154 
- high resolution spectral analysis of Mn2+ in 

sedimentary calcite 331-356 
- intrinsic emission 347 
- irradiation response spectra 215 
- of jadeite 30 
- kinetics 212 
- large capture cross section for 

emission 48 
-laser-induced luminescence spectra 150 
- lock-in amplifier recorded CL spectra from 

Mn and Fe doped aragonite 48 
- luminescence excitation spectra 33,37 
- ofMn2+ 
- - emission 26 
- - in spodumene 37 
- of NaCI 52,53 
- natural zircon 97 
- - problems associated with collection of 

signals 42 
- parallel spectral measurement 84,93 
- peak fitting I peak shape, spectral 69, 105 
- phase-tuned spectra 29,32 
- polarised 
- - CL emission spectra 31,249 
- - excitation spectra 33 
- qualitative interpretation of CL 

emission 150 
- quantitative interpretation of CL emission 

151 
- raman spectra 417 
- rare earth ion emission sites 48 
- REE 132 
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- - shape and position of REE luminescence 
spectra 261 

- resolution 92 
- sapphire sample 51,52 
- self-activated emission 133 
- shape of CL emission lines 151 
- short -decay spectra 362 
- spectral acquisition 
- - capability 161 
- - time 167 
- spodumene, luminescence emission spec-

trum 24 
- from ultrapure amorphous and crystalline 

silicon dioxide 208 
- time-resolved spectra 24,27,360 
- UV, emission in the far UV 427 
- Yb2+ emission 427 
- of zircon doped with Dy3+ 9 
energy 
- inner electrons, energy transitions 274 
- scale 43 
- shifts in the transition energies 45 
enstatite 485 
environment I environmental 
- conditions 320 
- of ion 33 
- paleoenvironmental applications 303 
Er 3+ 96 
- Er impurities, natural zircon specimen 98 
erratic luminescence behavior 352 
Eu2+ 143,249,260,274 
Eu3+ 24,274 
exciton I excited 
- emissions I exciton-like emission 

spectra 53, 70 
- lifetimes, excited state 52 
- self-trapped exciton (STE) 32, 7l, 181 
experimental factors of CL 59-126 
exposure times in CL photography 172 
extrinsic effects 63 

F 
f-d transitions 4, 140, 143 
Fe, lock-in amplifier recorded CL spectra 

from Mn and Fe doped aragonite 48 
Fe2+ 2 
- carbonate diagenesis 273 
- quenching effect 312,345 
- sedimentary calcite 331 
Fe3+ 181,249 
- as CL activator 256 
- CL in applied geosciences 468 
- carbonate shells 305 
- emission band in feldspars 26, 254 
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- gemstone identification 495 
- impurities 249 
- in plagioclases 257 
feldspar minerals I feldspar(s) 26, 181, 

245-270,472 
- activators 250 
- alkali feldspar 248, 258 
- - paramagnetic centers 248 
- applied geosciences 472 
- authigenic 249 
- Ba-feldspar, Cl emission of 254 
- chemistry 247 
- CL emission bands 265 
- CL micrographs of feldspar samples 266 
- crystal structure 247, 261 
- Fe3+ emission band 26,254 
- group 181 
- lunar 182,246 
- structural 
- - defects 249 
- - state 257 
f-f transitions 4, 140 
PI term 68 
fluid 
- back-calculation of fluid compositions 

278,291 
- planes of fluid inclusions 227,239 
- zircon behaviour in presence of fluids 396 
fluorapatite, natural, emission 

spectra of 154 
fluorescence spectroscopy 
- quantitative X-ray 332 
fluorite 3, 129-l36, 485 
flux-growth method 128 
foraminifera tests 318 
forsterite, CL emission spectrum 25-27 
- of Mn2+ 25 
- of Ni2+ 27 
- synthetic 26 
fossil 
- ghosts 323 
- shells 313 
fracture(s) 
- inherited 230 
- intragranular 227 
- microfracturing l3 
- reservoirs, fractured 225-243 
- - studies 237 
- transcement 233 
- transgranular 233 

