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Preface 

Analytical Methods for Geochemical Exploration covers chemical analysis 
methodology mainly for the determinat ion of base metals and precious metals in 
geochemical explorat ion samples . It is meant for the practicing analyst . N o prin-
ciples of geochemical explorat ion are included since this const i tutes specialist 
material that has been the subject of o ther books (1 , 2). The theory of chemical 
analytical methods has been kept to a minimum. Complete procedures have been 
provided in most cases so that no additional sources are necessary to finish the 
analyses . To avoid misinterpretat ions, the au thors ' descript ions of equipment and 
reagents have been left as complete as possible. 

Chemical analysis methodology has been chosen as follows: Preference has 
been given to procedures that have evidence of thorough testing. At the head of 
this list are methods that have been tested using s tandard reference samples or 
have been a part of interlaboratory compar ison studies, or both. Responsibility 
for the choice of methodology rests totally with the au thors . We are painfully 
aware of the probability that some good methods have been over looked. For this 
we apologize. Careful use of the methods printed in this book, however , should 
result in the acquisition of reliable data . 

A wide variety of instrumental techniques is currently used in geochemical ex-
ploration. Among these we have found that atomic absorpt ion, plasma source 
atomic emission, and x-ray fluorescence greatly predominate . To make the book 
concise and yet as useful to most laboratories as possible, we have limited our 
coverage primarily to these three techniques . An exception to this rule is Chapter 
10, in which plasma source mass spectrometry is introduced. We believe this 
technique, jus t now beginning to make an inroad into geochemical work, is of 
such great promise as to warrant its brief inclusion here . In our view, plasma 
source mass spect rometry will make possible routine isotopic ratio work. This is 
an area of great importance to geochemist ry . In addition, isotope dilution mass 
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spectrometry, the technique against which much methodology is judged, could 
become a practical day-to-day method of analysis. 

It is difficult to unambiguously s tructure a book of this type. The analytical 
method chapters are organized according to sample type and operat ion except for 
precious metals determinat ions and plasma source mass spectrometry . In this way 
we hoped to keep duplication to a minimum. Other chapters on basic materials 
and sample preparat ion emphasize the importance ascribed to the chemical treat-
ments , the choice of reagents , the proper methods of solution storage, the im-
portance of s tandard reference samples , and so on. 

Finally, the authors wish to express deep appreciat ion to the copyright holders 
and researchers who gave permission for valuable works to be utilized. 

1. A. A. Levinson, "Introduction to Exploration G e o c h e m i s t r y /
1
 2nd ed. Applied Publishing Ltd., 

Wilmette, Illinois, 1980. 
2. A. W. Rose, Η. H. Hawkes , and J. S. Webb, "Geochemistry in Mineral Exploration," 2nd ed. 

Academic Press, N e w York, 1979. 



1 
Introduction 

The analysis of geological samples presents the ultimate challenge to the analytical 
chemist . This is t rue of all aspects of the process , from sampling through sample 
preparat ion (physical and chemical) to the final determinat ion. The samples em-
brace a wide variety of geological and related materials . These include rocks , 
o res , sediments , soils, vegetat ion, wate rs , and vapors . 

Geochemical methods of explorat ion for ore bodies have become popular in the 
past three decades . They are used not by themselves , but together with geological 
and geophysical approaches . 

There are two types of geochemical survey and they are classified according to 
the amount of detail employed. These are reconnaissance and detailed surveys . 
Reconnaissance surveys involve the investigation of a large area with a relatively 
low density of sample points . Detailed surveys , as the name suggests, involve a 
relatively high density of sample points which are distributed over a relatively 
small area . The object of the reconnaissance investigation is to locate possible 
mineralized locations within a large area. A detailed survey of the outlined location 
can then be done to locate the ore body more precisely. 

I. SAMPLES 

A. ROCKS 

The chemical analysis of rocks for t race and major e lements is most commonly 
under taken in detailed geochemical surveys . When mineralization occurs there is 
a release of ore-forming elements into the surrounding rock. This escape of ele-
ments occurs by convect ive t ransport through fractures and veins and by diffusion 
through pores . Thus , by sampling this contaminated area in the vicinity of an ore 
body it will be possible to locate the ore. These anomalous areas are best developed 
near hydrothermal deposi ts since fluids have relatively low viscosities. 

1 



2 1. Introduction 

A wide range of igneous, metamorphic , and sedimentary rocks may be en-
countered in rock geochemical surveys . Thus , methods of sample preparat ion 
must be capable of dissolving silicate material . 

Acid mixtures containing hydrofluoric acid may be employed. Usually sulfuric 
acid is one of the main components of this mixture because its relatively high 
boiling point allows complete expulsion of t races of fluoride toward the end of 
the decomposition procedure. More rapid and more complete digestions with these 
acids can be obtained using pressure . For this purpose Teflon " b o m b s " are com-
monly employed. In the present au thors ' laboratory, thick-walled tightly capped 
Teflon vessels are used. They are placed in batches of six to eight in a conventional 
pressure cooker . 

If grains of sulfide or oxide minerals are present in the rocks , hydrochloric acid 
and/or nitric acid may be added to the acid solution. Often a t reatment with these 
acids follows the completion of the initial hydrofluoric acid decomposit ion step. 

Fusions are effective in decomposing silicate rocks . However , contamination 
introduced by the relatively large amounts of fluxing agent necessary can invalidate 
the results if t race elements are sought. Blanks must be run with both the fusion 
technique and the acid approach. 

A variety of fluxing agents have been proposed for use with rock samples. These 
include sodium and potassium pyrosulfate, sodium and potassium carbonate , po-
tassium hydroxide, lithium metabora te , and lithium te t raborate . When oxidizing 
conditions are useful or essential , sodium peroxide may be added to the fusion 
mixture. 

When the fusion must be dissolved, this is usually accomplished using a dilute 
mineral acid. X-ray fluorescence methods utilize buttons formed from fused sample 
using lithium bora tes . These but tons are cast so that they fit the sample holder 
exactly. 

B. SEDIMENTS AND SOILS 

Soils are frequently used as indicators of underlying ore bodies. Ore-forming metals 
travel outward from the ore body by a variety of mechanisms into the surrounding 
soil. 

Generally in geochemical surveys it is not necessary or desirable to totally de-
compose soils or sediments . The trace e lements of interest are usually adsorbed 
on particle surfaces, loosely bound in clays, t rapped in manganese or iron oxide 
phases , and associated with organic matter . 

Commonly , therefore, strong mineral acid mixtures (e.g. , hydrochloric/nitric) 
are used at elevated tempera tures . When manganese or iron oxides are to be at-
tacked a reducing agent can be employed. Organic matter must be oxidized to 
fully release the associated metals, and for this purpose perchloric acid or hydrogen 
peroxide can be used. 

Recently there has been interest in using " s e l e c t i v e " extractants with soils and 
sediments to develop a bet ter contrast . The purpose is to extract some particular 
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form of the metal with these reagents . In this regard, reducing agents , weak acids, 
salts of weak acids , and chelating agents have been employed. 

C. VEGETATION 

Twigs and leaves from trees and shrubs are often used as samples for geochemical 
explorat ion. Plant roots can extract metals from the soils and these metals are 
t ransported to and become fixed in plant t issue, often at elevated levels compared 
to the soil. 

Samples containing a high level of organic matter must be ashed to aid their 
decomposi t ion. There are two choices , wet and dry ashing. 

Wet ashing involves treatment of the samples with an oxidizing mixture of acids. 
Preeminent among the oxidizing acid mixtures are those involving perchloric acid 
with nitric acid. For geochemical exploration purposes , however , a 3 : 1 hydro-
chloric acid : nitric acid mixture is often satisfactory and is faster and easier to 
employ. Another oxidizing mixture which has gained some favor among geo-
chemical analysts is a solution of hydrogen peroxide and sulfuric acid. However , 
a procedure involving these two const i tuents is very labor-intensive, involving 
dropwise addition of hydrogen peroxide throughout the decomposi t ion. 

Dry ashing is generally much less labor-intensive than wet ashing. This approach 
involves t reatment of the sample open to the air in an oven at tempera tures above 
430°C. Unfortunately, even at this relatively low tempera ture there will be losses 
of volatile e lements such as arsenic , selenium, and mercury . Many procedures 
recommend ashing temperatures above 550°C. If such temperatures are used, there 
is additional danger of loss of zinc, cadmium, and lead. 

D. WATERS 

Water in contact with ore bodies leaches small amounts of the consti tuent metals . 
Natural waters have p H values ranging from 6.5 to 8.0. Under these acidity con-
ditions the transition heavy metals are only very slightly soluble. However , if the 
acidity should increase (e.g. , due to oxidizing react ions with sulfide or acid rain), 
a proportionately larger amount of metal will be mobilized. Natural chelating agents 
found in some waters may also increase the metal levels found therein. 

Gibbs (1) identified five mechanisms by which metal can be transported in waters: 
in solution, as inorganic and organic complexes , adsorbed , precipitated and co-
precipitated in organic solids, and in crystalline sediment material . Whether or 
not one agrees with such a classification, it is obvious that metals in some forms 
are more available for reaction in a geochemical environment than others . Thus 
it is probably useful to distinguish be tween easily " e x t r a c t a b l e " (more reactive) 
metal and " t o t a l " metal in waters . Extractable metal in this context is that metal , 
both bound and unbound, which can be extracted by the organic reagents used 
according to the proposed procedure . Total metal refers to that metal which can 
be released by a strong acid (usually hydrochlor ic-ni t r ic mixtures) digestion. This 
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metal is termed total metal because experience with many waters indicates that 
over 90% of the metal in the water is released by using such mixtures. 

N o general accord exists on the method of water pretreatment prior to analysis. 
Most authors agree on an acidification following filtration. The filtration should 
be done at the time of sample collection or within a few hours thereafter. It is 
common to filter waters through a 0.45 μπι pore size filter. Metal which passes 
this pore size is often termed " s o l u b l e . " The present authors believe that a sig-
nificant percentage of particulate metal passes the 0.45 μπι pore size filter. Work 
designed to clarify some of the above variables is in progress in this laboratory, 
embracing a wide range of water sample types . 

The levels of metals in water are often below the detection limits of even modern 
instrumental techniques . Thus , it may be necessary to concentra te the sample. 
For this purpose an evaporat ion, chelation followed by solvent extraction, or an 
ion-exchange chromatographic s tep can be employed. 

VAPORS 

Relatively recently there has been interest in determining substances in the atmo-
sphere or in soil vapors as a means of chemically prospecting for ore bodies. For 
example , elemental mercury and some mercury compounds have an appreciable 
vapor pressure at ambient t empera tures . Thus , the vapors can be trapped and 
stripped of mercury and the mercury determined. Vapor methods at this date 
remain largely in the development stage. 

ANALYSIS TECHNIQUES 

The techniques commonly used for t race element analysis are listed in Table 1.1 
(2) together with approximate instrumental detect ion limits for a selection of ele-
ments. The abbreviations are: ASV, anodic stripping voltametry; F L - A A S , flame-
atomic absorption spect rometry; E T A - A A S , electrothermal a tomizat ion-atomic 
absorption spect rometry; I C P - A E S , inductively coupled p lasma-a tomic emission 
spect rometry; N A A , neutron activation analysis. 

It is interesting to compare the values in Table 1.1 with values given in Table 
1.2 (3) for the average amounts of e lements now thought to consti tute geochemical 
samples. When a solution is used for an analysis it must be remembered that at 
least a factor of 10 dilution, and most often more , will be involved. Thus , when 
a solution is involved the values in Table 1.2 should be multiplied by at least a 
factor of 10. 

A cursory survey of the literature suggests that be tween 65 and 7 5 % of all t race 
element analyses are carried out by the techniques of valence electron atomic 
spectrometry, with atomic absorption (to this date) being responsible for the largest 
fraction of this work. Emission spect rometry , with the advent of the inductively 
coupled plasma (ICP) source , is presently enjoying a renaissance . In the larger 
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T a b l e 1.1 

Detect ion Limits and Sensitivities of Analysis Techn iques (ppb) (2) 

X-ray 

A S V F L - A A S E T A - A A S I C P - A E S f luorescence 

detection detection detect ion detection N A A detection 

E lement limit limit limit limit sensitivity limit 

As — 1 0 0 0 .2 2 0 5 0 — 
Ba — 2 0 0 0 . 0 6 5 2 0 4 0 0 

B e — 2 0 0 .001 3 — 1 0 0 0 

Bi 0 . 0 5 5 0 0 .3 5 0 — 2 0 0 0 

C d 0 . 0 0 5 1 0 . 0 0 3 1 5 2 5 0 0 

C o — 5 0 .6 2 10 2 0 0 

Cr — 2 0 .4 2 3 0 0 7 0 0 

C u 0 .5 2 0 .4 2 2 4 0 0 

F e — 1 0 .8 2 2 0 0 0 3 0 0 

H g 1 2 2 0 0 0 .5 5 0 3 1 0 0 0 

Μ η — 3 0.1 0 .5 1 2 0 0 

M o — 10 0 .2 5 1 0 0 0 1 5 0 0 

Ni — 8 0.1 5 7 0 0 2 0 0 

Pb 0 .01 10 0 . 0 5 2 0 5 0 0 — 
S b 0 .01 3 0 0 .2 2 0 0 7 — 
S e — 1 0 0 0.1 3 0 10 — 
S n 0 .2 1 0 0 0 0 .4 3 3 0 — 
V — 2 0 0 .5 2 2 1 5 0 

Z n 0 .4 0 .6 0 . 0 2 1 1 0 0 2 0 0 

T a b l e 1.2 

A v e r a g e E lementa l A b u n d a n c e s (ppb) ( 3 )
a 

Element Rocks Soils Plant ash W a t e r (fresh) 

As 2 , 0 0 0 7 , 5 0 0 — 2 

B a 5 8 0 , 0 0 0 3 0 0 , 0 0 0 5 0 0 , 0 0 0 2 0 

B e 2 , 0 0 0 3 , 0 0 0 7 0 0 5 

Bi 1 0 0 8 0 0 7 0 0 0 . 0 0 5 

C d 1 0 0 3 0 0 4 , 3 0 0 0 . 0 3 

C o 2 5 , 0 0 0 1 0 , 0 0 0 5 , 0 0 0 0.1 

Cr 1 0 0 , 0 0 0 4 3 , 0 0 0 6 , 3 0 0 1 

C u 5 0 , 0 0 0 1 5 , 0 0 0 1 3 0 , 0 0 0 3 

F e 4 . 6 % 2 1 , 0 0 0 1 .6% 1 0 0 

H g 2 0 5 6 10 0 .56 

Μ η 0 . 1 % 3 2 0 , 0 0 0 0 . 7 % 15 

M o 1 ,500 2 , 5 0 0 3 , 0 0 0 2 

Ni 7 5 , 0 0 0 1 7 , 0 0 0 1 8 , 0 0 0 2 

Pb 1 0 , 0 0 0 1 7 , 0 0 0 3 0 , 0 0 0 3 

S b 1 0 0 2 , 0 0 0 1 ,000 2 

S e 1 0 0 3 0 0 2 7 0 .3 

S n 2 , 0 0 0 1 0 , 0 0 0 1 5 , 0 0 0 0.1 

V 1 5 0 , 0 0 0 5 7 , 0 0 0 5 , 0 0 0 2 

Z n 8 0 , 0 0 0 3 6 , 0 0 0 5 7 0 , 0 0 0 2 0 

a
With a few changes. 
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laboratories this technique will probably replace flame atomic absorption in ap-
plications where more than three elements must be determined per sample. Furnace 
atomic absorption, however, will remain preeminent in the foreseeable future when 
best detection limits are necessary . However , most t race metal element analysis 
laboratories do not have access to neutron activation equipment . X-ray fluores-
cence has some applications for t race element analysis but is bet ter used for the 
determination of major and minor e lements (from 0.01 to 100%). Electrochemical 
techniques have been used over the years for trace element analysis. Interferences, 
when complex samples are to be analyzed, are usually too severe for this approach 
to have general usefulness in biological or environmental t race element analysis. 

Inductively coupled plasma emission spectrometry detection limits are in many 
cases too poor for direct geochemical determinat ions. Because of the inherent 
multielement characterist ics of ICP emission (particularly with a quantometer) , 
the time per sample analysis is small compared to that with AAS when more than 
about three elements are to be determined. Thus elemental concentration becomes 
a practical process when ICP emission is employed. In the case of sediments , 
soils, and similar samples , detection limits often need not be so good. However , 
the matrix is very complex and the sample contains high levels of interfering sub-
stances . Thus , detection limits for the techniques in these cases will be much 
poorer than those given in Table 1.1. 

Obtaining good detection limits is important , particularly when samples with 
background levels of the trace elements are to be analyzed. The steady decrease 
in these background values over the years attests to the fact that improved detection 
limits are still required if accurate values of t race element levels in geochemical 
exploration are to be obtained. 

The term " t r a c e " in trace element analysis of geochemical samples does not 
have commonly agreed upon concentration limits. For this monograph trace means 
any concentrat ion below about 0 .01% (i .e. , 100 μg/g or 100 μg/ml). Ultratrace is 
an expression sometimes used for levels below nanograms per milliliter (or nano-
grams per gram). The term is not employed in this work. 

The most commonly used concentrat ion express ions in t race element analysis 
are summarized in Table 1.3. Somet imes , particularly when referring to detectable 
quantities by furnace atomic absorpt ion, the absolute value in micrograms, nano-
grams, or picograms is given. 

T a b l e 1.3 

Concentrat ion T e r m s U s e d in T r a c e Meta l Analysis 

Parts per million Parts per billion 

(ppm) (ppb) 

m g mg/liter, mg/kg — 

μ 9 μg /ml , μg /g M.g/liter, μg /kg 

ng — ng/ml , ng/g 
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III. BACKGROUND LEVELS OF THE ELEMENTS 

Values of the absolute abundances of e lements in the ear th ' s crust ( i .e. , crustal 
abundances) are es t imates only. The main reasons for the uncertainties are the 
variable composit ion of the ea r th ' s crust , the incomplete exposure of the crust , 
and the lack of representat ive samples for absolute abundance measurements . A 
number of workers have compiled tables of crustal abundances of some or all of 
the e lements . The results have been summarized in Ref. 4. A discussion of the 
methods used to obtain the est imates of crustal abundance is found in the same 
reference. A unit called the " c l a r k e " has been defined as the average percentage 
(or abundance) of a particular element in a geochemical sys tem. However , clarke 
values should not be used as a means of assessing enr ichment or depletion of 
elements in rocks . 

In order to outline anomalous values it is important that background levels of 
the e lements can be established clearly. Background values of the elements may 
be very low, particularly in the case of waters and plant material . In this regard, 
techniques such as x-ray fluorescence and I C P - A E S may not have the required 
sensitivity. 

Contamination can present a serious problem in the establishment of background 
levels. Thus , it is important that blanks be included in each sample run to allow 
for subtract ions of any contaminants . 

IV. SEPARATIONS AND CONCENTRATION 

Despite recent rapid advances in analytical instrumentat ion, it is still often nec-
essary to use separation and concentra t ion methods prior to the determinative 
s tep. The reasons for doing a separat ion/concentrat ion step are to bring the con-
centrat ion of a t race element to a detectable level and/or to separate it from in-
terfering substances (usually high-concentration elements of the sample matrix). 
Rarely is it necessary to separate the individual t race elements from one another . 
An extensive section on separation is given in Chapter 6. The reader is referred 
to a good critical review by Bachmann on separat ion/concentrat ion (5). Any sep-
arational/concentrat ion method is t ime-consuming and prone to problems with 
losses and/or contamination. Solvent extraction and ion-exchange chromatography 
are most commonly used. 

A. BLANKS 

The need for running blanks with each set of determinat ions cannot be over-
emphasized. A blank should represent the same quantit ies of reagents carried 
through the same procedure as the sample. The purposes of blanks are mainly to 
establish the detect ion limits for e lements in the procedure and to monitor the 
procedure with respect to contaminat ion. In geochemical t race element analysis 
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T a b l e 1.4 

Impurities in HCl (ng/g) (6) 

Amer ican Chemica l Commerc ia l Subboil ing 

Element Society reagent high purity distillation 

Pb 0 .05 < 1 0 .07 

C d 0 .03 0 .5 0 . 0 2 

C u 4 1 0.1 

Ni 6 3 0 .2 

Cr 2 0 .3 0 .3 

the detectable amount is often set by the concentrat ion of e lements in the reagents 
and in the laboratory environment . To keep blanks low it may be necessary to 
use specially purified acids and double-distilled or specially deionized water . In 
the case of the latter the singly distilled water in our laboratory was found to 
contain 0.1 ppb lead, a level too high for determination of lead in lake waters . 
Double distillation of the water lowered the lead level by one order of magnitude, 
making the determination feasible. 

Considerable amounts of impurities in the blanks (and hence the sample being 
analyzed) can arise even from analytical grade reagents . Murphy (6) analyzed 
various grades of hydrochloric acid for t race elements and some of his results are 
summarized in Table 1.4. 

ERROR 

Error related to a trace element analysis may occur at all points from sampling 
through to the determinative s tep. The magnitude of error encountered in the 
present au thors ' experience is sampling > sample preparat ion > determinat ion. 

A discussion of obtaining representative amounts of samples in the field, reducing 
field samples to sizes needed in the laboratory, and selecting sizes of samples 
(aliquots) for analyses is found in Chapter 4. A good description of geochemical 
field sampling has also been written by Maxwell (7). 

Sample preparation often includes both physical and chemical preparation steps. 
Physical sample preparation, including grinding and sieving if necessary, can result 
in severe contamination if metal implements are employed. Losses of t race metals 
may result if any fraction of the sample is rejected. Chemical sample preparat ion 
is of crucial importance and no unanimity of opinion exists on the proper treatment 
for each sample type. The topic is covered in Chapter 4. The determinative s tep, 
during which the sample is presented to an instrument , is relatively free of inter-
ference, yet great care is essential in calibration and the elimination of interferences. 

δ 

V. 
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A. PHYSICAL SAMPLE PREPARATION 

Rocks or ores require grinding prior to analysis . Serious contamination from the 
grinding apparatus may occur during this step. Ideally, the sample should be ground 
between plates manufactured from blocks of the sample being ground. In most 
cases such an approach is impossible. Thus hardened steels and alumina materials 
are commonly used to construct grinding appara tus . Agate vessels may also be 
recommended . 

General ly, if a total decomposi t ion must be done , the sample should be ground 
to pass a 200 mesh sieve. It is important to obtaining a representat ive sample that 
all the sample be ground to pass through the sieve. Thus regrinding of the material 
rejected by the sieve is essential . 

If a large bulk sample has been submit ted, it is important to obtain a represen-
tative sample for analysis. This can be done as follows. The sample is dumped 
onto a clean flat surface. It should then be flattened and divided into four equal 
par ts . The two opposite quar ters are rejected and the other two quar ters recom-
bined. This procedure is repeated until a sample suitable for taking weighed por-
tions has been obtained. Chapter 4 contains more details about preparat ion of 
samples . 

B. ACCURACY ASSESSMENT 

At this point, some definitions of terms will be helpful. Accuracy of a determination 
is a measure of how close the value obtained is to the " t r u e " value. The numerical 
difference between the values is the error . Precision is a measure of the degree 
of scat ter obtained on replication of the analysis of a sample. A quanti tat ive es-
timate of precision is expressed in terms of the variance or the s tandard deviation 
of a set of results . 

In this era of analytical instrument sophistication one might assume that trace 
metal data in the literature would be on the whole quite reliable. This is far from 
the case . It is only in the past 5 to 10 years that laboratories in general have 
employed useful checks on accuracy and precision. This is certainly true for most 
data obtained prior to the above t imes. 

It is not a lways necessary to have the highest accuracy in trace metal analysis, 
but it is crucial to be able to assess the accuracy of an analysis . This is very 
important in the case of whole rock and ore analyses . An excellent two-volume 
treatise on accuracy in t race analysis was published in 1976 (8). 

Generally four approaches to accuracy assessment are employed in geochemical 
analysis: 

1. Analysis of s tandard reference samples 

2. Recovery studies 

3. Use of an absolute method, e.g. , isotope dilution 

4. Analysis of control and repeat samples 
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The use of s tandard reference samples is preferred. These samples have been 
analyzed carefully in several laboratories, usually by more than one method. 
However , it is not always possible to obtain such samples for the sample type 
and elements desired. For tunately , a number of agencies are greatly expanding 
their offerings in this area. Chapter 3 contains a listing of some of the most useful 
standard reference samples known to the authors . The suppliers and the suppliers ' 
addresses are also given. 

Standard reference samples are relatively expensive and often in short supply, 
and hence they may not be available for routine day-by-day control of analytical 
data. For this purpose " i n - h o u s e " laboratory control s tandards may be prepared 
and employed together with an occasional s tandard reference sample. 

A milestone in the analysis of geological material was reached in 1951 in the 
publication by Fairbairn (9) of a cooperat ive study of the precision and accuracy 
of chemical and spectrochemical analyses of two silicate rocks , a granite G-l and 
a diabase W - l , followed in 1960 by a progress report (10). These publications for 
the first time documented the accuracy and precision obtainable in chemical anal-
yses of silicates. Because a number of different laboratories were involved, this 
study graphically demonstrated the meaningfulness (or lack thereof) of comparisons 
of chemical data on silicates in the published li terature. 

Tables 1.5 and 1.6 are compilations for manganese oxide and total iron, re-
spectively, of data obtained on G-l and W-l and published in these reports . Table 
1.7 details the values obtained for lead and copper in G-l to illustrate the variation 
obtained in the case of trace e lements . 

Evaluating these data (and the data for other elements contained in the reports) , 
one can gauge the sense of distress which was felt by geologists and analysts 

T a b l e 1.5 

M n O in W - 1 by Different Methods (%) 

Colorimetric Volumetr ic 

persulfate S p e c t r o g r a p h ^ Periodate Bismuthate Persulfate 

Volumetr ic 

persulfate S p e c t r o g r a p h ^ 

0 .13 0 .11 0 . 1 2 0 . 1 3 0 . 1 7 

0 .16 0 .17 0 . 1 2 0 . 1 6 0 . 1 5 

0 .16 0 . 2 0 0 .18 0 .18 0 . 1 6 

0 .16 0 .23 0 .26 0 .17 

0 .16 0 .18 

0 .17 0 .19 

0 .17 0 .21 

0 .17 

0 .17 

0 .17 

0 .18 

0 .18 

0 .21 

0 .21 

0 . 2 2 

0 .53 
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T a b l e 1.6 

Total F e as F e 20 3 in G-1 by Different Me thods (%) 

Titration 

S n C I 2 H 2S Z n Ag S 0 2 using t i tanous 

reduction reduction a m a l g a m reductor reduction Chloride Spectrog raphic 

1.29 1.86 1.84 1.88 2 . 0 0 1.83 1.42 

1.91 1.92 1.84 1.90 1.83 1.84 

2 . 0 4 1.94 1.86 1.92 1.96 

2 . 3 4 1.99 1.91 1.94 1.99 

2 . 4 7 2 .01 1.91 1.97 2 . 0 0 

2 . 1 0 2 . 1 3 2 .04 

2 . 1 6 2 . 2 0 

2 . 2 6 2 . 2 7 

2 . 9 9 

around the world with their publication. These publications were instrumental in 
a gradual improvement in accuracy of not only geological but also all other types 
of chemical analyses throughout the world. At present the situation is much im-
proved over that in 1960. However , it is only through vigorous adherence to ac-
curacy assessment programs that improvements will cont inue. 

T a b l e 1.7 

Pb and C u in G-1 (^g/g) 

Pb C u 

Chemica l 

14 10 

15 16 

2 8 2 0 

2 8 

4 6 

4 7 

4 8 

51 

Spectrographic 

2 2 5 

2 2 6 

2 3 8 

2 5 10 

2 6 10 

2 8 11 

3 7 11 

4 7 12 

4 7 13 

4 7 15 

4 8 15 

5 0 16 

5 0 17 

5 2 2 5 
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ESTABLISHMENT OF PRECISION OF RESULTS 

The problems giving rise to misleading results in the establishment of precision 
of results have been outlined by Thompson and Howar th (11). The deficiencies 
are that 

1. Most methods do not allow for changes which occur in the error over the con-
centration range being studied. 

2. Optimistically biased results frequently are obtained. 

The two methods discussed below are recommended for overcoming these 
problems. 

When 50 or more duplicated results are available, the variation of standard 
deviation ( s ( ) can be expressed as a function of concentrat ion ( c ) and the standard 
deviation at zero (s 0) . 

sc = s0 + kc 

The parameters s 0 and k can be used to quantify the precision ( p c) at concentrat ion 
c by means of the definition 

pc = 2s J c 

Thus 

p ( = 2s0/c + 2k 

Thus, the value 2k corresponds to the precision which is observed at concentrations 
well above the detection limit. 

In suitable cases , i .e. , when there are observat ions at low concentrat ion, the 
practical detection limit c d (when p ( = 1.0) can also be est imated from 

c d = 2sJ{\ - 2k) 

To prevent the acquisition of optimistically biased results from duplicated results 
the following must be adhered to: 

1. Duplicate analyses must be done on splits of all the actual samples or a random 
selection of these . 

2. Each of the two subsamples for duplication must be taken through the whole 
analytical procedure as if it were an independent sample. 

3. The position of the second subsample in the sequence must not be systematically 
related to the first but should be distributed at random in the batch. 

4. The data must not be rounded off too severely. At least one significant digit 
containing uncertainty must be retained. 

5. Subzero (or sub-detection limit) measurements , when obtained, must be re-
corded and used as such and not set to zero or another arbitrary value. 

6. Subsamples should be numbered to prevent their identification at the time of 
analysis. 

12 

c. 
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Method 1 (50 or more duplicated results): 

1. F rom the (7V>50) pairs of results ah b, (i = 1 , 2 , . . . AO, form lists of the pair 
means (α, + b)ll and the corresponding absolute differences | a, - b, | (do 
not logtransform the data) . 

2. Sort the list of means into increasing order and the differences into the cor-
responding order . 

3. Select the first 11 results and calculate the mean of the pair means and the 
median of the differences. 

4. Repeat this for successive groups of 11 results and obtain corresponding lists 
of means and medians . Ignore any terminal group of less than 11 results. 

5. Ei ther plot the medians as a function of the means and obtain the intercept 
and slope of the line graphically by eye , or obtain the same parameters by 
regression. These parameters correspond respectively to s() and k in the first 
equat ion. 

Method 2 (10 to 50 duplicated results): 

1. Specify the precision required in the form sc = s0 + kc. Ei ther sc or k could 
be zero if appropria te . 

2. Form two new equat ions from this: 

3. Plot and d99 over a suitable range of c to form a control chart . 

4. As in method 1, obtain the pair means (a, + b)l2 and absolute differences 
I a, - b, I of the duplicate results . 

5. Plot these points on the control chart . 

NOTE: dgo and d^ are the 90th and 99th percenti les of the absolute difference between 
duplicates as a function of concentra t ion. 

The elements to be covered by procedures in the following chapters are shown 
in Fig. 1.1. 

Usually the main consti tuent(s) of an ore is the element(s) which is determined 
in a geochemical exploration s tudy. For example , copper would usually be the 
element determined in soils, rocks , and sediments in seeking a copper ore . Such 

2.326 (5 0 + kc) 

3.643(^0 + kc) 

VI. ELEMENTS COVERED 

A. ASSOCIATION OF THE ELEMENTS 
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Ce* Pr* N d Pm Sm Eu* G d Tb* Dy* Ho* Γ *' τ * 

br Im Yb* Lu* 

Th* Ρα U * 

F i g u r e 1 . 1 . Periodic table of the e lements . ' E l e m e n t s covered by procedures in this book. 

T a b l e 1.8 

S o m e C o m m o n Geochemica l Associat ions of E l e m e n t s
8 

Group Associat ion 

G e n e r a l l y a s s o c i a t e d e l e m e n t s K-Rb 

C a - S r 

A l - G a 

S i - G e 

Zr -Hf 

N b - T a 

R a r e earths - La - Y 

P t -Ru -Rh-Pd -Os - I r 

P l u t o n i c r o c k s 

Genera l association (lithophile e lements ) S i - A l - F e - M g - C a - N a - K - T i - M n - Z r - H f - T h - U -

B - B e - L i - S r - B a - P - V - C r - S n - G a - N b - T a - W -

the halogens-rare earths 

Specific association 

Felsic igneous rocks S i - K - N a 

Alkaline igneous rocks A I - N a - Z r - T i - N b - T a - F - P - r a r e earths 

Mafic igneous rocks F e - M g - T i - V 

Ultramafic rocks M g - F e - C r - N i - C o 

S o m e pegmatit ic differentiates L i -Be-B-Rb-Cs- rare e a r t h s - N b - T a - U - T h 

S o m e contact metasomat ic deposits M o - W - S n 

Potash feldspars K-Ba-Pb 

M a n y other potash mater ia ls K - N a - R b - C s - T i 

Fer romagnes ian minerals F e - M g - M n - C u - Z n - C o - N i 

S e d i m e n t a r y r o c k s 

F e oxides F e - A s - C o - N i - S e 

M n oxides M n - A s - B a - C o - M o - N i - V - Z n 

Phosphorite P - A g - M o - P b - F - U 

Black shales A l - A g - A s - A u - B i - C d - M o - N i - P b - S b - V - Z n 

Source: Refs. 12-14. a
For additional association in ore bodies see Table 1.9. 
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T a b l e 1.9 

Associated E lements (Pathf inders) Useful in O r e Typing 

T y p e of deposit Major components Associated e lements 

M a g m a t i c d e p o s i t s 

Chromi te ores (Bushveld) Cr 

Layered magnet i te (Bushveld) F e 

Immiscible Cu-Ni-sul f ide 

(Sudbury) C u , Ni , S 

P t -N i -Cu in layered intrusion 

(Bushveld) Pt, N i , C u 

Immiscible Fe-T i -ox ide 

(Allard Lake) F e , Ti 

N b - T a carbonati te ( O k a ) N b , T a 

Rare -meta l pegmat i te Be , Li, C s , R b 

H y d r o t h e r m a l d e p o s i t s 

Porphyry copper (B ingham) C u , S 

Porphyry mo lybdenum (Cl imax) M o , S 

Skarn-magnet i te (Iron Springs) F e 

S k a r n - C u (Yerington) C u , F e , S 

S k a r n - P b - Z n (Hanover ) Pb , Z n , S 

S k a r n - W - M o - S n (Bishop) W , M o , S n 

Base -meta l veins Pb , Z n , C u , S 

S n - W greisens S n , W 

Sn-sulf ide vein S n , S 

C o - N i - A g vein (cobalt) C o , Ni , A g , S 

"Epi thermal" precious meta l A u , A g 

Mercury H g , S 

Uran ium vein U 

Copper in basalt (Lake Superior 

type) C u 

Volcanogenic massive-sulf ide 

C u C u , S 

Volcanogenic massive-sulf ide 

Z n - C u - P b Z n , Pb , C u , S 

Au-As-r ich F e formation A u , As , S 

Mississippi Val ley P b - Ζ η Z n , Pb , S 

Mississippi Val ley fluoride F 

Sandstone- type U U 

R e d - b e d C u C u , S 

Calcrete U U 

S e d i m e n t a r y t y p e s 

Copper sha le (Kupferschiefer) C u , S 

Copper sandstone C u , S 

Ni , F e , M g 

V , T i , Ρ 

Pt, C o , As , A u 

Cr, C o , S 

Ρ 

N a , Zr, Ρ 

Β, U , T h rare earths 

M o , A u , A g , R e , As , Pb , Z n , Κ 

W , S n , F, C u 

C u , C o , S 

A u , A g 

C u , C o 

F, S , C u , Be , Bi 

A g , A u , As , S b , M n 

C u , M o , Bi, Li, Rb , S i , C s , 

R e , F, Β 

C u , Pb , Z n , A g , S b 

As , S b , Bi, U 

Sb , As , H g , T e , S e , S , U 

S b , As 

M o , Pb , F 

A g , As , S 

Z n , A u 

A g , B a , A u , As 

S b 

Ba , F, C d , C u , Ni , C o , H g 

Ba , Pb , Z n 

S e , M o , V , C u , Pb 

A g , P b 

V 

A g , Z n , Pb , C o , Ni , C d , H g 

A g , C o , Ni 

Source: Refs. 14 and 15. 
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an élément is termed an indicator element . Somet imes , however , the main ore-
bearing element is immobile or yields confusing data. In these cases a pathfinder 
element should be considered. 

The reasons for choosing a pathfinder element would be as follows: 

1. It may be easier to detect . 

2. A high-mobility element is more easily used than an immobile element. 

3. The pathfinder element sometimes produces clearer pat terns of anomalous val-
ues . 

Common geochemical associations are given in Table 1.8, Ref. 3. A list of path-
finder elements is given in Table 1.9, Ref. 3. 

R E F E R E N C E S 

1. R. J. Gibbs, Science 180, 71 (1973). 

2. G. H. Morrison, CRC Crit. Rev. Anal. Chem. 8 , 287 (1979). 

3. A. W. Rose, H. E. Hawkes , and J. S. Webb, "Geochemistry in Mineral Exploration," 2nd ed. 
Academic Press, London, 1979. 

4. G. J. S. Govett , "Handbook of Exploration Geochemistry." Elsevier, Amsterdam, 1983. 

5. K. Bachmann, CRC Crt. Rev. Anal. Chem. 12, 1 (1981). 

6. T. J. Murphy, NBS Spec. Publ. (U.S.) 4 2 2 , 509 (1976). 

7. J. A. Maxwell , NBS Spec. Publ. (U.S.) 4 2 2 , 285 (1976). 

8. P. D. LaFleur, ed. , "Accuracy in Trace Analysis: Sampling, Sample Handling, Analys is ," Vols. 
1 and 2, N B S Spec. Publ. N o . 422. U .S . Govt. Printing Office, Washington, D .C . , 1976. 

9. W. H. Fairbairn, Geol. Surv. Bull. (U.S.) 980 , 21 (1951). 

10. R. E. Stevens , Geol. Surv. Bull. (U.S.) 1113 (1960). 

11. M. Thompson and R. J. Howarth, J. Geochem. Explor. 9 , 23 (1978). 

12. V. M. Goldschmidt, "Geochemistry ." (Clarendon), London and N e w York, 1954. 

13. Κ. B. Krauskopf, "Economic Geology—50th Anniversary Vo lume ." Econ. Geol. Publ. Co . , Lan-
caster, Pennsylvania, 1955. 