G 
gabbroic rocks 380,434 
gallium 252 

Subject Index 

gas, guide to oil- and gas-field 239 
gastropods 316 
Gaussian 
- components 203,205 
- de-convolution techniques 31, 44 
- shape 426 
gemmology 370 
gemstone 457 
- CL photomicrographs 482,488 
- identification 479-500 
geological slices, preparation 43 
geosciences, CL in applied 457-477 
glasses 457,458 
- glass particles 458 
- luminescence properties of glassy 

spheres 461 
gotzenite l3 
grain I grain boundaries 
- detrital quartz grain 11,183-185,226 
- internal grain structure 470 
- interpenetrating 231 
- MgO grains, CL spectra 468 
- recrystallization grain-boundary 13 
- single-grain 416 
- sutured 230 
- zircon grain 95 
granite intrusions 434 
granitoid I granitic I granulitic rocks 374, 

380,405,434 
granular, intragranular fractures 227 
grossular garnets 35,36 
groundwater 286 
growth 
- carbonate diagenesis, growth rates 291,292 
- crystal growth 185 
- flux-growth method 128 
- - REE 128 
- - zircon 128 
- oscillatory zoning 419 
- quartz overgrowth 11 
- zoning l3, 186,429 
guide to oil- and gas-field 239 

H 
halogen vacancy type defects 52 
healed plane, microfractured l3 
heating effects 55 
- beam-induced sample heating 199 
- into quartz 55 
high resolution spectral analysis of Mn2+ in 

sedimentary calcite 331-356 
H03+ 274 
hole, electron I hole 
- pairs 64 



Subject Index 

- recombination 53 
hot cathode CL 6 
- instrument 183 
- microscope 246 
Huang-Rhys factor 25 
hydrated fused silicon dioxide 200 
hydrocarbon traps 286 
hydrogen defects 217 
hydrogrossular 492,495,496 
hydrothermal 
- alteration of crystalline rocks 183 
- method 129 
hydroxylapatite 132 

image / imaging 
- analyses 470 
- artefacts, interpretation of CL images 430 
- CL and BSE imaging 447 
- computer-aided image analysis 473 
- monochromatic 7,216,424 
- panchromatic 7,74,95,424,428,439 
- scanning CL images from natural zircon 9 
- radiation (see there) 14,54 
- X-ray emission 63 
impurities 
- defects 63, 211 
- Er impurities, natural zircon specimen 

98 
- hole on oxygen adjacent to divalent 

impurity 251 
- maganese 44 
- silicon dioxide polymorphs, substitution 

of impurity ions 196 
- substitution of impurity ions for 

silicon 196 
- trace elements 418 
- zircon Dy impurities 98, 136 
industrial raw materials 457 
inelastic scattering 61 
inherited 
- cores 403,429 
- fractures 230 
instrument response 198 
- total 202 
interpenetrating grain boundaries 231 
intragranular fractures 227 
intramolecular vibrations 71 
intrasectoral zoning 13, 185 
intrinsic 
- defects 210 
- - of lattice 418 
- effects 51, 63 
- emission 347 

- oxygen vacancy centres 51 
ion 
- environment of ion 33 
- microprobe, V-Pb zircon dating 13, 

373-400 
- Mn2+ ion 337,495 
- - in Ca and Mg position 337 
- oxygen ions 50 
- rare earth ion 48,105,181 
- - emission sites 48 
- substitution of impurity ions for 

silicon 196 
- Ti3+ ions 52 
- transition-metal ion centres 32 
- trivalent rare-earth ions 28 
ionoluminescence 1,170,349 
IR domain 8 
irradiation / irradiation-induced 
- defects 195 
- response spectra 215 
- time 205 
- zone of past a-irradiation 14 

jadeite, CL emission spectra 30,486,494 

K 
K+-Na+ substitution 258 
kaolinite 472 
kosmochlor 487 
K-ratio determination 108 
kyanite 494 