14. R. W. Boyle , Geol. Surv. Pap. (Geol. Surv. Can.) 7 4 - 4 5 (1974). 

15. A. A. Beus and S. V. Grigorian, "Geochemical Exploration Methods for Mineral Depos i t s ." 
Applied Publishing Co . , Wilmette, Illinois, 1977. 



2 
Principles of Determinative 
Methods 

I. ATOMIC ABSORPTION SPECTROMETRY 

A. THEORETICAL CONSIDERATIONS 

Atomic absorpt ion spect rometry is an analytical technique for the determination 
of elements based on the absorption of radiant energy by free atoms in their ground 
state . A physical representat ion of an a tom is as a central nucleus surrounded by 
a number of electrons in orbitals. Each element has a characterist ic number and 
arrangement of e lectrons . An a tom is said to be in its most stable or ground state 
when the electrons are in their lowest energy levels. (Under normal laboratory 
condit ions a toms are bound to one another in the form of chemical compounds . ) 
When free a toms in the ground state are subjected to a source of radiant energy 
of appropriate discrete wavelength, energy can be absorbed by the atom population. 
This results in promotion of electrons to higher energy levels, as in Fig. 2 .1 . 

In returning to the ground s tate , the a toms emit energy in one or several stages. 
Atoms of different e lements will absorb energy at wavelengths which are char-
acteristic of the e lements . An absorpt ion spectrum of an element is generally com-
posed of only a few lines. This is in contrast to emission produced thermally, 
which results in a relatively complex spect rum. Atomic absorpt ion spectra thus 
have an advantage of very few line overlaps as compared with emission spectra. 

The essential components of a system for atomic absorpt ion analysis are shown 
in Fig. 2.2. A source of radiant energy, A, such as a hollow-cathode lamp illu-
minates a cloud of a toms , B . The free a toms are usually formed thermally in a 
flame, furnace, e tc . Radiation which t raverses Β is focused on the entrance slit 
of a monochromator , C. The monochromator is set at a wavelength corresponding 
to one of the emission lines of A. The radiation passed by C is focused on the 
detector , D. 

17 
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E n e r g y Level 

H i g h Exc i t ed 
S t a t e 

A b s o r p t i o n 

F i g u r e 2 . 1 . Absorption and emission of radiation. 

Low G r o u n d 
S ta te 

Emiss ion 

If the source emits the line spectrum of element X, and a toms of element X are 
present in B , some of the incident radiation / 0 is absorbed. As a result, the trans-
mitted radiation / received by D is reduced in intensity compared to / 0 . This is 
an indication of the presence of X in the sample. The output of D can then be 
related quantitatively to the proport ion of X in the sample as follows. 

In Fig. 2.2 the I0 being emitted by the source is a t tenuated by absorption in an 
atom cloud, and a reduced intensity / is detected. Transmit tance Τ is defined as 
the ratio of the final to the initial intensity: 

A term used more conveniently in quanti tat ive work is the absorbance A. It is 
defined as follows: 

Absorbance is related to concentrat ion by means of the Bee r -Lamber t law: 

where a is the absorption coefficient, specific for each atomic species, b the length 
of the absorption path, and c the concentrat ion of absorbing a toms in the path. 

In quanti tat ive analysis , a set of experimental condit ions is selected. Then , with 
a and b constant , concentrat ion should be related to absorbance A in a linear 
manner . The relationship be tween A and c is established by recording the ab-
sorbances of a series of s tandard solutions. The instrument is usually set for zero 
absorbance with distilled water as the analyte . The absorbance of a reagent blank, 

Τ = / / / ο 

%T = I/I0 χ 100 = percent t ransmission 

A = \og(IJI) = log(l/7) 

A = abc 

F i g u r e 2 . 2 . Atomic absorption process. 

I 

ο 
A Β C D 
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if different from zero , is subtracted from the absorbances of the s tandards . The 
net absorbance values of the s tandards are plotted against the corresponding con-
centrat ions to yield a calibration line or curve . This is illustrated in Fig. 2.6. Lin-
earity in atomic absorpt ion analysis can be expected over a range of 0.4-0.5 ab-
sorbance unit. Over wider ranges, curvature of a calibration line, usually toward 
the concentrat ion axis , is encountered . Concentra t ions are calculated by means 
of interpolations. Modern instruments can be calibrated to provide direct readings 
of concentra t ions , so that the opera tor does not need to construct a calibration 
curve . 

B. INSTRUMENTATION FOR ATOMIC ABSORPTION 

The basic components of an atomic absorption system are shown in Fig. 2.2. In 
single-beam inst ruments , all of the radiation from the source lamp is directed 
through the cloud of a toms generated in the flame or electrothermal atomizer . 
Double-beam instruments divide the radiation by means of a beam chopper and 
mirrors . In this design, a constant portion of the incident radiation, called the 
reference beam, is passed around the atomizer . The remaining port ion, or sample 
beam, is directed through the atomizer . Then the beams are combined again and 
focused on the inlet slit of the monochromator . The output signals of the detector 
for sample and reference beams are amplified separately and compared in a bridge 
circuit. The net signal is t ransmit ted to the readout device . 

In some instruments the source lamp intensity is modulated at a particular fre-
quency such as 50 Hz , and the amplifier is tuned to the same frequency. Another 
means of source modulat ion is to place a rotating chopper between the source 
and the flame. In this manner , the radiation such as flame emission which is not 
excluded by the relatively narrow bandpass of the instrument is rejected and the 
system responds only to radiation from the lamp. Readings are taken with and 
without samples . The net absorbance values are proportional to the quantities of 
the element in the sample. 

1. Atomizers 
As noted earlier, the function of the a tomizer component is to provide an envi-
ronment for the product ion of a toms in the ground state for periods long enough 
for quanti tat ive measurements to be made . Flames provide a convenient and eco-
nomical method of formation of a toms . The two oxidant/fuel mixtures most often 
used in atomic absorpt ion are air/acetylene and nitrous oxide/acetylene. In premix 
burners , the approximate tempera ture of the former is 2400 Κ and of the latter is 
3200 K. The proportion of fuel may be varied to yield lean to rich flames depending 
on the element being analyzed. The tempera ture will vary slightly depending on 
the fuel-to-oxidant rat io. 

About 30 elements can be determined satisfactorily in air/acetylene flames. Ele-
ments which form highly refractory oxides , such that the dissociation energies of 
the M - O bond are larger than about 5 eV, require the hotter nitrous oxide/acetylene 
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flame. Examples are a luminum, t i tanium, and zirconium. The hotter flame is also 
used to minimize some interferences, as will be explained later. Propane and hy-
drogen have also been used as fuels; but , because of the low temperatures of such 
flames, there are only limited applications. 

A number of elements are listed in Table 2.1 with the wavelengths of their 
resonance lines and their detection limits. 

Figure 2.3 illustrates the structure of a typical flame. Best sensitivities usually 
occur slightly above the inner cone, in the interconal zone about 0.3-0.5 mm above 
the burner slot. 

2. Nebulizers 

The purpose of the nebulizer is to convert a liquid sample into a mist or aerosol . 
The mist is mixed with oxidant and fuel gases in a spray chamber . It is then carried 
to the burner in the gas flow. The operat ion can be summarized as follows. The 
gas flows to the burner are adjusted to the desired ratio of oxidant to fuel, and 
the burner is lit. A flexible capillary tube is placed in the sample solution. Sample 

T a b l e 2.1 

Wave lengths of R e s o n a n c e Lines and Detect ion Limits of E lements in F l a m e Atomizers 

Detect ion Detect ion 

Wave leng th limit
0
' W a v e l e n g t h limit

0 

Element (nm) (μ9/ηι Ι ) E lement (nm) (jig/ml) 

Ag 3 2 8 . 1 0 . 0 0 0 2 N a 5 8 9 . 0 0 . 0 0 0 2 

A l
a 

3 0 9 . 3 0 . 0 2 Ni 2 3 2 . 2 0 . 0 0 5 

As 1 9 3 . 7 0 .2 O s
a 

2 9 0 . 9 0 .08 

Au 2 4 2 . 8 0 .01 P b
c 

2 8 3 . 3 0 .01 

B
a 

2 4 9 . 8 0 .7 Pd 2 4 7 . 6 0 . 0 2 

Ba
ab 

5 5 3 . 6 0 . 0 0 8 Pt 2 6 5 . 9 0 .05 

B e
e 

2 3 4 . 9 0 .001 Rh 2 4 3 . 5 0 . 0 0 4 

Bi 2 2 3 . 1 0 . 0 2 5 R u 3 4 9 . 9 0 .07 

C a 4 2 2 . 7 0 . 0 0 0 5 S b 2 1 7 . 9 0 .04 

C d
c 

2 2 8 . 8 0 .001 S e
c 

1 9 6 . 0 0 . 2 0 

C o 2 4 0 . 7 0 .01 S i
a 

2 5 1 . 6 0 . 0 2 

Cr 3 5 7 . 9 0 . 0 0 3 S u
ac 

2 2 4 . 6 0 .07 

C u 3 2 4 . 8 0 . 0 0 2 Sr* 4 6 0 . 7 0 . 0 0 2 

F e 2 4 8 . 3 0 . 0 0 3 T e
c 

2 1 4 . 3 0 .03 

H g
c 

2 5 3 . 6 0 .25 T i
a 

3 6 4 . 3 0 .04 

Ir 2 6 4 . 0 0 .6 T l
c 

2 7 6 . 8 0 .01 

Κ 7 6 6 . 5 0 . 0 0 2 V
a 

3 1 8 . 4 0 .04 

Li 6 7 0 . 8 0 . 0 0 0 3 Z n 2 1 3 . 9 0 .001 

M g 2 8 5 . 2 0 .001 

M n 2 7 9 . 5 0 . 0 0 2 

M o
a 

3 1 3 . 3 0 . 0 2 

a
 Nitrous oxide/acetylene flame. b
 1000 μς/ιτιΙ potassium added to suppress ionization. c
 Electrodeless discharge lamp. d
 Detection limit = concentration χ standard deviation/mean. 
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F i g u r e 2 . 3 . Z o n e s of a f lame from a premix burner: 1 , pr imary combust ion z o n e ; 2 , interconal z o n e ; 3 , combustion 

z o n e . 

liquid is drawn up the capillary tube and into the mixing chamber by the reduced 
pressure at the end of the inlet tube caused by the concentr ic flow of gas around 
the tip (venturi effect). Shearing of the liquid at the tube orifice produces droplets . 
In some designs, an impact bead is situated close to the orifice to generate additional 
small droplets . An alternative design uses a flow spoiler to aid in removing larger 
droplets from the gas s t ream. In passing through the spray chamber , droplets 
larger than 5-10 μπι are retained as condensa te and flow to waste . Only about 
10% of the sample in the form of small droplets reaches the burner . The response 
of the system is fast, and steady readings are usually achieved within a few seconds. 

The performance of a particular design of nebulizer/burner system can be op-
timized by adjusting the gas flow rates according to the manufacturer ' s recom-
mendations. Liquids of different viscosities are drawn through the narrow capillary 
tube at different ra tes . Therefore , the viscosities of samples and s tandards must 
be similar in order to maintain equal rates of sample delivery to the flame. Samples 
containing insoluble matter must be filtered so that solids will not clog the nebulizer. 
Corrosion of nebulizers by acid solutions can be a problem. For most laboratories, 
an acid-resistant nebulizer (e.g., Pt/Ir or PTFE) is a good investment. Some organic 
solvents may attack gaskets and other sealants used in the system. The user should 
determine whether a particular solvent will be compatible with the equipment . 
Attention must be given to the liquid t rap in the waste line. A liquid head of about 
5 cm should always be present to prevent combust ible gas from escaping to the 
a tmosphere . 

Other nebulizer designs included ultrasonic and cross-flow nebulization. They 
have not found wide acceptance in atomic absorption work. 

3. Burners 

Most of the burners used for atomic absorpt ion are of the premix type as shown 
in Fig. 2.3. Fuel and oxidant gases are mixed with sample droplets and then proceed 
to the combust ion area. Burner heads usually contain a single slot 5-10 cm long. 
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Although a long path length is desirable in order to increase the absorbance of 
sample, and hence sensitivity, practical considerat ions of flame stability limit the 
length. Nitrous oxide/acetylene burners must have a slot not exceeding 5 cm in 
length. Because of the high flame tempera tures , they should be constructed of 
heat-resistant alloys. If samples have large dissolved solids contents , a burner 
with a wider slot should be used to avoid clogging. A three-slot burner head, 
called a Boling burner , has the advantage that its flame fills the horizontal aperture 
of the optical system. This can result in more absorption for a given concentrat ion 
of analyte . 

When the sample in the form of a liquid enters the flame, the solvent evaporates, 
or burns if it is combust ible , leaving fine particles of compounds . The compounds 
begin to vaporize as they pass into hot ter regions of the flame, and then they 
dissociate into a toms . The flame tempera ture must be high enough to provide 
efficient atomization. As explained previously, refractory compounds require hot 
flames generated by nitrous oxide/acetylene. Atoms of elements which are easily 
ionized can lose one or more e lectrons, particularly in hot flames. This will result 
in ionization interference. 

Electrothermal a tomizers const i tute a class of flameless a tomizers for atomic ab-
sorption work. They are electrically heated devices which are capable of achieving 
the high temperatures required to produce analyte a toms . Most commercial in-
s truments make provision for mounting an electrothermal unit in place of a neb-
ulizer/burner assembly so that the atomizers may be interchanged as they are 
needed. 

Electrothermal a tomizers possess some advantages and disadvantages in com-
parison with flame atomizers . An increase in sensitivity of two or three orders of 
magnitude can be achieved for many e lements , as illustrated in Table 2.2. Since 

T a b l e 2 .2 

Detection Limits for Analyte in L o w - S a l f Coasta l W a t e r s , Perk in-Elmer 6 0 4 and H G A 

2 1 0 0 

Electrothermal Atomizers 

Detect ion 

limit 

Detect ion 

limit 

Detect ion 

limit 

(pg) E lement (P9) E lement (pg) E lement 

Ag 

As 

Au 

Bi 

C d 

C o 

C u 

Fe 

0 .5 

2 5 

2 5 

3 0 

0 .5 

10 

5 

10 

Ir 

M n 

M o 

Ni 

Pb 

Pd 

Rh 

S b 

1 0 0 0 

0 .8 

15 

3 0 

5 

3 0 

5 0 

10 

S e 

S n 

T e 

Ti 

V 

Z n 

2 0 0 

2 0 0 

1 0 0 

5 0 0 

2 0 0 

0 .2 

a
Interference-free matrix. 

22 

4. 
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sample volumes of less than 50 μΐ are normally used, this is an advantage when 
the total volume of a sample is limited. Electrothermal a tomizers can be used for 
some types of solid samples . The major disadvantages of electrothermal devices 
are the severe background and matrix interferences which are characterist ic of 
these a tomizers . Very rapid heating of samples , particularly those containing re-
fractory elements such as vanadium, is necessary in order to obtain sharp ab-
sorption peaks. Since the atoms are present for such a short duration, the detector/ 
recorder system must respond rapidly. Finally, a longer time (3-5 min) is required 
for each determinat ion than is needed for an analysis with a flame atomizer . 

A t o m i z e r D e s i g n T w o main designs of a tomizer have been available commer-
cially. These are tubular graphite furnaces and carbon rods . Other atomizers such 
as crucible furnaces, quar tz tubes , carbon filaments, wire loops, and metal strips 
have been descr ibed, but none has been generally accepted. 

L 'vov (1,2) designed the first tubular furnace specifically for atomic absorption 
work. It consisted of a small graphite tube heated to a constant high tempera ture . 
Samples were introduced through a hole in the bot tom of the furnace by means 
of a separately heated graphite e lec t rode. Radiation from a spectral source passed 
through the furnace along the central longitudinal axis . An inert gas protected the 
graphite against oxidation. Samples were volatilized into the hot graphite tube by 
heating the e lect rode. 

The tubular furnace atomizers sold by most manufacturers are derived from the 
design of Massmann (3). A small-diameter graphite tube is tempera ture pro-
grammed so that samples deposi ted on the inside wall of the tube can be dried, 
ashed, and then atomized at a high tempera ture . The Woodriff furnace (4) is a 
larger unit designed for operat ion at constant tempera ture . It has not been as 
popular as the Massmann design and has not been produced commercial ly. 

Early carbon rod atomizers consisted of a carbon rod clamped at both ends in 
an electrical contact . The sample was placed in an indentation in the center of 
the rod. In later models , a graphite cylinder was inserted between two short pieces 
of carbon rod at the center of the atomizer . In both designs, a gas sheath was 
blown around the atomizer componen t s , but precise control of the gas flow in the 
area of the sample was not possible. Carbon rod atomizers require less power 
than graphite furnace devices . The detect ion limits for many elements are about 
the same in a rod a tomizer as in a furnace. 

O p e r a t i o n The power supply for the furnace is a very important part of the 
equipment . The opera tor must select the tempera tures and times for each step of 
the heating cycle. Modern units are more versatile than the older models in allowing 
the opera tor to designate rates of change in tempera tures between steps and in 
extending the number of s teps . Normal ly , there are three programmable cycles . 
In the first, the sample is dried. The second stage is carried out at a higher tem-
perature with the purpose of removing organic mat ter and evaporat ing low-boiling 
components of the sample matrix. The term charring or ashing is applied to this 
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step. The operator should use the highest char tempera ture which does not result 
in appreciable loss of analyte. The opt imum temperature is found by preparing 
an ash/atomization curve for each element being determined in a particular sample. 
Directions are given in the manufacturers ' manuals and in other monographs (5,6). 
Operating manuals also contain information on maximum char temperatures for 
the e lements , but these may not apply to the sample in quest ion. Removal of as 
much as possible of the potential interfering substances at this stage is important. 
Matrix modifiers can be added to aid in the volatilization of some salts and to 
increase the char temperatures of e lements which evapora te easily. More details 
will be provided later. The third step is the atomization of the analyte. Temper-
atures ranging to 3000°C are necessary , depending on the element. Of equal im-
portance is rapid rise of temperature so that the analyte evaporates and atomizes 
within as short a time as possible. Capacit ive heating to bring the furnace very 
rapidly to the required temperature followed by resistive heating to maintain the 
temperature has been used by some workers (7). Interferences and background 
were greatly reduced. At the end of the cycle, the furnace is cooled to room 
temperature by the water circulation around the shell. Some samples may leave 
residues. Another high-temperature heating period is applied to volatilize such 
material. However , any loose ash must be removed with a small clean brush. 

In older equipment , signals are recorded on a strip chart , and peak heights are 
taken as measures of concentrat ion. Newer instruments are capable of measuring 
either peak heights or peak areas . The latter are preferable when rates of atom-
ization are low or variable due to sample matrix. Recorders and electronic inte-
grators must have short response t imes. For example , a recorder with a full scale 
response of Vi second or less is required. Examinat ion of the peak shape is very 
useful in the development of new methods and in the diagnosis of problems. Cath-
ode ray tube (CRT) displays are commonly used for this purpose . 

F u r n a c e Tubes a n d R o d s Graphite furnace tubes and rods have been studied 
extensively because the propert ies of the graphite and the changes in properties 
which occur during a series of analyses have a direct influence on the quality of 
the results . The need for an inert a tmosphere to prevent oxidation of the furnace 
at high temperature was noted previously. Changes in the atomizer surface usually 
result in decreases in peak heights for a given concentrat ion of element . Also, the 
electrical resistance of the tube changes , and thus its thermal propert ies change. 
The porosity of graphite is an important factor. Changes in porosity as the tube 
ages influence the sensitivities of analyte elements. The usual method of stabilizing 
a tube and of making it less porous is to coat it with a layer of pyrolytic graphite. 

Coated tubes are available from equipment manufacturers . A coating can be 
applied while the tube is mounted in the furnace by introducing some hydrocarbon 
gas such as methane mixed with argon when the tube is hot. However , the coating 
may not be as uniform as the coatings on purchased tubes . The use of coated 
tubes leads to increases in sensitivities for most e lements and to decreases in 
interferences. Pyrolytic tubes are less inclined to form stable carbides with elements 
such as vanadium, ti tanium, and tungsten. 
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Metals such as tantalum and molybdenum have been applied as coatings to 
improve atomizer performance. The effects of metallic coatings are variable, de-
pending on the type of sample. The reader should consult the literature for in-
formation about particular samples . 

A graphite platform situated in the central part of the furnace beneath the sample 
port is used to improve atomization (8). The samples are atomized from the platform 
rather than from the wall of the furnace. During the sharp rise in temperature in 
the atomization s tep, the tempera ture of the platform lags behind the wall tem-
peratures because the platform is heated mainly by radiant energy. This means 
that the sample is atomized into a hot , almost constant - temperature environment 
when maximum furnace tempera ture has been achieved. Reduced matrix effects 
and sharper absorption peaks have been reported as advantages of platforms. 

S a m p l e s Liquids constitute most of the samples used in electrothermal analyzers. 
Samples are dispensed from micropipets inserted through the sample port of a 
tubular furnace or into the depression in a carbon rod. Small sample volumes 
provide the advantage of concentrating the analyte on a small area of the atomizer. 
Deposit ion of sample over a large area of the atomizer is not desirable because 
uneven heating along the graphite element will alter the rate of atomization of the 
total sample. Large volumes of liquid can be added in increments of 10-20 μΐ. 
After each addit ion, the solvent is evapora ted . If the sample contains organic 
materials and/or significant concentra t ions of salts, an ashing step should be in-
cluded after each addition. When large numbers of samples must be analyzed, an 
autosampler is a good investment . The precision of volumetric measurements is 
usually bet ter with an autosampler than with manual operat ions . 

Prevention of contaminat ion is very important in electrothermal work because 
of the sensitivity of the method. Precaut ions must be taken to minimize the in-
troduction of contaminants from reagents , equipment , and the working environ-
ment . Volatile halides of e lements may be lost during the charring step of the 
heating cycle . Oxy acids, especially nitric acid, are preferable in solutions of sam-
ples and s tandards . 

5. Radiation Sources 

H o l l o w - C a t h o d e L a m p s The most widely used radiation sources in atomic ab-
sorption work are hollow-cathode spectral lamps. The purpose of a single-element 
lamp is the production of resonance radiation of narrow linewidth, usually < 0.001 
nm, of the element used as the ca thode . Most e lements have spectra consisting 
of several resonance lines as well as other lines. The most intense resonance line 
is used and is listed in Table 2 .1 . Resonance radiation results from the process 
of excitation of a toms in the ground state and the subsequent transition from the 
excited to the ground state . 

A lamp, as shown in Fig. 2.4, is filled with an inert gas such as argon. A small 
current ionizes some of the gas. Interact ions with the gas ions remove some atoms 
from the ca thode . With excitat ion, these a toms provide the resonance radiation. 
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Hol low Cathode (sheathed in glass) 

F i g u r e 2 .4 . Hol low-cathode lamp. 

The lifetime of a lamp will depend on the element used as the ca thode, hours 
of use, strength of the current, and filler gas leakage. However, good-quality lamps 
will last for several years . Each lamp should be operated for a brief time (about 
30 min) each month even if it has not been required for analytical work. A weak 
lamp can sometimes be regenerated by reversing the leads to the electrodes and 
operating the lamp at a few milliamperes for about 10 min. 

Some multielement lamps are marketed on the basis of saving the cost of several 
single-element lamps. Dual-element lamps of closely related elements such as 
magnesium/calcium and sodium/potassium have performed well in the au thors ' 
laboratory. However , most multielement lamps are not recommended because of 
their overall poor performance. 

Lamps should be operated at as low a current as possible for achieving the 
sensitivity required. The manufacturer ' s recommendat ion for maximum current 
should be noted. Large currents will diminish the lifetime of the lamp and may 
also broaden the resonance line. Nonlinear calibration curves and decreased sen-
sitivities are results of line broadening. 

E l e c t r o d e l e s s D i s c h a r g e L a m p s Electrodeless discharge lamps are alternative 
radiation sources which produce more intense spectra than the corresponding hol-
low-cathode lamps. They are recommended for elements such as arsenic, selenium, 
tellurium, tin, and lead. A separate power supply is required. The construction 
of a lamp is illustrated in Fig. 2.5. 

A small amount of metal or metal salt, such as an iodide, and an inert gas are 
sealed within a silica bulb. The bulb is mounted in the cavity of a radio-frequency 
(rf) coil. Radiation from the lamp is transmitted through a quartz window. The 
lamp has about the same overall size as a hollow-cathode lamp and is positioned 
in the lamp compar tment of the instrument in the same way. Stable lamp output 
is usually obtained after about 15 min. The manufacturer ' s recommendat ions for 
operating the lamp should be followed. 
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F i g u r e 2 .5 . Electrodeless discharge lamp. 

6. Interferences 

As in all analytical methods , interferences are important considerat ions because 
they decrease accuracy and increase detect ion limits. Knowledge of the types of 
interferences which may arise in atomic absorption and how they may be overcome 
is essential . Some metals such as copper and manganese do not have serious 
problems in flame atomic absorpt ion even in the analysis of a range of sample 
types . The various kinds of interferences are discussed in the following sections. 

A t o m i c S p e c t r a l I n t e r f e r e n c e s A spectral interference can occur when the ab-
sorption profile of a second element overlaps the absorpt ion line of the analyte. 
The result is a positive error because the detector signal is the sum of the two 
absorbances . Because of the narrow widths of atomic emission lines, this type of 
interference is rarely encountered . Tabular information on spectral interferences 
discovered by a number of workers has appeared in other publications (5,9). 

Nonspecific Interferences The main sources of these interferences are molecular 
absorption and light scattering in the atomizer. The former occurs when a molecular 
species has an absorpt ion profile that overlaps the line of the element being mea-
sured. The latter occurs when solid particles deflect some of the source radiation 
away from the beam received by the monochromator and detector. Samples which 
contain large proportions of refractory elements frequently produce light scattering. 

Both interferences are more serious in the wavelength region below 250 nm; 
flames are less subject to these problems than are electrothermal analyzers . Back-
ground correct ion is used to overcome the interferences, as described later. 

C h e m i c a l I n t e r f e r e n c e s These interferences occur in both flame and electro-
thermal analyzers . They are caused by chemical interactions in the sample which 
alter the proport ion of the analyte which is a tomized or the rate at which analyte 
atomization takes place. Pure s tandard solutions may not be subject to the same 
chemical interact ions, so e r roneous results are possible in direct comparisons of 
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samples and standards. There are several ways to overcome chemical interferences. 
The first is to alter the physical parameters of the atomizer . The interference of 
phosphate with the determination of calcium in flame atomizers is much less in a 
hot nitrous oxide/acetylene flame than in an air/acetylene flame. In electrothermal 
analyzers , adjustments of drying and charring times and temperatures to volatilize 
as much as possible of the interfering matrix is a good procedure . 

Another method is matrix matching. The composi t ions of standard solutions 
are altered to correspond as closely as possible to those of the samples. Matrix 
matching may not be possible if the overall composit ion of the samples is not 
known. If the composition is complex, matching is not practical. Standard additions 
of measured volumes of standard solution to sample aliquots are an alternative. 
This method of calibration is explained in more detail later. In electrothermal 
work, the chemical form of the element in the standard additions should be the 
same as that in the sample. 

A third approach involves modification of the sample matrix by the addition of 
another chemical . Some examples will be described. In the determination of cal-
cium in the presence of phosphate by means of flame atomizat ion, releasing agents 
are added to prevent the formation of stable calcium phosphates . The releasing 
agent can be an organic complexing agent such as EDTA, which reacts with calcium 
(and other cations), or lanthanum and strontium salts to react with the phosphate . 
In electrothermal work, some elements volatilize at low tempera tures , and inter-
ferences cannot be eliminated without loss of analyte . Ediger (10) has shown that 
the addition of a nickel salt to samples containing arsenic, selenium, and tellurium 
will stabilize these elements so that higher charring tempera tures can be used. In 
the presence of nickel, both selenium and tellurium can be heated to 1200°C without 
significant losses. Ammonium phosphate will stabilize cadmium, and potassium 
dichromate and sodium sulfide will stabilize mercury. 

Many studies of cation/cation interferences have been reported. The subject is 
complex. Depression and enhancement of signals are observed in many samples. 
A summary of the extensive literature on interferences in electrothermal atomi-
zation has been prepared by Slavin and Manning (11). Matrix matching and mod-
ification do not overcome all chemical interferences. Separation of the elements 
of interest from the bulk of the sample may be the only practical way to deal with 
severe problems. 

Ionization I n t e r f e r e n c e s Atoms of some elements can become ionized in flames 
or electrothermal a tomizers . As a result, the a tom population diminishes and sen-
sitivity declines. The extent of the interference is dependent on the concentrat ions 
of the easily ionized e lements . Sodium, potassium, rubidium, and cesium ionize 
readily in air/acetylene flames. The magnitude of the problem increases from so-
dium to cesium. At higher temperatures in nitrous oxide/acetylene flames, calcium, 
strontium, and the rare ear ths are ionized. Ionization effects can be controlled 
with additions of an easily ionized element to s tandards in order to compensa te 
for the presence of a particular element in the sample. For example , if e lements 
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are being measured in the presence of a major amount of sodium, the s tandards 
should also contain a large amount (1000 ppm) of sodium. 

P h y s i c a l I n t e r f e r e n c e s The viscosity and surface tension of a solution will in-
fluence its rate of flow into the nebulizer. This means that the a tom populations 
in the atomizer will differ for the same concentrat ion of e lements in solutions of 
different viscosities. Aqueous solutions sometimes contain large concentrat ions 
of mineral acids. Standard solutions should be made up with approximately the 
same acid concentra t ions . 

In electrothermal work, liquids are introduced into the atomizer by means of 
pipets , so the rule of matching the physical propert ies of samples and s tandards 
applies here also. The degree of spreading of liquids along the surfaces of elec-
trothermal a tomizers depends on the composit ion of the liquid. Organic solvents 
tend to spread over larger areas than aqueous solutions. Since the surface tem-
perature of the a tomizer varies along the length of the tube or rod, rates of atom-
ization will vary also. Therefore , sample spreading can lead to errors in analysis 
if s tandards do not behave in the same manner . 

7. Background Correction 

An important method of overcoming nonspecific absorpt ion is background cor-
rection. Although the problem is more severe with electrothermal a tomizers , non-
specific interferences also occur with flame atomizers . They are of particular con-
cern when the instrument is being operated near the detect ion limit. Of the four 
methods discussed here , s imultaneous correct ion by means of a cont inuum emis-
sion source is the most popular . 

Continuum M e t h o d A deuter ium arc lamp can be used over the spectral region 
190-300 nm to measure cont inuous background radiation or scat ter in the wave-
length range of the resonance line. For longer wavelengths , either a tungs ten-
iodine lamp or a mercu ry -xenon lamp is necessary . Both single- and double-beam 
instruments are equipped or can be modified so that signals from the line source 
and the cont inuum source are measured alternately. The difference signal or back-
ground-corrected absorbance is recorded. Some sensitivity may be lost if the slit 
width is too narrow. The absorbance due to the cont inuum radiation then becomes 
a significant part of the total. 

In setting up a background corrector , the manufacturer ' s instructions should 
be followed in order to have the two beams (a) optically coincident , (b) filling the 
same fraction of the optical aper ture , and (c) of approximately equivalent signal 
intensities. Most correctors will compensa te for signals up to a maximum of 1 
absorbance unit. If this value is exceeded, the sample composition must be changed 
in some way to reduce the background. 

N o n a b s o r b i n g - L i n e M e t h o d In this method, the background signal is measured 
at a wavelength not more than 20 nm from the resonance line. The background 
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absorbance is then subtracted from the absorbance of the sample. Thus , each 
sample must be analyzed at the two chosen wavelengths unless a dual-channel 
instrument is being used. The line chosen must be a nonabsorbing line of the 
element being measured. Such a line may be present in the spectrum of the same 
hollow-cathode lamp, or another lamp may be required. This method is not used 
for electrothermal a tomizers . Background signals in electrothermal atomizers are 
less reproducible than in flames and they vary more from one determination to 
the next . 

Z e e m a n Effect M e t h o d The Zeeman effect is used in another means of simul-
taneous background correct ion, but the applications have been limited mainly to 
instruments equipped with electrothermal atomizers (12). The resonance line is 
split into its Zeeman components , designated as π and ± σ , as a result of the 
application of a magnetic field around the atomizer . Polarizers are placed in the 
optical path so that the absorpt ion signal and background are measured on the 
central component . The background is measured on the ± components , and it is 
subtracted from the central component . 

U n e Self-Reversal M e t h o d When a hollow-cathode lamp is operated in the normal 
mode with a low current , radiation is absorbed by the analyte element and the 
background. If the current in the lamp is increased excessively, the intensity at 
the center of the line decreases greatly, and atomic absorbance by the analyte is 
also reduced. This is known as self-reversal. However , the background absorbs 
almost the same proport ion of radiation when the lamp is in either the self-reversal 
or the normal mode . In the Smith-Hieftje system (13), the lamp current is varied 
so that high current pulses occur for very brief periods of t ime. The difference 
between the detector signals produced during normal operat ion and during self-
reversal is the corrected absorbance . Some advantages of the system are that it 
corrects at all wavelengths and that it cannot be misaligned. A disadvantage is a 
reduction in sensitivity of about 40% on average. There is also some question 
about the adverse effect of such operat ion on lamp lifetime. 

8. Calibration 

Direct C o m p a r i s o n with S t a n d a r d s About three to five s tandards of increasing 
concentrat ion and a blank are prepared in order to cover the expected range of 
the element to be determined. Because of the relatively short linear working range 
in atomic absorption (up to 2.5 orders of magnitude), adjustments in analyte con-
centrat ions may be necessary to obtain a linear calibration graph. As explained 
earlier, the overall composi t ions of s tandard and sample solutions should be 
matched as closely as possible. If additions are required to overcome interferences, 
they should be included in all solutions. Measurements in the range of 0.1 to 0.6 
absorbance unit are preferred because the best precision is obtained in this region. 
A number of measurements of each standard are recorded, and the averages are 
used to draw a graph of concentrat ion versus absorbance . The best accuracy is 
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available when the sample concentra t ions occur in a linear part of the calibration 
curve . Extrapolat ions are not r ecommended , but they may be necessary if the 
amount of sample is limited. 

Modern instruments contain microprocessor-control led functions which allow 
for direct readout of concentra t ions . In calibration work , linear regression and 
curve-fitting programs are carried out automatically. Ins t ruments with provision 
for multiple-point calibrations are preferred over those with single-point calibra-
t ions. 

During analyses of a series of samples, standards should be checked to determine 
whether a significant change in response has occurred. An updated calibration 
curve can be applied if necessary . When sufficient readings are taken during the 
run, statistical calculations are possible. Some modern instruments have programs 
for such calculations. Exper ience has shown that multiple sample readings will 
improve results only if they are accompanied by multiple s tandard readings. 

S t a n d a r d A d d i t i o n s An alternative to direct compar isons of samples and stan-
dards is the addition of increments of s tandard solutions to aliquot s of the sample. 
This method is t ime-consuming. It is used when interference problems occur (ex-
cept for nonspecific interferences). The approach is particularly valuable in elec-
trothermal work. The usual procedure is to prepare three aliquot s. One of the 
aliquots is spiked with a quanti ty of s tandard so that the resulting analyte con-
centrat ion is approximately twice that of the original sample. A second aliquot is 
spiked with sufficient standard to yield three times the initial analyte concentration. 
These solutions and the original sample aliquot are diluted to volume, and multiple 
readings are recorded. A graph of absorbance versus concentra t ion is prepared 
as shown in Fig. 2.6. 

The line is extrapolated to intersect the concentrat ion axis . The value of the 
intercept is the concentrat ion of the analyte . For the method to be successful, the 

F i g u r e 2 .6 . Calibration graph for method of s tandard addit ions. 

S T A N D A R D A D D I T I O N S 
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calibration graph must be linear within the range of concentrat ions as in Fig. 2.6. 
Care must be taken in work with electrothermal analyzers as the linear range is 
often very short . Background correction and additions to suppress interferences 
should also be used. 

Use of S t a n d a r d R e f e r e n c e M a t e r i a l s A number of types of geological samples 
have been certified as s tandards which contain stated concentrat ions of various 
elements . If a group of s tandards that covers concentrat ion ranges of one or more 
elements of interest is available, it can be used for the preparat ion of calibration 
curves . The samples should have roughly the same composit ion as the s tandards . 
In this manner , a sample of complex composit ion is matched with s tandards , and 
contributions from the matrix are compensa ted . The subject is discussed in Chap-
ters 1 and 3. Table 3.2 lists many geological s tandards . The limited supply and 
the costs of reference materials must be considered. 

H i g h - P r e c i s i o n M e a s u r e m e n t s The purpose of this procedure is to obtain data 
of higher precision than is available by means of the other calibration methods . 
An instrument equipped for scale expansion is required. Two standards are needed. 
They must bracket the concentrat ion of the analyte within about ± 5 % . The lower 
standard is set at a low absorbance value. The scale is expanded in order to set 
the upper standard near full scale. A graph is prepared, and the two standard 
points are joined by a straight line. Sample concentrat ions are obtained from the 
graph. All precaut ions to minimize interferences and to correct for background 
apply. 

9. Special Procedures 

Procedures based on flame and electrothermal atomizat ions are satisfactory for 
determinations of many elements of geological interest. Some elements have poor 
sensitivities in flames, as shown in Table 2 .1 . Interferences may also severely limit 
the determination of some elements with resonance lines below 300 nm. Two 
procedures which can decrease interferences and improve sensitivities of a few 
elements are outlined here. These are based on (a) the formation of volatile hydrides 
and (b) the evolution of mercury as vapor. 

Hydride Formation The chalcocide elements, that is, arsenic, antimony, selenium, 
tellurium, and bismuth, together with tin, lead, and germanium can be evolved 
from their solutions as volatile, stable hydrides . Sodium borohydride is the pre-
ferred strong reductant used to form the hydrides. The hydrides must be decom-
posed to liberate the a toms for measurements . Atomization can be accomplished 
in a flame or in a heated tube. 