L 
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labradorite, CL emission spectra 258,260 
laser 
- CL spectra from Nd:YAG 50 
- excitation 24 
- luminescence spectra, laser-induced 150 
- microluminescence laser-induced (LIL) 3 
- VV laser luminescence spectra 360 
lattice 
- coordination 274 
- intrinsic defects of 418 
lazurite 494 
lead 2,181 
lifetime 
- excited state lifetimes 52 
- luminescence 27 
lignite 
- fly ashes 458 
- slags from lignite combustion 461 
limestone standard 170 
location of trace elements 14 
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lock-in amplifier 
- detector 47 
- recorded CL spectra from Mn and Fe 

doped aragonite 48 
luminescence 
- annealing 424 
- of aragonite 305 
- blue-violet luminescing albite, Cl emission 

spectrum of 262 
- bright blue luminescing orthoclase, CL 

emission of 252 
- of calcite 305 
- cation of luminescence centers 
- - in diamonds 362 
- - in silicates centers 305 
- chemiluminescence 
- centres in minerals 23-40 
- electroluminescence 
- erratic luminescence behavior 352 
- excitation spectra 33,37 
- extrinsic CL emissions from crystalline 

and amorphous silicon dioxide poly
morphs 197 

- glassy spheres, luminescence properties of 
461 

- green luminescing lunar plagioclases, CL 
emission of 255 

- intrinsic 197,273 
- - CL emissions from crystalline and 

amorphous silicon dioxide poly
morphs 197 

- ionoluminescence 1, 170, 349 
- laser-induced luminescence spectra 150 
-lifetime 27,52 
- mechanisms of luminescence in 

zircon 424 
- Mn2+ activation 
- - in orange luminescing biogenic 

calcite 315 
- - yellow-green luminescing biogenic 

aragonite 317 
- microluminescence (see there) 3 
- microscopy and spectroscopy 161-175 
- photoluminescence 1,49,273,359 
- quenching 45 
- radioluminescence 1,45 
- REE, shape and position of REE lumines-

cence spectra 261 
- red luminescing albite, Cl emission spec-

trum of 256 
- self-activated luminescence 131 
- spodumene (see there) 24-26,37 
- thermoluminescence 1, 45 
- triboluminescence 1 

lunar feldspars 182 
- plagioclases 246,255 

M 
manganese impurities 44 
magmatic 
- zircons 380-383 

Subject Index 

- - CL images of magmatically zoned 
zircons 381,382 

- zoning 393 
magnesite 335,336 
matrix effects 67, 113 
maw-sit-sit, CL spectra 490 
metamictization 425,432 
metamorphic 
- fluids 396 
- veins 388, 390 
- zircon domains 385,387,395,396 
metasedimentary basement 374 
metasomatism, zircons affected by 391 
meteorite impacts 186 
Mg-calcite 335, 336 
MgO grains, CL spectra 468 
microanalysis, quantitative 115, 194 
- X-ray microanalysis 115 
micro cline 258 
micro fracturing l3 
- healed plane, micro fractured 13 
micrograph 
- atomic force micrograph 217 
- CL micrographs 
- - applied geosciences 462 
- - of calcite 355 
- - of carbonates 304, 314 
- - of feldspar samples 266 
- - of quartz samples 184 
- - of zircon 95,381-446 
- - of gemstones 482, 488 
microluminescence, laser induced (1IL) 3 
microscope / CL microscopy 74-76,161-175 
- analytical electron microscopy 62 
- cold cathode microscopic equipment / 

system 5,174 
- collectors 76 
- hot cathode CL microscope 246 
- microscopy and spectroscopy 161-175, 

332-334 
- optical 85 
- scanned 74,86,88,89 
migration, thermal and electro-migration of 

mobile defect species 214 
mineral(s) 
- generations 12 
- luminescence centres in minerals 23-40 