Sensitivities can be improved further by injecting the hydride as a pulse into 
the atomizer. Electrodeless discharge lamps are bet ter than hollow-cathode lamps 
for these analyses because they can provide about 10 times the intensity of radiation 
of the latter. 
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Hydride generat ion appara tus is available as an accessory from a number of 
manufacturers of a tomic absorpt ion equipment . The essential components are a 
hydride generat ion vessel and a gas transfer system for injecting the hydride into 
the atomizer. Various kinds of equipment including continuous-flow injection have 
been described. The atomizers used most often are air/hydrogen burners and low-
tempera ture quartz tube furnaces. The latter are preferred because of the lower 
background and the longer residence t imes of a toms in the optical path. 

The hydride generation method is subject to many interferences. Interferences 
depend on the method of reduct ion, the sample matr ix, and the type of atomizer. 
Most workers have used the sodium borohydride method of reduction because 
of the rapidity of hydride formation. In any of the reduction methods, interferences 
occur during both the generat ion of hydride in the solution and the release of the 
hydride from the sample. The main reason for solution interference is that the 
formation of the desired hydride is slowed down by compet ing reactions involving 
other sample components and perhaps by coprecipitation or formation of insoluble 
compounds in some samples . The valence state of the analyte and the general 
solution environment also influence rate of hydride formation. 

A study of the effects of 48 e lements on the determinat ion of As , Sb, Se , Te , 
Bi, Ge , and Sn was carried out by Smith (14). The following elements always 
interfered: Cu, Ag, Au, Pt, Rh , Ru, Ni , and Co . Alkali and alkaline earth elements 
and B, AI, Ga , Tr , Zr, Hf, Hg, La , Μ η , V, and Y did not interfere. There are 
some interelement interferences among the hydride-forming e lements . Usually 
these are in the range of 10-50% suppression of the signals at levels of 1000-fold 
more than the analyte . Inorganic acids used in sample preparat ion have a sup-
pressing effect. Nitric acid causes severe suppression of selenium. 

Gas phase interferences are related to the mechanism of hydride atomization. 
For example, a quartz tube analyzer was subject to less interference than an argon-
hydrogen flame or a graphite furnace (15). 

Many workers have tried to reduce the interferences due to sample matrix by 
increasing acid and sodium borohydr ide concentra t ions and by adding complexing 
agents of various kinds prior to hydride formation. Coprecipitat ion of interfering 
elements with hydrated oxides such as F e ( O H ) 3 and separat ions on ion-exchange 
resins have been tried. However , s tandard additions are recommended as the best 
method for dealing with interferences. Standard spikes and reagent blanks should 
be carried through as much of the procedure as possible. 

M e r c u r y C o l d Vapor Absorption Mercury is seldom measured in flame atomizers 
because of the relatively poor sensitivity obtained and the small concentrat ions 
of mercury usually found in samples . On the other hand, the high vapor pressure 
of mercury metal and some mercury compounds and the ease of reduction of 
many mercury compounds place severe limitations on the use of electrothermal 
a tomizers . An alternative method involves quanti tat ive reduction of mercury to 
the metallic form and evolution of the metal as vapor into a cell situated in the 
optical beam of a spectrometer . The relatively high vapor pressure of mercury at 
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room temperatures means that mercury can be stripped easily from a reducing 
solution by means of air or an inert gas. The concentrat ion of mercury in the 
stream is then measured at 254 nm. 

Samples containing mercury compounds should be dried near room temperature 
to avoid losses, unless mercury is present as stable compounds . Solid samples 
should be stored in a refrigerator or kept frozen. Liquid samples are filtered and 
acidified with enough nitric acid to make a 0.5 M solution. The sample should 
also contain 0.05% potassium dichromate as a preservat ive . An alternative is the 
addition of gold at 10 μg/ml to acidified samples . Decomposi t ions of organic sam-
ples containing mercury must always take place in the presence of an oxidizing 
agent such as nitric acid, or sulfuric acid and potassium permanganate , in order 
to retain the mercury . In pyrolytic decomposi t ions , gold metal can be used to 
amalgamate mercury. The amalgam is then heated to evolve mercury vapor, which 
is swept into the atomizer by a flow of carrier gas. In analytical work, amalgamation 
is used also to concentra te mercury for subsequent measurement . Mercury com-
pounds in the gas phase must be decomposed prior to entering the atomizer. A 
pyrolyzer in the sample line serves the purpose . The mercury can then be amal-
gamated on gold foil. 

Apparatus for the generation of mercury vapor from aqueous samples , e.g., 
Fig. 2.7, is available from laboratory supply companies , or it can be assembled 
from components to suit the requirements of the analytical program. It usually 
consists of a test tube or flask for the reduction and sparging of mercury, a drying 
tube, a measuring cell, and gas-handling lines (16). A UV spect rometer or a good-
quality mercury vapor meter can be substi tuted for an atomic absorption spec-
trometer . To obtain the best sensitivity, dead volume in the system must be min-

F i g u r e 2 . 7 . Apparatus for mercury determinat ion: A, compressed air or nitrogen; B, need le valve; C, flow meter; 

D, two-way stopcock; E, ground-glass joint; F, sample container; G , diffuser; H, drying tube; J , gas 

connection to spectrometer . 

A 
Ο 

Β 
Ο 

D Ο D 
C Ε 

F 



I. Atomic Absorption Spectrometry 35 

imal. The peak concentra t ions are measured as the mercury passes through the 
cell. 

Gases such as chlorine and organic vapors which absorb in the UV spectral 
region around 254 nm will cause positive er rors . A number of anions and cations 
interfere by suppressing the reduction of mercury compounds to the metal and 
the evolution of mercury vapor . Bromide , ni trate, phospha te , Perchlorate , sulfide, 
and sulfate are anionic interferences. Interfering cations include gold, platinum, 
palladium, silver, copper , and possibly selenium and tellurium. Matrix matching 
is important in compensat ing for interferences. 

10. Selection of Instruments 

A list of commercial instruments together with brief descript ions is published in 
4
 'Annual Repor ts on Analytical Atomic Spec t ro scopy" by the Royal Society of 
Chemist ry , London . The list covers single- and double-beam instruments of major 
manufacturers in North America, the Western European area, Australia, and Japan. 
A major factor in the choice of an instrument will be the type and volume of work 
being under taken in a laboratory. A flame instrument is best for high-accuracy 
analyses of major and minor components of samples . Ei ther a single- or a double-
beam instrument is satisfactory. Although trace element analyses can be carried 
out satisfactorily with a good-quality flame instrument, an electrothermal atomizer 
is recommended for this type of work. The detect ion limits for many elements 
are two to three orders of magnitude bet ter with electrothermal a tomizers . Some 
form of background correct ion is essential for flameless a tomizers . Another factor 
to be considered is the work load. Provided that there is satisfactory sensitivity 
for the elements of interest , a flame atomizer is capable of handling about three 
t imes as many samples per hour as a typical flameless atomizer . 

An air/acetylene burner is satisfactory for many e lements , but a nitrous oxide/ 
acetylene burner must be used for refractory e lements . Tubular furnace elec-
trothermal a tomizers are recommended rather than graphite rods . 

An autosampler is a good investment for large work loads with either flame or 
flameless a tomizers . Autosamplers simplify the preparat ion and programming of 
s tandard additions and matrix modifiers. 

Some instruments are equipped with multi lamp turre ts . While a lamp is being 
used, several o ther lamps can be warming up. Thus , rapid lamp changes are pos-
sible when several e lements must be measured . Some new instruments are highly 
automated . Analytical condit ions for a series of e lements including sequences of 
samples and s tandards can be selected by the opera tor in advance . In fact, ana-
lytical programs can be stored in the computer memory for retrieval when required. 
While digital meters , pr inters , and strip chart recorders were used extensively in 
the past , a considerable variety of au tomated data acquisition equipment is avail-
able for new ins t ruments . The extent of the investment in such equipment will 
depend on the needs of the laboratory. 
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INDUCTIVELY COUPLED PLASMA-ATOMIC EMISSION 
SPECTROMETRY 

INTRODUCTION 

Emission spectrometry employing arc and spark sources has been used for many 
years as a qualitative and quanti tat ive tool in analytical chemistry laboratories. 
Simultaneous multielement analysis for 70 or more elements is possible with this 
equipment . Types of samples include metals , alloys, rocks , minerals, sediments , 
and solutions. The sensitivity available for many elements has made emission 
spectroscopy a popular choice for trace element analyses. A number of publications 
contain detailed descriptions of emission spectrometry and its applications in geo-
chemical work (17-20). 

Over the years , improvements have been made in emission sources , optical 
components , de tec tors , and data processors . The recent introduction of the in-
ductively coupled plasma (ICP) as a new kind of emission source for a familiar 
instrument marked another stage in this development. In contrast to earlier sources, 
which were suitable for solid samples , ICP sources are designed almost solely for 
liquid samples. The ICP sampling system can be adapted for the introduction of 
vapors and gases , and research is continuing of methods of introducing solids. 

A schematic diagram of an ICP quantometer is shown in Fig. 2.8. 
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F i g u r e 2 . 8 . Schemat ic d iagram of a n I C P quantometer . 
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B. INSTRUMENT COMPONENTS 

1. Plasma Torch 

In emission spect rometry , the purpose of the source is to provide sufficient energy 
to atomize samples and then to produce excited-state a toms . When the excited 
a toms return to their ground s ta tes , they emit their characterist ic line spectra. 
Plasma torches are capable of reaching very high tempera tures (>8000 K). A plas-
ma is a gas containing a significant fraction of its atoms and molecules in an ionized 
state . Plasmas can interact with magnetic fields. The inductive coupling of a time-
varying magnetic field is the basis of the operat ion of an ICP torch. A typical 
plasma torch is illustrated in Fig. 2.9. 

The plasma is usually formed from argon gas. The argon is split into three me-
tered s t reams, which enter the torch at the points indicated in Fig. 2.9. The sample 
in the form of an aerosol , vapor , or particles enters with the argon along the 
central channel at 1. The main flow of argon to sustain the plasma enters at 2. 
Because the hottest area of the plasma can reach tempera tures as high as 10,000 
K, a tangential flow of argon, entering at 3, cools the outer walls of the torch. 
This flow also centers the plasma radially. To establish the argon plasma, some 
ions must be formed initially in the region of the induction coil space . This is 
accomplished by means of a Tesla coil. The high-frequency currents in the in-
duction coil generate oscillating magnetic fields. The lines of force from these 

F i g u r e 2 . 9 . P l a s m a torch; 1 , sample aerosol and argon; 2 , argon gas inlet; 3 , argon coolant inlet; 4 , induction coils; 

5, p lasma. 
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fields are axially oriented inside the tube and follow elliptical closed paths outside 
the coil. The argon ions flow in closed annular paths inside the quar tz tube in 
response to the magnetic field. As the ions are accelerated, resistance to their 
flow produces ohmic heating, and this results in additional ionization of argon. 
The overall result is the cont inuous generation of a plasma. 

The sample flows into and through the plasma along a narrow axial channel 
where the temperature is in the range of 6000-7000 K. Interactions with the plasma 
and the high tempera ture of the plasma combine to vaporize the solvent and at-
omize the analyte . The emission from the torch is viewed at a point yielding the 
largest signal-to-noise ratios for the analyte a toms . This region is about 1 to 3 cm 
above the induction coil. Although the best viewing height varies according to 
the atomic species, a compromise height is selected for multielement analyses in 
order to fix the optical configuration. Calibration curves relating emission intensities 
to concentrat ions are usually linear over a range of bet ter than five orders of 
magnitude. Thus , determinat ions of major, minor, and trace components are often 
possible without sample dilution. ICP detect ion limits are generally bet ter than 
those in flame atomic absorpt ion, a rc , and spark but are not as good as those in 
furnace atomic absorpt ion. They range over 0.1 to 10 parts per billion (ppb). 

2. Nebulizer 

As noted previously, liquid and gaseous samples are employed in ICP sources . 
Volatile metal hydrides (arsenic, selenium, etc.) are easily introduced into the 
plasma by means of argon carrier gas. Liquid samples must be introduced as fine 
droplets . As in atomic absorption work, pneumat ic and ultrasonic nebulizers have 
been adapted for this purpose . The two main types of pneumatic nebulizers are 
concentr ic and cross-flow designs. A peristaltic pump is required to pump sample 
liquids to the nebulizer. In the concentr ic design, a flow of argon gas is directed 
through a small annular space around the tip of a capillary tube which carries the 
liquid sampled. A venturi effect is produced at the t ip, and liquid is drawn into 
the flowing argon. Shear forces cause the disintegration of the liquid into droplets . 
The droplets are carried through a spray chamber equipped with a drain and then 
to the plasma torch. Some spray chambers contain an impact bead to provide 
additional small droplets . 

Cross-flow nebulizers consist of two capillary tubes , one for sample and one 
for gas , situated at 90° to one another . The relative positions of the tubes can be 
adjusted to provide maximum shearing of the liquid and thus aerosol formation. 
As in the concentr ic design, the aerosol passes through a spray chamber , where 
large droplets and excess liquid are separated. Liquid samples must be free of 
suspended solids because solids can block the capillary tubes . Also, samples con-
taining large concentrat ions of dissolved salts may plug the nebulizer because 
evaporat ion of liquid around the nozzle results in the deposition of solids. Even 
though blockages do not occur , car ryover of sample in the succeeding analyses 
may be a problem. The salt effect can be reduced by saturating the argon with 
water before it enters the nebulizer. In addition, some commercial equipment 
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contains a nebulizer tip washer . This device automatically injects a drop of water 
into the argon s t ream to rinse the nebulizer tip at the conclusion of each analytical 
cycle. Solutions which contain up to 10% dissolved organic matter and as much 
as 30% inorganic salts have been nebulized satisfactorily. However , the maximum 
salt concentrat ion that can be tolerated will depend on how closely the solution 
composition approaches the saturation point. As in atomic absorption work, water 
rinses must al ternate with samples . The composi t ions of samples and s tandards 
should be matched as closely as possible to ensure that changes in physical prop-
erties affecting liquid uptake rates will not lead to errors. If matching is not possible, 
then an internal standard method of compensation is available and will be described 
later. Other designs and types of nebulizers have been used. Ultrasonic nebulizers 
require desolvation of the aerosol/argon stream because the larger proport ion of 
liquid will cause instability of the plasma and may extinguish it entirely. Babington-
type nebulizers (21,22) have been used by some workers because of their greater 
tolerance of dissolved solids in the sample solutions. 

3. Spectrometer 

An outstanding feature of I C P - A E S instruments is their ability to measure many 
elements in à sample in either a s imultaneous or a rapid sequential manner . Se-
quential instruments are favored for research and for programs where samples 
vary greatly in composi t ion. Simultaneous instruments provide faster analyses 
and are particularly suited to more routine work. 

4. Simultaneous Analysis 
The simultaneous measurement of 50 or more e lements in a sample is possible 
with a polychromator . One such design is shown in Fig. 2.8. 

Radiation from the ICP is focused on the ent rance slit of the optical system. A 
concave diffraction grating and exit slits are arranged on a Rowland circle. The 
positions of the exit slits are chosen so that they isolate specific wavelengths of 
the diffracted radiation. Thus , an emission line of a particular element is focused 
on a designated slit. Provided that there is no overlapping of lines, the detector 
which serves the slit will respond only to the concentra t ion of that element as a 
function of radiation intensity. The signals from the photomultipliers are processed 
in a dedicated minicomputer . Data from analyses of s tandards and for background 
intensities are stored in the computer . The computer can print out background-
corrected concentra t ion values for the e lements in the analytical program. One 
limitation on the application of this design of instrument is that the number of 
elements together with their spectral lines must be specified when the instrument 
is purchased , so that the optical array can be fixed. It is very difficult to add other 
elements or to change the line selection once the instrument has been manufactured 
and installed. 

Another type of polychromator of rather novel design employs an échelle grating. 
The grating is capable of high resolution over a broad spectral range (180-800 
nm). An optical ar rangement for this grating is shown in Fig. 2.10. 
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F i g u r e 2 . 1 0 . Polychromator with an échel le grating. 

The radiation from the source passes through a prism placed in the optical path. 
The prism acts as an order disperser in a direction perpendicular to the diffraction 
grating. Radiation reflected from the grating forms a two-dimensional spectrum. 
An array of detectors is mounted at the focal plane. Each detector is positioned 
so that it monitors a specific emission line of an element . This is accomplished 
with the help of a mask with aper tures that limit the transmitted radiation. Again, 
the wavelengths to be monitored must be selected beforehand. If the operator 
needs to change the number of elements to be determined or to use alternative 
emission lines, the mask can be replaced by a new one containing the required 
aper tures . Replacement masks or casset tes are supplied by the equipment man-
ufacturer. 

Sequential spect rometers use scanning monochromators with computer interfacing 
for drive control. Emission lines to be monitored are chosen, and the monochromator 
is centered on each line in turn. Scanning rates and integration t imes for each ana-
lytical line can be varied. Improvements in wavelength scan mechanisms ensure good 
accuracy at high speeds . The flexibility of the scanning monochromator design is an 
advantage when samples of different elemental compositions must be analyzed. The 
operator is not limited by a prior selection of emission lines. 

Some of the interelement effects encountered in atomic absorption work are either 
absent or greatly reduced in an ICP source. The reason is that the high atomization 
temperatures in a chemically inert a tmosphere and the relatively long residence 
time of the analyte in the plasma result in almost complete dissociation and atom-
ization of the analyte . Refractory elements such as tungsten and vanadium are 

5. Sequential Analysis 

C. INTERFERENCES 
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analyzed under the same condit ions as easily atomized elements such as copper . 
Ionization interferences are much less severe than in flames. The interferences 
can be divided into two main categories: (1) spectral and (2) nonspectral . These 
types will be described briefly in the following sections and some ways of over-
coming or correcting for them will be discussed. 

1. Spectral Interferences 

Spectral interferences are of major concern in emission work. One such interfer-
ence , called line coincidence, is the overlap of an emission line of the analyte by 
a line of another sample component. The reason for the overlaps is that the emission 
spectra of many elements are complex and yield many lines. The magnitude of 
the problem depends on the resolving power of the spectrometer . Echelle spec-
t rometers give especially good resolution. Line coincidence will result in positive 
errors unless the opera tor recognizes the problem. Reference books which list 
many spectral interferences are available (23,24). 

A number of methods of overcoming interferences caused by line coincidence 
are available. The first is the use of reference data in the selection of an analyte 
line free of interference from lines of other e lements in the sample (25). However , 
the sensitivity of such lines may not be sufficient for t race element determinat ions. 

The second approach is to measure the extent of interferences quantitatively 
as a function of the concentrat ion of the interfering element . If element A is being 
determined and element Β interferes, an interference coefficient KAB is required 
in order to subtract the contribution of Β from the total line intensity. The coef-
ficient is calculated by using a pure solution of Β and measuring the line intensity 
in the absence of A. Thus 

C A (corrected) = C A (total) - A : A BC B (actual) 

where C s tands for concentra t ion. The concentra t ions of Β must be known in the 
samples being analyzed. If more than one element interferes, then appropriate 
correct ions must be applied for each element . 

A third method is the use of multielement s tandards in the preparat ion of cal-
ibration curves . Their purpose is compensat ion of the interfering elements within 
the concentrat ion range of the series of s tandards . Again, the opera tor must know 
the concentra t ions of the interfering elements in the samples . 

Spectral interferences also arise from background radiation generated in the 
plasma by the reagents and gases used in the work. For example , weak band 
emissions from O H , N O , and C N contr ibute to the background. The background 
spectrum of a sample may change in comparison with that of a calibration standard. 
Elements such as a luminum, magnesium, and calcium cause background shifts. 
Organic materials in the sample can also change the background. Stray light within 
the spect rometer will increase the background. 

When instrumental conditions for an analysis are being established, examinations 
of background contr ibutions to the chosen emission lines should be made. Cor-
rections may not be required for all lines. The emission line of the analyte is 
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scanned by measuring intensities at small increments over the range of ±0.04 nm 
of the wavelength. The results are plotted to yield a wavelength intensity profile. 
A standard, a blank, and a sample of any suspected interfering element are treated 
similarly. If these data show that background correct ion is necessary, intensity 
readings are taken at 0.02-0.03 nm above and below the wavelength of the line. 
The average value is subtracted from the total intensity of the line. The close 
proximity of an emission line from another element in the sample may allow only 
one background reading to be used for correct ion. Details of instrument operation 
for wavelength intensity profiling are given in manuals provided by the instrument 
manufacturers . In a multichannel instrument , the primary slit is moved slightly 
backward and forward over the region of the line while intensity readings are 
recorded. Wavelength-scanning instruments can be programmed for this task. Once 
the background correct ions have been determined, they can be applied automat-
ically in modern inst ruments . 

Interference effects which have been tabulated quantitatively in the literature 
apply only to a particular instrument and sample composi t ion. However , they 
indicate the magnitude of the effects which may occur in work of a similar kind. 

2. Nonspectral Interferences 

These interferences arise from physical and chemical processes that affect the 
t ransport , a tomizat ion, and excitation of the analyte . They are classified as non-
specific and element-specific. 

Nonspecific interferences are related to the physical propert ies of the analyte. 
In solution work, physical propert ies of the solution affect the rate of introduction 
of the sample into the nebulizer and hence the plasma. The subject has been dis-
cussed in the section on atomic absorpt ion. Matrix matching of samples and stan-
dards particularly with respect to total dissolved solids and acid concentrat ion is 
recommended as a means of overcoming these interferences. 

Element-specific interferences originate in the plasma and involve chemical and 
atomization effects. Signals can be enhanced or depressed. Although solutions 
containing elements such as calcium and phosphate , calcium and aluminum, and 
combinations of alkali metals have been studied by a number of researchers , con-
flicting results have been reported. These interferences are complex in nature and 
involve volatilization of analyte, temperature changes in the plasma, and ionization 
suppression (26). Generally, interferences can be reduced by optimizing the op-
eration conditions of the ICP, e.g., changing rf power, argon flow rate in the sample 
line, and observat ion height in the plasma. 

D. CALIBRATION 

1. Direct Comparisons with Standards 

The preparation of single-element standards is described in Chapter 3. For emission 
work, the quality of solution s tandards is very important . Only the highest purity 
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chemicals , reagents , and water should be used in order to minimize the number 
and amounts of impurities in the s tandards . 

Multielement s tandards are very useful in emission spect roscopy. They are 
readily prepared by mixing appropriate volumes of the single-element s tandards . 
A set of s tandards will allow multielement calibrations to be made over a range 
of concentra t ions . The stability of multielement s tandards is an important con-
sideration. Anions , such as sulfate and Chromate, which form precipitates with 
some metal ions should be excluded. If silver is a component of the s tandard, 
then chloride should be absent . Thallium can precipitate as a barium salt from 
solutions containing both e lements . In strongly acidic solutions, combinat ions of 
niobium, tantalum, molybdenum, and tungsten may be unstable (27). Therefore, 
caution is advised when s tandards containing these elements are prepared. 

Before a series of measurements is begun, the analytical response to the emission 
line of an element must be optimized. In some spec t rometers , this is accomplished 
by means of slight movements of the primary slit so that the line profile is centered 
on the exit slit. In sequential analyzers , the software program contains the nec-
essary operating details so that the optical system is centered on each emission 
line in turn. 

The ratio of the intensities of analyte line and background depends mainly on 
(a) power of the source , (b) argon flow rate in the sample line, and (c) observat ion 
height above the induction coil. These three parameters must be controlled pre-
cisely in order that good analytical results may be obtained. Compromise conditions 
for plasma operation for a multielement ICP spectrometer have been recommended 
(28): observat ion height about 15 mm above the coil, aerosol argon flow rate 0 .35 -
0.85 liter/min, and power 1.2-1.3 kW for a l ' / i-turn load coil or 1.0-1.1 kW for a 
3-4-turn coil. 

The preparat ion of calibration curves will involve background correct ions and 
correct ions for line overlaps as explained earlier. Most ICP calibration curves are 
linear. Some workers have reported nonlinearities in curves covering extended 
concentration ranges. The data systems of most modern instruments include curve-
fitting capabilit ies, and slight deviat ions from linearity can be accommodated . At 
least five s tandards should be used, and more are desirable. 

2. Internal Reference Element 
The performance of the nebulizer is dependent on the physical propert ies of the 
solution. Standards and samples should be matched as closely as possible in their 
concentrat ions of acids and dissolved salts. If matching is not feasible, an alter-
native procedure is to use an internal reference element in s tandards and samples. 
The reference element should be one that is not expected to be present in the 
samples . Measured concentra t ions of the reference are added to all solutions. The 
reference element is analyzed together with the other e lements , and its value in 
the samples is compared with the expected concentra t ion. If the two are different, 
a factor is calculated which will convert the concentrat ion of the reference to the 
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correct result. The factor, which compensa tes for differences in t ransport of sam-
ples and s tandards to the plasma, is applied to the results for all e lements in the 
sample. 

3. Standard Reference Materials 
If a series of standard reference materials is available, it can be used for calibration 
purposes provided that the sample composi t ions fall within the same range. In-
dividual s tandard reference materials can be included in analyses of samples of 
similar compositions to check on the accuracy of the results. Significant differences 
between the specified values and the results of analysis of a s tandard may help 
to identify problems in the method. A list of geological standard reference materials 
is contained in Table 3.3. 

E. SELECTION OF INSTRUMENTS 

Commercially available plasma spect rometers are listed and described briefly in 
the ' 'Annual Reports on Analytical Atomic Spec t roscopy ' ' of the Royal Society 
of Chemistry. One of the main advantages of ICP-AES instruments over atomic 
absorption units is the capability of performing rapid multielement analyses. Atomic 
absorption is essentially limited to the determination of one element per sample. 
Emission spectrometers are designed for either s imultaneous or sequential de-
terminations of e lements . The main advantage of a s imultaneous direct reading 
instrument is a high throughput of samples . This system is recommended when 
many elements must be measured in large numbers of samples as in routine 
laboratory operat ion. The main disadvantage of such an instrument is that a selec-
tion of lines must be made at the time of purchase so that the optical channels 
corresponding to each element can be set. If different or additional lines are re-
quired later, the channels can be altered only with difficulty. However , the échelle 
design of direct reading spect rometer is more flexible. The wavelength selection 
can be changed by altering the positions of the exit slits serving the detector 
array. 

Wavelength-scanning instruments offer greater flexibility than polychromators 
for making and revising line selections to suit the application. Computerized, slew-
scanning monochromators are available from several manufacturers . This design 
is the best choice for a laboratory where a limited number of elements must be 
determined in a variety of samples . In emission work, the resolving power of a 
particular instrument is an important considerat ion. This is usually quoted as dis-
persion (nanometers per millimeter). The lower the number , the bet ter the ca-
pability of isolating a line. The optical characterist ics of the spect rometer must 
receive careful considerat ion. The capability of line scanning and automatic back-
ground correction are also important . All modern instruments are equipped with 
computer-controlled readout sys tems. 
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X-rays const i tute a form of radiation defined by the wavelength range of 0.01-10 
nm in the electromagnetic spect rum. There are two forms of x-rays, namely con-
t inuous radiation and characterist ic radiation. The former is the result of a high-
energy electron beam interacting with the clouds of electrons surrounding atomic 
nuclei. Characterist ic radiation results from the ejection of inner-orbital electrons 
by high-energy photons , e lect rons , p ro tons , or o ther charged particles. This is 
followed by transit ions of o ther orbital electrons from high to low energy states . 
The transit ions give rise to series of x-ray lines. In pract ice , a sample (usually a 
solid) is bombarded by high-energy part icles. The x-rays emitted by the elements 
composing the sample have intensities and wavelengths which are characterist ic 
of the a toms of the various e lements . Thus , x-ray emission spectrometry is a 
technique that provides both qualitative and quanti tat ive analytical data. The 
spect rometers are capable of measuring both wavelengths and intensities of x-
rays emitted by the sample. The identity of an element emitting a particular line 
is established by measuring the wavelength of that line and comparing the wave-
length with those in tables of standards. The intensity of an x-ray line of a particular 
element is conver ted to a unit of concentrat ion by means of a previously prepared 
calibration curve . 

Elements yield more than one series of x-ray emission lines. The relative in-
tensities of the lines in each series are dependent on the probabilities of electron 
transi t ions. Commercial spect rometers are designed to detect and measure the 
intensities of many of the Κ and L series lines and a few of the M series lines of 
the heavy e lements . Because Κ lines are the most intense, they are most often 
used in analytical work. L series lines are used in analyses of heavy e lements , as 
some of the Κ series lines are more difficult to generate . Longer x-ray wavelengths 
of the lighter (or lower atomic number) e lements , i .e. , e lements below titanium 
in the periodic classification, are absorbed strongly by air. To overcome this prob-
lem, air is replaced by helium, or the gas in the instrument is evacuated . Even in 
vacuum spectrometers, sensitivities of x-ray lines diminish drastically below atomic 
number 12 (magnesium). X-ray fluorescence is not used for analyses of elements 
below atomic number 9 (fluorine). 

In the early work on x-ray analyses , primary x-rays were used to excite the 
characteristic secondary x-rays from the sample. Hence, the technique is described 
as x-ray fluorescence spect rometry . 

In analyses of geological samples , x-ray fluorescence (XRF) is used for mea-
surements of major e lements , as well as many minor and trace e lements . Modern 
instruments are capable of high-speed analyses with good sensitivity to the low 
parts per million range. In compar ison with the o ther instrumental methods de-
scribed in this book, X R F has an advantage in the time required for sample prep-

III. X-Ray Fluorescence Analysis 

A. INTRODUCTION 

III. X-RAY FLUORESCENCE ANALYSIS 
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aration if loose or pressed powders are suitable as samples . Some additional com-
parisons will be made later. 

Detailed discussion of the theoretical basis of x-ray spectrometry will not be 
part of this book. The description which follows deals with practical aspects . For 
additional information, the reader should consult the textbooks listed in Refs. 29 
and 30. 

B. INSTRUMENTS 

X-ray fluorescence spectrometers are of two types . In the wavelength-dispersive 
design, a single crystal diffracts the x-rays emitted from the sample in order to 
isolate narrow wavelength bands . In energy-dispersive spect rometers , the poly-
chromatic beam of radiation from the sample falls on a detector , which isolates 
narrow energy bands . Figures 2.11 and 2.12 are schematic diagrams illustrating 
the major components of typical spect rometers . 

In x-ray-dispersive inst ruments , an intense beam of radiation is directed at the 
surface of the specimen, which is almost always a solid in geological work. Prep-
arations of samples are described in detail in Chapter 4. Part of the characteristic 
radiation generated is collected. This is accomplished by means of a collimator 
or a slit which allows the radiation from the sample compar tment to fall onto the 
surface of an analyzing crystal . Bragg's law governs the diffraction of individual 
x-rays according to the equation n\ = 2d sin Θ, where λ is the wavelength of the 
radiation, η the diffraction order , d the interatomic layer spacing in the crystal , 
and θ the angle of diffraction. The diffracted beams are collimated so that the 
diffracted radiation falls on the surface of a photon detector . The detectors are 
gas flow or scintillation counters whose outputs are voltage pulses. The pulses 
are condit ioned, integrated, and displayed as measures of line intensities. 

Wavelength-dispersive instruments are single-channel or multichannel (simul-
taneous) ins t ruments . The former design is equipped with a number of inter-

F i g u r e 2 . 1 1 . Wavelength-d ispers ive instrument: 1 , x-ray tube; 2 , sample ; 3 , collimator; 4 , diffracting crystal; 5 a , gas 

proportional counter; 5b , scintillation counter. 
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changeable crystals so that an appropriate range of wavelengths can be selected 
for the analysis at hand. A multichannel instrument is designed so that a number 
of single-channel spect rometers can be arranged radially about an x-ray tube and 
sample. Each of the subassemblies has its own collimator, analyzing crystal , and 
detector . In this manner , up to 28 elements in the sample can be measured si-
multaneously. Most of the channels can be preset for specific analyte lines. In 
addition, one or more channels can be equipped as for scanning and thus are 
suitable for qualitative work. The scanning channels can also be used for mea-
surements of lines of elements which are required less frequently than the elements 
with their own preset channels . During an analysis , each channel accumulates 
counts for a specific t ime or until a s tandard channel accumulates a designated 
count (one of the channels is used as the s tandard channel) . When the counting 
period has been concluded, the count in each channel is ei ther printed or used by 
a computer in a program which yields the quanti tat ive results . 

A single-channel instrument is also called a sequential x-ray spectrometer . With 
automat ion, a number of e lements in the same sample can be measured according 
to programs provided by the manufacturer and/or the operator . 

Energy-dispersive spect rometers (Fig. 2.12) consist of an excitation source , a 
spectrometer , and a detector . All of the x-rays from the sample are directed into 
the detec tor at once ; the de tec tor generates a pulse of electric current having a 
height proportional to the energy of each x-ray photon. The most popular detector 
is a lithium-drifted silicon Si(Li) unit. The detector must be maintained at liquid 
nitrogen tempera ture . The detec tor together with the associated electronics pro-
vides an x-ray energy spect rum. The instruments include a minicomputer to help 
in peak identifications and quanti tat ive analyses . 

Figure 2 . 1 2 . Energy-dispersive instrument: 1 , x-ray tube; 2 , filter; 3 , sample ; 4 , Si(Li) detector; 5, liquid nitrogen 

cryostat. 
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C. EXCITATION SOURCES 

1. X-Ray Tubes 

Although different types of high-energy particles can excite characterist ic x-rays 
from a sample, x-ray tubes are used in most commercial ins t ruments . However , 
the tubes used in wavelength-dispersive (WD) spectrometers are operated at much 
higher power settings than those in energy-dispersive (ED) instruments . A major 
requirement is a stable, efficient power supply. Sources for W D instruments should 
be capable of delivering 2-4 kW of power , whereas 500 W is usually sufficient for 
E D instruments . 

The high-power, thick-anode x-ray tubes are operated to excite simultaneously 
most of the elements in the sample. The high power will also result in high back-
ground for some elements , but operat ion at high power settings is necessary to 
overcome losses of x-rays in the collimators and crystal . The tubes are designed 
to work over a range of voltages and currents , but the total power on a tube must 
not exceed the manufacturer ' s recommended limit. The upper limit is usually in 
the range of 2-4 kW. The opt imum excitation voltages for most elements in a 
sample are greater than 50 kV in order to excite the Κ lines. Adjustment of the 
tube voltages over a range of 60-100 kV is desirable so that the best sensitivity 
for a broad range of elements can be obtained. The most popular anode metals 
are W, Cr, Mo , Rh, Ag, and Au. A choice of anode can be made on the basis 
that the characterist ic lines of the target do not interfere with the lines of the 
elements in the sample. In addition, it may be possible to choose an x-ray tube 
in order to enhance the sensitivities of element lines of slightly longer wavelength 
or lower energy than the anode lines. 

In E D instruments a low-powered x-ray tube is required as an excitation source, 
as mentioned previously. In addition, the tubes are pulsed in some modern in-
s t ruments . The primary x-rays are filtered to minimize background, and then they 
are directed onto the sample. In an alternative arrangement , the x-ray tube excites 
secondary x-rays from a pure element sample which is located between the tube 
and the sample for analysis. The secondary x-rays irradiate the sample. 

2. Radioisotopes 

The power supplies for x-ray tubes are bulky because the tubes consume a large 
amount of power. In contrast , radioisotope sources are compact and have no 
requirements for electrical power . Thus , radioisotope sources have been used 
especially in portable equipment (see Chapter 5). Radioactive sources have fre-
quently been combined with Nal(Tl) or Si(Li) detectors to take advantage of their 
high detection efficiencies. However , radioisotope sources provide smaller output 
intensities and less flexibility in selection of excitation spectra than do x-ray tubes . 
X-ray tubes are preferred, therefore, for more complex analytical problems en-
countered in geochemical projects. 

The radioisotope source is encapsulated and then shielded so that the detector 
is not exposed to direct radiation from the source. In addition, the entire chamber 
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F i g u r e 2 . 1 3 . G e o m e t r y for radioisotope source: 1 , sample ; 2 , radioisotope source; 3 , shielding; 4 , detector. 

containing the source, sample, and detector must be shielded to protect personnel. 
Some of the propert ies that are important in choosing a source are the types of 
emitted radiation, the total energy of the source , the activity of the source, and 
the half-life. A number of configurations of source , sample, and detector have 
been used. Figure 2.13 illustrates a configuration of an annular source which is 
useful for a small-area detector such as Si(Li). For most applications, the activities 
of the source range from 0.5 to 100 millicuries (mCi). Table 2.3 contains some 
data pertaining to the commonly used sources . 

D. COLLIMATORS 

In wavelength-dispersive spec t rometers , the radiation from the x-ray tube covers 
a large area of the surface of the sample. Collimators placed in the beam between 
the sample and the flat crystal (i.e., the primary collimator) and between the crystal 
and the detector (i .e. , the secondary collimator) provide parallel beams . In flat-
crystal spectrometers, Soller-type collimators are used. These collimators are made 
of a series of thin, parallel metal plates . They limit the divergence of the x-ray 

T a b l e 2 .3 

Radioisotopes as Sources 

Half-life Typical activity 

Isotope (years) (mCi ) Applications 

5 5
F e 2 .7 5 - 1 0 0 Excitation of l ight-element Κ lines N a - T i 

1 0 9
C d 1.3 0 . 5 - 1 0 0 Excitation of m e d i u m Κ lines C r - N b and Κ lines 

of heavy e lements (Pb , H g , Pt, Au) 
2 4 1

A m 4 5 8 1 - 5 0 Excitation of Κ lines of m e d i u m and heavy 

e lements 
3
H 12 .3 3 0 0 0 - 5 0 0 0 Broadband excitation 1 4 7
P m 2 .6 5 0 0 Broadband excitation 
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The crystal is a thin section of a crystalline material which has been cut or cleaved 
parallel to a set of crystallographic planes. The crystal can be flat or curved. As 
noted earlier, parallel-plate collimators are used with flat crystals . With a curved 
crystal , the collimators are replaced by slits. The function of the crystal is the 
dispersion of the secondary x-ray beam into a wavelength spectrum. The crystal 
rotates from a position parallel to the collimated secondary beam through pro-
gressively larger angles. As it rota tes , it passes through the Bragg angle for each 
wavelength up to a limit and diffracts each wavelength in turn. 