Subject Index 

- quantification of mineral phases 7,182, 
470 

- species, quantitative separation 12 
- synthetic 
- - doped minerals 127 
- - REE-bearing minerals 128 
- textural relationship between minerals 13 
Mn concentrations 337 
Mn2+ 2,181,249,252,331 
- activation in 
- - calcite and dolomite 334 
- - orange luminescing biogenic calcite 315 
- - yellow-green luminescing biogenic 

aragonite 317 
- carbonate 
- - diagenesis 273 
- - shells 305 
- centres 28 
- CL in applied geosciences 468 
- CL emission spectrum of Mn2+ 25,26 
- in aragonite 317 
- - in calcite 25,315,342-343 
- - in synthetic forsterite 26 
- excitation spectra of Mn2+ 34 
- -lock-in amplifier recorded CL spectra 

from Mn and Fe doped aragonite 48 
- gemstone identification 496 
- high resolution spectral analysis of Mn2+ in 

sedimentary calcite 331-356 
- Mg-calcite 335,336 
- Mn2+ ion in Ca and Mg position 337 
- quenchers 275 
- sedimentary calcite 334 
- sensitiziers of 275 
- transition-metal ion Mn2+ 179 
- wavelength dependence of the Mn emission 

bands, different carbonates 46 
modulation frequency 47 
molecular species 71 
- intramolecular vibrations 71 
mollusk shells 313 
monochromatic image 7,216,424 
multiplet 136, 162, 169 

N 
NaCI 52,53 
- CL spectra of 53 
nature of activators 5 
Nd;YAG (see also laser) 50 
- CL spectra from Nd;YAG 50 
Nd3+ 261 
neomorphism 322 
Ni2+ 2 

- CL in applied geosciences 468 

- CL emission spectrum of Ni2+ 27 
- quenching effect 345 
noise levels 167 
non-radiative decay 28 

o 
0- defects 249 
OH- defects 426 
oil, guide to oil- and gas-field 239 
opal 210 
operating conditions 130 
ophiolitic sequence 374 
optical 
- CL microscopy 5,85 
- reflection 77 
organic matter and clay mineral 

diagenesis 285 
organisms, CL observations on recent 

organisms 312 
orthoclase 252, 258, 264 
- anorthoclase 258,490,495 
- bright blue luminescing orthoclase, 

CL emission of 252 
orthogneisses, poly metamorphic 405 
oscillatory zoning 13,185,282,380,419 
oxygen 10,50 
- deficient defects 207 
- diffusion coefficient 215 
- enrichment of surface regions 216 
- hole on oxygen adjacent to divalent 

impurity 251 
- intrinsic oxygen vacancy centres 51 
- ions 50 
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- non-bridging I non-holding oxygen hole 
centers 181, 187 

- reabsorption lines of molecular 
oxygen 367 

- vacancy 10,179 

p 

paleoenvironmental applications 303 
paleontological applications 303 
panchromatic CL image 7,74,95,424,428, 

439 
- scanning CL image of natural zircon 95 
past a-irradiation, zone of 14 
Pb2+ 2,261,275,347 
peak 
- CL peak profile 106 
- spectral peak fitting 105 
- relative peak heights 168 
- shape of CL emission 69 
percursor hydroxyl defect centers 187 
pericIase bricks 466 
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- thermal and chemical behavior 469 
petrology 
- metamorphic 183 
- sandstone 226 
pH I Eh 289,295 
- changes 289 
phase-tuned spectra 29,32 
phosphorescence 1 
phosphorus 110 
photo emission, Dy3+ 113 
photographic recording 161, 170 
photoluminescence 1,49,273,359 
photomicrographs 
- of gemstones 482,488 
- of quartz samples 184 
photomultiplier 43, 130 
- CL detectors 225 
physico-chemical conditions of crystal 

formation 182 
PIXE (proton-induced X-ray emission) 

analyses 274,308,317,320,333,352 
- Mn 317 
- sedimentary calcite 333,352 
plagioclases 181,255,256 
- calcic 256 
- Fe3+ 257 
- green luminescing lunar plagioclases, CL 

emission of 255 
planes of fluid inclusions 227,239 
point defects 72 
- intrinsic 193 
polishing damage 49 
polarization 77, III 
- CL emission 10,249 
- degree of 209 
- effect 96, 136 
polishing, mechanical 121 
polymetamorphic rocks, zircon dating of 

403,411 
powellite 129, 132 
precipitation method 129 
preparation of CL geological slices 43 
pressure solution 232 
problems associated with collection of 

signals 42 
program, standard 161 
proton-beam, spectra irradiation 348 
proton-induced X-ray emission (see PIXE) 

274,308,317,320,333,352 
provenance indicators 226 
pulsed electron excitation 24 

Subject Index 

Q 
qualitative interpretation of CL emission 

150 
quantification of mineral phases 7, 182,470 
quartz 2,11,31,32 
- authigenic 226 
- CL zoning in quartz 226 
- detrital quartz grain 11,226 
- heating effects 55 
- phase-tuned spectra CL, spectra of 

quartz 32 
- quantification of quartz cement 

volumes 226 
- quartz overgrowth 11 
- synthetic, high purity quartz 200 
quenchers I quenching 3, 15,256,272,275, 

312,345,424 
- carbonate diagenesis 272,290 
- centers 28 
- Fe2+ 312,345 
- Mn2+ 275 
- self-quenching (see there) 345,424 
- thermal quenching 345 

R 
radiation 
- damage 14,54,186 
- defects, radiation-induced 179 
- irradiation (see there) 14,195,215 
radiative 
- decay 28 
- recombination 
- - centres 104 
- - mechanism 64 
- - ofSTE 207 
- transitions in zircon 426 
radioluminescence 1,45 
radiolysis 72 
raman 
- microprobe 442 
- spectra 417 
ramsayite 13 
rare-earth 
- element (see REE) 
- ion exhibits 105 
- trivalent rare-earth ions 28 
reciprocity correction 174 
recombination 
- centre (RC) 65 
- electron-hole recombination 53 
- radiative recombination mechanism 64 
recrystallization 290 
- grain-boundary 13 
- solid-state recrystallization 431 



Subject Index 

- thermal 433, 449 
red luminescing albite, CI emission spectrum 

of 256 
redox-potential, changes in 284 
REE (rare-earth element) 69,96,97,127, 

143,260,261,272,305,349,350,418 
- calcite 351 
- carbonate diagenesis 272,291 
- CL spectra / CL emission 132,137 
- feldspar 260 
- flux-growth method 128 
- quantitative REE analysis 350 
- sedimentary calcite 349 
- self-activated 143 
- shape and position of REE luminescence 

spectra 261 
- silicates, REE luminescence centers 180 
- synthetic REE-bearing minerals 128 
- U-Pb zircon ages 418 
refractory materials 457,466 
reliable CL intensities 115 
resolution / resolution of CL 166 
- spatial 87,88 
- spectra 92 
R-lines 36 
ruby/rubies 2,52,485,494 

S 
salinity gradients 295 
sandstone diagenesis 225-243 
- petrology, sandstone 226 
sanidine 258 
sapphires 2,52,485,494 
- CL spectra, sapphire sample 51,52 
scale dependent, CL in carbonate 296 
scan / scanned / scanning CL images 

225-243 
- microscopy, scanned CL 74,86,88,89 
- natural zircon 99 
- panchromatic scanning, of natural 

zircon 95 
scattering 61 
- elastic 61 
- inelastic 61 
scheelite 129-135 
sectoral zoning 13,185,283,294,380,429, 