In most crystal spectrometers, the maximum attainable diffraction angle is about 
70-75°. According to the Bragg equat ion, the maximum wavelength which can be 
measured with a particular crystal is 1.8d, where d is the interplanar spacing of 
the crystal . One crystal cannot cover the full wavelength range since there would 
be poor angular dispersion at the shorter wavelengths. For this reason, several 
analyzing crystals are usually available for the spectrometer . The crystals for var-
ious parts of the wavelength range can be interchanged readily. Crystals with large 
interplanar spacing are required for analyses of elements of low atomic number 
such as sodium and magnesium. For e lements of larger atomic number , a crystal 
with a smaller d value is necessary. A list of some of the crystals used frequently 
is shown in Table 2.4. 

T a b l e 2 .4 

S o m e Analyzing Crystals for X R F Spectrometers 

2 d E lements 

Crystal N a m e (nm) K„ lines L(l lines 

T o p a z Aluminum fluosilicate 0 . 2 7 1 2 Y b to V U to C e 

LiF (220 ) Lithium fluoride 0 . 2 8 4 8 Er to Ti U to La 

LiF (200 ) Lithium fluoride 0 . 4 0 2 8 C e to Κ U to In 

P E Pentaerythritol 0 . 8 7 4 2 Zr to AI S n to R b 

A D P A m m o n i u m dihydrogen 

phosphate 

1 .065 AI to N a P a to As 

T I A P Thal l ium acid 

phthalate 

2 . 5 9 0 Si to F 

K A P Potassium acid 

phthalate 

2 . 6 6 3 Si to F 
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E. ANALYZER CRYSTALS 

beams, since only those beams parallel to the plates of the collimator arrive at 
the crystal and the detector . The primary collimator is fixed, while the secondary 
collimator moves with the detector . One is usually coarse (short and/or wide-
spaced plates) and the other fine (long and/or close-spaced plates). In a combination 
detector , a coarse collimator is placed between the forward flow-proportional 
counter and the scintillation counter. A fine collimator will produce narrower peaks, 
lower background, higher resolution, and lower analyte-line intensity. Collimators 
are chosen to yield a resolution adequate for the measurements . 
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F. DETECTORS 

In wavelength-dispersive spec t rometers , gas flow proportional and Nal(Tl) scin-
tillation counters are used to convert the diffracted characterist ic x-rays to voltage 
pulses. The pulses are integrated and displayed in some manner as measures of 
the x-ray line intensities. In energy-dispersive spec t rometers , the detector is gen-
erally made of lithium-drifted silicon, Si(Li), which is a proportional counter of 
high resolution. 

1. Gas Flow Proportional Counter 

These counters are designed for the detect ion of low-energy (long-wavelength) x-
rays . The gas is usually composed of 10% methane in argon. A constant flow of 
gas through the counter is necessary because it can diffuse through the thin window 
material . In the counter , incoming signals are amplified by selecting a voltage 
(1000-3000 V) for the insulated center wire. The mean pulse ampli tude output is 
directly proportional to the energy of the x-ray photon which causes the signal. 
Thus , pulse height selection can be used to eliminate o ther signals. The dead time 
of the counter is small, e.g., 0.5 μ8. Dead time is the time interval after the initiation 
of a pulse of normal ampli tude during which the detec tor is insensitive and does 
not respond to a second x-ray photon . 

These counters are used for measurements of Ku radiation of e lements below 
arsenic in the periodic classification. The response of the counter for elements of 
larger atomic number decreases to the point that sensitivity is too low except for 
major concentra t ions of e lements . 

2. Scintillation Counter 

The scintillation counter commonly used in x-ray work is made of an Nal(Tl) 
crystal optically coupled to a photomultiplier tube . The window is made of be-
ryllium about 0.1 mm thick. When an x-ray photon enters the crystal , the energy 
is absorbed and excited states are formed. The decay from excited to normal state 
results in the emission of a scintillation or flash of light. The intensity of a scin-
tillation is proportional to the x-ray energy. The light falls on the photocathode 
of the photomultiplier, and the number of electrons emitted from the cathode is 
proportional to the light intensity. Thus , the overall output of the counter is pro-
portional to the energy of the incident x-ray photon. As with the gas flow pro-
portional counter , pulse height selection is used to eliminate background signals. 
The dead time of the counter is about 0.2 ^s. This counter is used primarily for 
the measurement of emissions from the Κ lines of e lements heavier than iron in 
the periodic classification (wavelengths shorter than 0.21 nm). 

In some ins t ruments , ei ther a gas flow proportional or a scintillation counter 
can be selected as the detector . In o thers , the two counters can be used in tandem 
and operated simultaneously. In this ar rangement , the proportional counter is 
mounted first, and the scintillation counter detects x-rays which pass through the 
proportional counter . The thin window and good pulse height resolution make 
a gas flow proportional counter very effective for low-energy (long-wavelength) 
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x-rays. The scintillation counter has poorer pulse height resolution, but it is efficient 
at shorter wavelengths. 

3. Energy-Dispersive Detector 

As stated previously, the detector in an energy-dispersive spectrometer receives 
all the x-rays from the sample at once . The commonly used detector is a lithium-
drifted silicon crystal , designated Si(Li). It is a high-resolution proportional de-
tector. A typical resolution figure for this detector is 160-180 eV. It can be con-
sidered as a solid-state equivalent of the gas flow detector , where there is unity 
gas gain. In the detector , x-ray photons are stopped and absorbed. This leads to 
the creation of a cloud of ionization in the form of electron-hole pairs. The number 
of e lec t ron-hole pairs which corresponds to the total electric charge released by 
the photon is proportional to the energy of the photon. A high voltage which is 
applied across the detector sweeps the charge from the detector . The charge is 
collected by a preamplifier, and a voltage pulse is produced. The pulse is pro-
portional to the x-ray photon energy. In energy-dispersive spect rometers , a range 
of photon energies reaches the detector, and a proportional range of voltage pulses 
is generated. The pulses are sorted by a multichannel analyzer to form an energy 
spectrum of 400 or more channels . This is displayed visually. Other accessories 
allow spectra to be stored, spectra to be overlaid for comparison purposes , and 
background to be subtracted. In addition, a minicomputer component of the spec-
t rometer allows quantitative analyses to be carried out , peaks to be identified, 
e tc . 

The Si(Li) detector and some elements of the preamplifier are contained in a 
light-tight vacuum cryostat and operated at 77 Κ (liquid nitrogen). X-rays enter 
the detector through a thin beryllium window. 

The Si(Li) detector operates well over the range of 1-40 keV. However , the Κ 
lines of elements above cesium (atomic number 55) fall in the energy range of 3 0 -
140 keV. For this range, a high-purity germanium detector is much more efficient. 

G. QUANTITATIVE ANALYSIS 

In x-ray fluorescence work, quanti tat ive work of good accuracy depends on two 
main considerat ions. The first is the availability of calibration s tandards of known 
composit ion which are similar to the unknowns in both chemical composit ion and 
physical characterist ics . The second consideration is to overcome or minimize 
matrix effects. A number of standardization methods will be discussed as they 
apply to geochemical work. 

1. General Method of Calibration Standards 
The method involves comparisons of measurements of the intensities of selected 
lines of elements in samples with the same set of lines in a series of s tandards . 
In this manner , a relationship between x-ray intensity and chemical composit ion 
is established for each element of interest. The data from the s tandards are used 
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to establish calibration or working curves . As stated above , the s tandards must 
be similar to the samples . The following characteris t ics are important: (a) The 
physical forms are the same, e.g. , loose powder briquet , bead, thin film, (b) The 
concentra t ions of the analyte(s) are in the same ranges, (c) The physical char-
acteristics are closely matched with respect to particle size, particle size range, 
surface, and packing densi ty. 

The calibration curve is prepared by plotting intensity of the measured analyte 
line versus concentra t ion. Usually, the background intensity measured at a wave-
length close to the line is subtracted from the total intensity so that the curve 
passes through the origin. The calibration curve need not be linear, but a linear 
curve is the most useful. For a linear calibration, only two s tandards are necessary 
to define the curve each time it is used. 

Some problems may arise in this work. The working s tandards must contain 
concentrations of the analyte(s) over the desired range, and also the concentrations 
of the potential absorbers and enhancers must be in the same ranges as in the 
samples . A second considerat ion is that the useful working range of the calibration 
curve may be short if the total intensity changes only slightly with changes in 
analyte concentra t ion. Finally, if the deviation of data points is not acceptable , 
other problems in the method may be present . 

2. Thin-Film Calibration 

When the thickness of a sample is reduced sufficiently, matrix effects are overcome. 
In a very thin sample, each a tom absorbs and emits independently of other a toms. 
That is, each a tom interacts with the primary beam and fluoresces independently 
of the o thers . Thus , in very thin films of the same thickness , the intensities of the 
analyte lines are directly proportional to analyte concentra t ions . A thin specimen 
is defined as satisfying the relationship ιη(μ/ρ)' < 1, where m is mass per unit 
area (grams per cent imeter squared) and (μ/p) ' is the sum of mass absorption 
coefficients of the sample for primary and analyte line x-rays. Some major elements 
in rock samples have been measured in this way (31). 

3. Dilution Methods 
Variations in the total composit ion of a sample const i tute the major cause of in-
terelement interact ions. A way to overcome matrix differences between samples 
and be tween samples and s tandards is to add a diluent. This can be accomplished 
in two ways . In the first, a small proport ion of a heavy metal absorber is added 
to both samples and s tandards . Examples of such diluents are L a 20 3 and 
B a S 0 4 . The mass absorpt ion coefficient of a sample is raised to a high enough 
level that variations in the absorpt ion coefficient due to changing concentrat ions 
of matrix elements are reduced. Thus, the matrix elements have much less influence 
on the intensity of the analyte line. The method is called a high-absorption method. 
The diluent must be mixed thoroughly with the sample in powder and briquet 
forms. It can also be used in a fused disk procedure . 

An alternative is the addition of a relatively large amount of a diluent which 
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has a very low absorption coefficient. The effect of matrix elements on the intensity 
of the analyte line becomes insignificant if enough diluent is added. The disad-
vantage of a low-absorption method is that the intensity of the analyte line may 
be diminished too much, and the final intensity may not be sufficient. If a moderate 
dilution ratio is used (10: 1 diluent : sample) interelement effects usually persist. 
Usually, a ratio of 100: 1 is needed, and this limits the work to major e lements . 

4. Compensation for Matrix Effects 

Matrix interferences can be handled by means of compensat ion methods . Two 
such approaches rely on information provided by intensities of scattered lines 
from the sample and by internal s tandards . 

Background in x-ray spectra originates from the scattering of primary radiation 
and from instrument noise. The incoherent or Compton scattering is dependent 
on the sample matrix. In addition, there is an inverse relationship between the 
mass absorption coefficient and the Compton peak intensity. Feather and Willis 
(32) used these relationships to develop a simple method for background and matrix 
correct ions of spectral peaks in trace element analyses of geological materials. 
They obtained relative accuracies of 2 - 5 % . This method of matrix compensat ion 
is useful because no special sample t reatment or large numbers of calibration stan-
dards are needed. 

Kikkert (33) described a simple method of predicting background intensities 
from measured peak and Compton intensities. In the same paper , he presented a 
simple, accurate method of matrix correction based on Compton scattering and 
included correct ions for significant absorption edges. 

Methods based on internal s tandards tend to be t ime-consuming and often im-
practical. The objective is to add an element (or more than one element) to a 
sample so that the added element (internal s tandard) is affected in the same way 
as the analyte element(s) by the matrix. The ratio of line intensities of analyte 
element to internal s tandard will then be independent of the matrix. A separate 
internal s tandard may have to be chosen for each element to be determined. 

A special application is the addition of known increments of the analyte element 
to the sample. This is known as the method of s tandard additions or spiking. It 
is described in Section I,B,8 of this chapter in connect ion with atomic absorpt ion. 
Spiking has been useful sometimes in analyses of t race elements in rocks . 

5. Mathematical Corrections for Matrix Effects 

A great deal of work has been done on devising absolute methods of relating 
intensities of x-ray lines to chemical composi t ion. Early work was concerned with 
the development of empirical relationships between characteristic x-ray wavelength 
intensities and chemical composi t ions . The limitations on the use of the relation-
ships included the availability of computers with sufficient core space . 

The "fundamental p a r a m e t e r s " method (34) a t tempted to obtain an absolute 
intensity/concentration algorithm from measured primary spectra. In this work, 
s tandards would not be needed. However , a powerful computer is required for 
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the calculations. In addit ion, there are uncertainties in data on mass absorption 
coefficients and fluorescent yields available in the l i terature. Also, as Jenkins (35) 
has pointed out , most workers have used the spectral distribution data reported 
in other publications rather than generate their own data . 

Another method is called the
 4

'effective wavelength ' ' method and was incor-
porated in the program C O R S E T by Stephenson (36). In this work, the primary 
spectral source distribution was replaced by an effective wavelength. The method 
has been of particular value in analyses of samples of complex composi t ions such 
as rocks and minerals . It is quickly and easily applied. 

" A l p h a " correct ion models are illustrated by the following three equat ions. 

WiIRi = Κ, + Σ <xuWj Lachance-Tra i l l 

W 
WJRi =K,- + Σ oLjjWj + Σ β„ . +

 k

w Rasber ry-Heinr ich 

WJR, = Κ,- + Σ auWj + Σ Ίυ\ν/ Claisse-Quint in 

In the equat ions listed above W,- is the concentrat ion of element /, the char-
acteristic line intensity of element /, Kt the slope of the calibration curve of element 
ι, djj the correct ion for absorpt ion effect of element j on element /, and β,, the 
corresponding correct ion for enhancement . 

The Claisse-Quint in model is a shortened form of the original. It contains ad-
ditional higher order terms to account for the polychromatic x-ray beam. The 
terms can be calculated when the spectral distribution of the primary beam is 
known. 

In the Rasber ry-Heinr ich equat ion, the α coefficients are used when absorption 
is the predominant effect of element j on element /. When the predominant effect 
of element k on element / is enhancement , the β coefficients are used. 

Empirical determinat ions of the α (or β) coefficients are made by measuring x-
ray intensities of a set consisting of many s tandards which correspond in com-
position with the samples . Regression analyses , graphic methods , or algorithms 
are then applied to calculate the values of the coefficients. 

A summary of the relationships among the various models is found in Ref. 30, 
pp . 481 et seq. This reference is also recommended for detailed discussions and 
explanations of the various correct ion programs listed in this section. 

H. COMPARISONS OF ENERGY-DISPERSIVE AND WAVELENGTH-DISPERSIVE PERFORMANCES 

Analyses of silicate rocks have been carried out by means of E D - X R F and the 
results compared with W D - X R F data from the literature by Potts et al. (37). Both 
major and trace elements were determined. The compar isons included limits of 
determinat ion, analysis t imes, instrumental precision, and routine performance. 
The limits of determinat ion of the lighter major e lements by means of E D - X R F 
were inferior to the corresponding limits of W D - X R F . However , the analytical 
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precisions at the levels normally encountered in silicate rocks were almost the 
same. In analyses of some heavier t race e lements , limits of determination, in-
strumental precision, and routine analytical performance were equivalent to results 
obtained by W D - X R F . The authors stated that the overall accuracy of either tech-
nique can be influenced significantly by uncertainties in the recommended values 
for international rock reference materials that are used for standardization and 
calibration. 

I. COMPARISON OF WAVELENGTH-DISPERSIVE-XRF AND I C P - A E S ANALYSES 

Hannaker et al. (38) published results of analyses of major and minor const i tuents 
of 54 Indian rocks . They were particularly interested in the analytical capability 
of I C P - A E S for routine analysis and compared I C P - A E S data with data obtained 
by means of W D - X R F . The samples for I C P - A E S work were dissolved, whereas 
fused disks were used for the x-ray work. The I C P - A E S work technique was 
evaluated by analyzing each rock four t imes in nine batches over a period of 9 
days . The agreement between the two techniques was reported to be good. How-
ever, the authors expressed concern about the accuracy of the determinations of 
zirconium and chromium by means of I C P - A E S . There was difficulty in dissolving 
minerals containing these elements in acids. Fusion or pressure decomposit ion 
techniques rather than acid digestion would yield bet ter accuracy. The results 
obtained for 20 major and trace elements showed that I C P - A E S provided a very 
reproducible means of analysis of components of rocks . 
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3 
Basic Materials 

The preparat ion of solutions of samples for analysis and of s tandards requires 
great care . In work involving measurements of t races of e lements , very dilute 
solutions are used frequently as working s tandards . Contributions of the element 
in question from reagents , water , glassware, and storage containers have a direct 
relationship to the accuracy of the result. The working environment must be con-
sidered also. Airborne particulate mat ter and vapors (e.g. , mercury) can contam-
inate samples and s tandards . The effects of minor contamination may not be per-
ceived in concentra ted standard solutions, but dilute s tandards can be altered 
significantly. While blanks are necessary in all of the work, they may not account 
for contamination from all sources . The following sections contain information 
on ways to minimize contamination and to preserve standard solutions. 

I. WATER 

Although water is not usually regarded as a chemical in analytical work, never-
theless it constitutes the bulk of the solutions. Thus, water purification is important. 
Raw water sources contain sodium, calcium, magnesium, iron, and silicon as the 
main dissolved elements . Copper , zinc, and aluminum may also be present in 
significant amounts . The concentrat ions of these elements can be used as a means 
of checking the water quality. However , purity is frequently specified in terms of 
total solids content and electrical resistivity. Good-quali ty water contains less 
than 0.1 ppm solids and has a resistivity of 2-10 megohms/cm. 

Some professional organizations have established s tandards for water quality. 
There are several different types or grades of water depending on the requirements 
of the laboratory. 

Type I—reagent grade water. This is the highest purity water . It is used for 
trace metal analysis and for other work where the water must be free of inorganic 
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impurities. The specific resistance at 25°C is in the range 10-17 megohms/cm. The 
contents of organic impurities, microorganisms, and suspended solids are very 
low. 

Type II—analytical grade water. This water is less pure than type I and is suitable 
for many analytical procedures except the determinat ions of t race e lements . The 
specific resistance should be above 1.0 megohms/cm at 25°C. 

Types III and IV—laboratory grade water. Water of this grade is useful for 
glassware rinsing; the resis tance is at least 0.2 megohms/cm at 25°C. 

Specifications for water published by the American Society for Testing and 
Materials (ASTM) and the College of American Pathologists (CAP) are shown in 
summary form in Table 3 .1 . American Chemical Society (ACS) specifications are 
similar to C A P type II. Specifications published by the National Commit tee for 
Clinical Labora tory Standards (NCCLS) are similar to the C A P values. 

Type II water can be obtained by distillation from glass or quartz. The resistivity 
should be in the range of 2-10 megohms/cm at 25°C, and dissolved solids should 
be less than 0.1 ppm. The cost of a commercial still which will produce 3 liters 
of water per hour is about $2000 (U.S . ) . 