440 
sediment 
- compaction, deformation associated 228 
- metasedimentary basement 374 
self-activated 
- emission 133 
- luminescence 131 
- REE 143 

self-quenching 345, 424 
- at high activator concentration 345 
self-trapped exciton (STE) 32,71,181 
sensitizers / sensitizer elements 2,347 
- carbonate diagenesis 272,275,290 
- of Mn2+ 275 
separation, quantitative of mineral 

species 12 
sharp lines 24, 69 
shells 
- brachiopod 318 
- carbonate (see there) 303-329 
- diagenetic evolution of 322 
- eggshells 319 
- fossil 313 
- mollusk 313 
- repair of 319 
SHRIMP (sensitive high resolution ion 

microprobes) 377,416 
- age determinations 388 
- analyses 417, 434, 442, 446 
Si4+, substitution of AP+ for Si4+ 251 
signals 
- absolute signal intensities 169 
- problems associated with collection 

of signals 42 
silica / silicates 177 -191 
- amorphous 51 
- cation of luminescence centers in 

silicates 179 
- cause of CL in silicates 179 
- heating effects 55 
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- REE luminescence centers in silicates 180 
silicon dioxide polymorphs 193-224 
- CL spectra 204 
- - CL emissions from ultrapure amorphous 

and crystalline silicon dioxide 208 
- - extrinsic and intrinsic CL from 

crystalline and amorphous silicon 
dioxide polymorphs 197 

- dioxide bridging Si-O bond precursor 213 
- hydrated fused silicon dioxide 200 
- nonbridging hydroxyl Si-OH precursor 

213 
- silicon structure 194 
- substitution of impurity ions 196 
SIMS, sedimentary calcite 333 
single zircon dating 401-414 
Si-O bonds 179 
- dioxide bridging Si-O bond precursor 213 
Si02 

- amorphous 194,195,207 
- CL spectra from a-Si02 202,206,216 
- crystalline 194 
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- stoichiometry of Si02 polymorphs 201 
Si-OH precursor, nonbridging hydroxyl 213 
slags combustion 457,458 
- lignite combustion 461 
slit width 93 
Sm in zircon 169 
Sm2+ 140,143 
Sm3+ 24,260,261,274 
- calcite 350 
Sn2+ dopants 54 
solid 
- concentration of trace elements 

in solids 278 
- electron-solid interactions 61-64 
- solid-state recrystallization 431 
sorting, diamonds 370 
spatial 
- distribution of CL 62 
- resolution of CL 87, 88 
specimen 
- charging 199 
spectra / spectral field of CL (see emission / 

CL emission spectra) 
spectrometer / CL spectrometer 82-84, 130 
- parallel CL spectrometer / parallel spectral 

measurement 84,93 
- sequential CL spectrometer 82 
spectroscopy (see also emission spectra) 
- ionoluminoscence (IL) spectroscopy 349 
-luminescence 161-175 
- microscopy and spectroscopy 161-175, 

332-334 
- quantitative X-ray fluorescence spec-

troscopy 332 
- spectroscopic features 107 
- sedimentary calcite 333 
spinel 485 
spodumene, luminescence emission spec-

trum 24-26,36,485 
- chromium-rich spodumence 25 
- Mn2+ and Cr3+ in spodumene 37 
STE (self-trapped exciton) 32,71, 181 
- radiative recombination STE 207 
stoichiometry of Si02 polymorphs 201 
Stokes shift 33 
structural 
- defects 63, 131 
- materials 457 
surface 
- charging effects 73 
- thermal conductivity of the surface 54 
sutured grain boundaries 230 
symmetry of site and valence of trace 

element 5 

Subject Index 

synthetic 
- doped minerals 127 
- forsterite 26 
- REE-bearing minerals 128 
- synthetic, high purity quartz 200 
system 
- response / response curve 8,90-92 
- wavelength dispersive system 43 

T 
Tb3+ 132,261,274 
technical products 463 
temperature 
- low temperatures of transitions 25 
- sample temperature 43 
textural relationship between minerals 13 
thallium 2, 181 
thermal 
- conductivity of the surface 54 
- mobile defect species, thermal and electro-

migration 214 
- periclase bricks 466 
- recrystallization 433,449 
thermoluminescence 1,45 
Ti3+ 52,181,251 
- impurities 249,426 
Ti4+ 181 
time-resolved spectra 24,27,360 
TIMS, single zircon dating 401-414 
tin 181 
TI 249,261 
Tm3+ 135 
topaz 485 
trace elements 
- concentration of trace elements 

in solids 278 
- impurities 418 
- location of 14 
trans granular and transcement fractures 

233 
transient defect effects 53 
transitions 4 
- energy transitions of inner electrons 274 
- f-d transitions 4, 140, 143 
- f-ftransitions 4,140 
- low temperatures of 25 
- shifts in the transition energies 45 
- transition-metal(s) 69,71 
- - ion centres 32 
- - ion Mn2+ 179,181 
- - ion Ti2+ 181 
- - ion Ti3+ 181 
- - U022+-complex 181 



Subject Index 

transmission 
- calibration, transmission function 167 
- and detection variations 166 
triboluminescence 1 
trivalent rare-earth ions 28 

V 
V-abundance 377 
V-contents 377,391-393 
VOl+-complex 181 
V-Pb zircon dating 
- dating 415-455 
- CLC method - V-Pb geochronology 

401-414 
- by ion microprobe l3,373-400 
- - sample preparation 376 
- isotopic signatures of zircons 401, 431 
VV 
- domain 8 
- emission in the far VV 427 
- laser luminescence spectra 360 

V 
Valence 
- band electrons 63 
- changing 10 
- of trace elements 5 
visible domain 8 
vitrification 186 
volume 
-loss 232 
- quantification of quartz cement volumes 

226 

W 
waste combustion 457 
wavelength 7, 43, 46 
- accuracy 166 
- calibration 90, 168 
- dependence of the Mn emission bands, dif-

ferent carbonates 46 
- dispersive systems 43 
- conversion to energy scale 43 
- shift 46 
wiihlerite 3 
wollastonite 181 
Wood's anomalies 81 

X 
X-ray 
- CL and X-ray data / X-ray emission 63, 

110,114,116 
- proton-induced X-ray emission (see also 

PIXE) 274,317,320,333,352 

- quantitative X-ray 
- - fluorescence spectroscopy 332 
- - microanalysis ll5 

Y 
Y contents 377 
Yb2+ 140 
- emission 427 
Yb3+ 140 

Z 
zero-phonon line (ZPL) 25,69,361 
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zircon / natural zircon 2,128,130, l32, 136, 
162,373,385 

- metasomatism 391 
- CL emission spectra 97,102,421-423,440 
- CL photographs 408 
- detrital zircon core 383,385,394, 395 
- Dy impurities 98, l36 
- Dy-doped zircon spectrum 165 
- eclogite 393 
- Er impurities 98 
- fluids, zircon behaviour in presence of 396 
- flux-growth method 128 
- grain 95 
- inherited cores in zircons 429 
- internal structures 403,418,419,429,439 
- magmatic 380 
- mechanisms of luminescence in zircon 

424 
- metamorphic zircon domains 385,387, 

395,396 
- metasedimentary rock, CL images of 385 
- monochromatic CL imaging 424 
- morphology 436-439,446 
- panchromatic scanning CL image 95,424 
- polymetamorphic rocks, zircon dating of 

403,411 
- radiative transitions in zircon 426 
- scanning CL images 99 
- single zircon dating 401-414 
- spectra of doped with Dy3+ 9,98 
- V-Pb zircon 
- - dating 415-455 
- - dating by ion microprobe 13,373-400, 

415-455 
- - isotopic signatures of zircons 401 
ZnS 
- CL spectra from 80 
- natural ZnS crystals 120 
zonation of crystals / zone / zoning l3 
- CL zoning in quartz 226 
- CL zonation in diagenetic carbonate 278 
- concentric zoning 282, 292 



514 Subject Index 

- and correlation element statigraphy 292 - magmatic zoning 393 
- crystals, zonation of (see there) 13 - oscillatory zoning 13,282, 380 
- cyclic zoning 292 - past a-irradiation, zone of 14 
- growth zoning 13,86,429 - sectorial zoning 13,185,280,283,294,380, 
- intrasectorial zoning 13, 283 429,440 