Type I water can be obtained by means of two distillation stages in quartz ap-
para tus . Another method of obtaining this grade is to purify or polish any of the 
other types of water by means of a mixed bed ion-exchange resin. The resins are 
the strong acid and strong base varieties. When the cation and anion resins are 
present in the H

+
 and O H " forms, respectively, o ther ions such as N a

+
, Ca

2 +
 , 

and S 0 4

2
~ in the water are exchanged for H

+
 and O H ~ ions, which are released 

from the resin. Packaged resins for water purification can be obtained from lab-
oratory equipment companies . For example , a unit would cost about $400 (U.S. ) . 

type A S T M type 

II III I II III IV 

T a b l e 3.1 

Laboratory R e a g e n t G r a d e W a t e r Specif ications 

C A P 

I 

Specif ic resistance 

( m e g o h m s / c m ) (25°C) 10 2 .0 

Silicate (mg/liter) 0 .05 0.1 

H e a v y metals (mg/liter) 0 .01 0 .01 

Potassium p e r m a n g a n a t e 

Reduct ion (min) 6 0 6 0 

Sodium (mg/liter) 0.1 0.1 

Hardness N e g . N e g . 

A m m o n i a 0.1 0.1 

Bacterial growth 10 1 0
4 

p H — — 

C 0 2 (mg/liter) 3 3 

0.1 16 .6 1.0 1.0 0 .2 

1.0 — — — — 

0.01 — — — — 

6 0 6 0 6 0 10 10 

0.1 — — — — 

N e g . — — — — 

0.1 — — — — 

5.0 — — 6.2 5.0 

8 .0 — — 7.5 8 .0 
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While the mixed bed resins can treat any raw water and purify it to various degrees, 
the lifetime of a resin charge will depend on the purity of the feedwater. The most 
economical way to use the ion-exchange cartridges is to purify distilled water or 
water from a reverse osmosis unit. If raw water is being purified by ion exchange, 
then a prefilter is recommended in order to remove suspended material that would 
foul the resins. The performance of the ion-exchange bed is monitored by measuring 
the resistivity of the effluent. When the resistivity falls below 10 megohms/cm, 
the bed should be renewed. 

Reverse osmosis is another method for the purification of raw water. In this 
process , water is forced through a membrane which contains very small pores . 
The membrane will remove most part icles, bacteria, dissolved inorganics, and 
organics of molecular weight larger than 300. Strongly ionized polyvalent ions are 
removed at efficiences greater than 99%, while monovalent ions like sodium are 
removed at about 90% efficiency. A filter should be placed before the reverse 
osmosis membrane to prevent fouling and to extend the life of the membrane . 
Different feedwaters may require different types of membranes , and the manu-
facturer of the equipment should be consulted. The product of reverse osmosis 
is equivalent to water of types III and IV. The water quality is not as good as 
that of the distillate from a good still. However , the water from a reverse osmosis 
unit is satisfactory for further purification by means of ion exchange. 

Organic contaminants in the raw water can be destroyed by means of alkaline 
potassium permanganate added to the boiler of the still. An alternative is the ad-
sorption of organic matter on a bed of activated charcoal . If ion exchange is being 
used for purification of raw water , the charcoal bed can be installed ahead of the 
resin bed. The ion-exchange beads are sources of minute quantities of organic 
compounds in the processed water . In geochemical work, such contamination is 
not significant. 

Storage of purified water even in carefully cleaned containers of plastic or glass 
over a period of weeks will result in contamination from the walls of the containers. 
Purification of water as needed is the only way to ensure that it will be of the 
highest quality. 

II. REAGENTS 

Very pure metals (99.9% purity or greater) are the preferred starting material for 
the preparation of standard stock solutions. Suitable chemicals are listed by a 
number of scientific supply companies , e.g., Spex Industr ies , Inc . , J. T. Baker 
Chemical Co . , and Fisher Scientific Co . When suitable metallic forms of elements 
are not available, metal salts or oxides of reagent grade quality or bet ter can be 
used. Standard solutions for electrothermal atomic absorption and inductively 
coupled plasma-atomic emission spectrometry should be prepared from ultra-high-
purity chemicals . 

Acids, bases , and other chemicals used in preparat ion of s tandards as well as 
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Glass and several types of plastic containers have been used successfully as storage 
containers for s tandard solutions, samples , and chemical reagents . Of these , high-
density linear polyethylene containers are recommended. Studies have shown that 
dilute acidified aqueous solutions can be stored for up to 1 year without detectable 
changes in concentra t ions (4). A study was made of contaminat ion of pure water 
and 10% nitric acid stored in high-density polyethylene bott les (5). The bottles 
were cleaned with 25% nitric acid, filled with the samples , and stored in a freezer 
for up to 4 years . Concentra t ions of contaminent s in micrograms per liter were 
F e , 0.4; Cr, 0.6; Ni , 1.0; ΤΙ, 0.6; Co , 1.5; Μη , 0.14; Ag, 0.2; Cu, 1.5; Cd, 0.2; Pb, 
2.4; and Zn, 2.4. Up to 1.0 μg/liter of Pb and Zn came from the nitric acid sample. 
Polyethylene containers are cheap and nonbreakable and are minimal sources of 
metal contaminat ion. Teflon containers are strong and chemically inert but are 
too expensive for all but special applications. Some workers have noted small 
metal particles embedded in the walls of Teflon containers (1). Glass containers 
are inferior to plastic because of adsorpt ion of dissolved materials on the walls 
and ion-exchange react ions between glass and solutes. However , glass containers 
are preferable for storage of mercury solutions. Amber glass containers are rec-
ommended for silver and gold solutions. 

All containers must be washed thoroughly to remove foreign material such as 
particles, and residues of processing chemicals . A sequence of a detergent wash, 
a rinse with 1 : 1 hydrochloric or 1 : 1 nitric acid, and several rinses with distilled 
water is sufficient for most work with new containers . Containers to be used for 
s tandard solutions of t race e lements and other laboratoryware to be used in trace 
element analyses should be soaked in 1 : 1 nitric acid for 2 or 3 days . Several 

III. Containers 

III. CONTAINERS 

for analyses of samples should also be of good quality. Reagent grade chemicals 
are suitable for determinat ions of major and minor e lements . Trace element anal-
yses will require high-purity chemicals in order that blanks can be controlled at 
low values for the elements in quest ion. High-purity chemicals are available from 
scientific supply companies ; examples are Utrex and Instra-Analyzed (J. T. Baker 
Chemical Co.) and Suprapur , Aristar , Analar (BDH). These are up to 10 times 
more expensive than reagent grade chemicals . The product specifications should 
be consulted so that the most suitable grade of chemical can be selected. If there 
is no specification covering particular e lements in a product , then its suitability 
must be determined in the laboratory. 

Subboiling stills are used for the product ion of small volumes of acid of the 
highest purity (1-3). Quartz stills have been used for hydrocholoric, nitric, sulfuric, 
and perchloric acids and Teflon and polypropylene stills for hydrofluoric acid. 
Because the distilled acids dissolve impurities from even the cleanest containers , 
the products should be distilled as needed. Water produced in subboiling stills is 
not superior to distilled, deionized water (1). 
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methods of cleaning polyethylene containers for storage of water samples have 
been compared (6). A 48-h soak in 10% nitric acid was recommended . Teflon 
surfaces can be cleaned with aqua regia at about 50°C for several hours. Directions 
for cleaning Teflon containers for storage of high-purity acids at the U .S . National 
Bureau of Standards have been published (7,8). Do not use chromic acid solutions 
to clean glass. All laboratoryware (beakers , flasks, pipets , etc.) used in trace ele-
ment analyses should be designated for this purpose and not mixed with equipment 
used in general work. 

Containers of solutions and samples must be protected as much as possible 
from contaminants in the laboratory air and from evaporat ion losses. Some plastic 
materials allow liquids to permeate slowly through the container walls. The poly-
ethylene containers described earlier minimize evaporat ion losses. 

In the laboratory, contamination of samples and s tandards can be caused by 
particulate mat ter and vapors in the a tmosphere as well as from reagents and 
laboratoryware. Trace metal analyses are best carried out in a specially designed 
or "c l ean" laboratory. A class 100 laboratory has been built at the National Bureau 
of Standards , Gai thersburg, Maryland; for such work (9). The designation "c lass 
100" means that there are fewer than 100 particles larger than 0.5 μπι per cubic 
foot of air in the laboratory. This is achieved mainly by filtering all incoming air 
through special high-efficiency filters as well as by eliminating other sources of 
contamination such as exposed metal surfaces. The laboratory is kept at a positive 
pressure , and class 100 laminar-flow fume hoods are used for sample dissolutions 
and evaporat ions . 

However , most chemists , including ourselves , do not have access to such a 
laboratory, so some measures must be taken to improve a conventional laboratory. 
All windows can be sealed, and all incoming air can be filtered. Because trace 
metal contamination can arise from exposed metal surfaces, all such surfaces can 
be painted with an acid-resistant nonmetallic paint. Dusty operat ions such as 
grinding and sieving should be carried out in other a reas . In the laboratory, all 
surfaces should be cleaned regularly with either a vacuum cleaner or damp cloths. 

IV. STABILITY OF STANDARD SOLUTIONS 

N o storage conditions can guarantee the stability of s tandard solutions for an 
indefinite period. Stock solutions containing 1000 μg/ml of elements stored in clean 
containers will be stable for up to 1 year under normal laboratory condit ions. 
Diluted s tandards having concentrat ions of less than about 1 ppm may be stable 
for a very short period. Solutions containing 1-10 μg/ml must not be stored for 
more than 48 h in Pyrex containers . Losses of up to 2 1 % were recorded (10). 
Many workers recommend that these s tandards be prepared daily. Intermediate 
concentrat ions are stable for weeks or months , but they should be checked on a 
regular schedule or at least each month . 
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V. PREPARATION OF STANDARD SOLUTIONS 

Directions for the preparat ion of aqueous s tandard solutions of many elements of 
geological importance are given in Table 3.2. A list of all elemental s tandards has 
been published (11). For reasons of convenience and stability, concentra ted so-
lutions of 1000 μ/ml (or 1000 ppm) are recommended . Working s tandards are ob-
tained after appropriate dilutions. All metals and compounds should be dried and 
then cooled in a desiccator prior to weighing. Class A volumetric flasks and pipets 
should be employed. Diluted s tandards must have acid concentra t ions of about 
1% for stability. Exceptions are elements such as sodium, potassium, and calcium, 
which do not hydrolyze in solution. Solutions containing several e lements as com-
bined s tandards can be prepared from the stock solutions. Precipitation will occur 
if solutions of incompatible const i tuents are combined. For example , a silver stan-
dard must not be combined with another standard containing a halide. Nitric acid 
is preferred for solutions to be used in electrothermal work. For additional in-
formation on multielement s tandards for atomic emission work, see Chapter 2. 

Scientific supply houses are al ternative sources of s tandard solutions. Specially 
prepared s tandards for e lectrothermal and atomic emission analyses are also 
available. The authors experienced some problems with commercial s tandard so-
lutions (e.g. , gold) in earlier t imes. However , no problems have been encountered 
in our laboratories during the past 3 years . 

Nonaqueous s tandard solutions of e lements are necessary for direct analyses 
of organic liquids. The most suitable solvents for atomic absorpt ion spectroscopy 
are aliphatic esters and ketones (e.g., methyl isobutyl ketone) and alkanes of about 
C I 0 chain length. The solvent composi t ions of samples and s tandards should be 
matched as closely as possible since solvent propert ies are very important . In-
troduct ion of nonaqueous solvents in inductively coupled plasmas has limitations, 
and the reader should consult original publications for details. 

T a b l e 3 .2 

Preparat ion of S tandard Solutions 

Procedure 

E lement ( 1 0 0 0 μς/ηηΙ in a final vo lume of 1 liter) 

A luminum Dissolve 1 .000 g of meta l in a min imum vo lume of 2 M H C l . Dilute to vo lume. 

Ant imony Dissolve 1 .000 g of meta l in 10 ml of H N 0 3 and 5 ml of H C l . Dilute to vo lume. 

Arsenic Dissolve 1 .320 g of A s 20 3 in 3 ml of 8 M H C l . Dilute to vo lume. 

Bar ium Dissolve 1 .516 g of B a C I 2 in water and 5 ml of H N 0 3. Dilute to vo lume. 

Beryll ium Dissolve 1 9 . 6 5 g o f - B e S 0 4- 4 H 20 in water a n d 5 ml of H N 0 3. Dilute to vo lume. 

Bismuth Dissolve 1 .000 g of meta l in 8 ml of H N 0 3. Boil gently. Dilute to vo lume. 

Boron Dissolve 5 . 7 2 0 g of H 3B 0 3 in water . Dilute to vo lume. 

C a d i u m Dissolve 1 .000 g in 10 ml of 0 .2 M H C l . Dilute to vo lume. 

Ca lc ium Transfer 2 . 4 9 7 g of C a C 0 3 to a liter volumetric flask. A d d 1 0 0 ml of water . Add 

slowly 3 0 ml of 1 : 3 H C l . Swirl the contents. Dilute to vo lume. 

(continues) 
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T a b l e 3 .2 (continued) 

3. Basic Materials 

Procedure 

E lement ( 1 0 0 0 μg /ml in a final vo lume of 1 liter) 

Cer ium Dissolve 4 . 5 1 5 g of ( N H 4) 4C e ( S 0 4) 4- 2 H 20 in 5 0 0 ml of water and 3 0 ml of 

H 2S 0 4. Cool and dilute to vo lume. 

Chromium Dissolve 2 . 8 2 9 g of K 2C r 20 7 in water and dilute to vo lume. 

Cobalt Dissolve 1 .000 g of metal in 5 0 ml of 6 M H C l . Dilute to vo lume. 

Copper Dissolve 1 .000 g of meta l in 5 0 ml of 5 Μ H N 0 3. Dilute to volume. 

Gold Dissolve 1 .000 g of metal in 10 ml of hot H N 0 3 with H C l a d d e d dropwise. Boil 

and dilute to vo lume. 

Iridium Dissolve 2 . 4 6 5 g of N a 2l r C I 6 in water . Dilute to vo lume. 

Iron Dissolve 1 .000 g of metal in 2 0 ml of 5 M HC l and 5 ml of H N 0 3. Dilute to 

vo lume. 

Lanthanum Dissolve 1 .172 g of L a 20 3 in 5 0 ml of 5 M H C l . Dilute to vo lume. 

Lead Dissolve 1 .000 g of meta l in 10 ml of H N 0 3. Dilute to vo lume. 

Lithium Dissolve 5 . 3 2 3 g of L i 2C 0 3 in 3 0 0 ml of water and 15 ml of H N 0 3. Swirl to 

re lease C 0 2. Dilute to vo lume. 

M a g n e s i u m Dissolve 1 .000 g of metal in 5 0 ml of 1 M H C l . Dilute to vo lume. 

M a n g a n e s e Dissolve 1 .000 g of metal in 10 ml of HCl and 1 ml of H N 0 3. Dilute to vo lume. 

Mercury Dissolve 1 .000 g in 10 ml of 5 Μ H N 0 3. Dilute to vo lume. 

Mo lybdenum Dissolve 2 . 0 4 2 g of ( N H 4) 2M o 0 4 in water . Dilute to vo lume. 

Nickel Dissolve 1 .000 g in 10 ml of hot H N 0 3. Dilute to vo lume. 

O s m i u m Dissolve 1 .336 g of O s 0 4 in water . Dilute to vo lume. Prepare this only as 

required b e c a u s e it is not stable. 

Pal ladium Dissolve 1 .000 g of meta l in 10 ml of hot H N 0 3 with H C l a d d e d dropwise. Dilute 

to vo lume. 

Plat inum Dissolve 1 .000 g of metal in 4 0 ml of hot a q u a regia. Dilute to vo lume. 

Potassium Dissolve 2 . 8 1 4 g of K N 0 3 in water . Dilute to vo lume. 

Rhodium Dissolve 3 . 8 5 8 g of ( N H 4) 3R h C I 6- 1 . 5 H 20 in water . Dilute to vo lume. 

Ruthenium Dissolve 1 .317 g of R u 0 2 in 15 ml of H N 0 3. Dilute to vo lume. 

Se len ium Dissolve 1 .000 g of meta l in 5 ml of H N 0 3. Dilute to vo lume. 

Silicon Fuse 1 .070 g of S i 0 2 with 2 . 3 0 g of N a 2C 0 3 in a plat inum crucible. Dissolve the 

cool melt in w a r m water . Cool . Dilute to vo lume. 

Silver Dissolve 1 .000 g of metal in 10 ml of H N 0 3. Dilute to vo lume. Store in a m b e r 

glass in a dark cupboard . 

Sodium Dissolve 2 . 5 4 2 g of N a C I in water . Dilute to vo lume. 

Strontium Dissolve 1 .685 g of S r C 0 3 in 3 0 0 ml of water and 10 ml of H N 0 3. Swirl . Dilute 

to vo lume. 

Tel lurium Dissolve 1.251 g of T e 0 2 in 10 ml of H C l . Dilute to vo lume. 

Thor ium Dissolve 2 . 3 7 9 g of T h ( N 0 3) 4- 4 H 20 in water . Add 5 ml of H N 0 3. Dilute to 

vo lume. 

Tin Dissolve 1 .000 g of metal in 15 ml of w a r m H C l . Dilute to vo lume. 

Ti tanium Dissolve 1 .000 g of metal in 10 ml of H 2S 0 4 with dropwise addition of H N 0 3. 

Dilute to vo lume. 

Tungsten Dissolve 1 .794 g of N a 2W 0 4- 2 H 20 in water . Dilute to vo lume. 

Uranium Dissolve 2 . 1 0 9 g of U 0 2( N 0 3) 2- 6 H 20 in water . Dilute to vo lume. 

V a n a d i u m Dissolve 2 . 2 9 6 g of N H 4V 0 3 in 1 0 0 ml of water and 10 ml of H N 0 3. Dilute to 

vo lume. 

Zinc Dissolve 1 .000 g of meta l in 10 ml of H N 0 3. Dilute to vo lume. 

Rare earths Dissolve the weight of compound listed below in 5 0 ml of 2 M H C l . Dilute to 

vo lume. 
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E lement Form Weigh t (g) 

Dysprosium D y 20 3 1 .148 

Erbium E r 20 3 1.144 

Europium E u 20 3 1 .158 

Gadol in ium G d 20 3 1.152 

Ho lmium H o 20 3 1.145 

Lutetium L u C I 3 1 .608 

N e o d y m i u m N d C I 3 1 .737 

Praseodymium P r 20 3 1 .170 

S a m a r i u m S m 20 3 1.160 

Terb ium T b C I 3 1.669 

Thul ium T m 20 3 1.142 

Ytterbium Y b C I 3 1.615 

VI. STANDARD REFERENCE MATERIALS 

Standard reference materials (SRMs) are substances which are prepared in large 
batches for distribution by a number of different organizat ions. They are also 
called s tandard samples or reference samples . The most important feature of an 
SRM is the s ta tement of its composi t ion in te rms of major, minor, and trace ele-
ments . The number of e lements and their levels vary with the SRM. An under-
standing of the reliability of the analytical results used for establishing the com-
position of each SRM is important . The value for a particular element in an SRM 
will be based on a number of analyses carried out in one organization by several 
people or the combined results of analyses from different laboratories. The an-
alytical methods may be the same or different, e.g. , chemical , a tomic absorpt ion, 
or x-ray. A great deal of t ime and effort is required in obtaining and compiling 
the data . 

In analytical work, SRMs provide a means of (a) checking the accuracies of 
new or existing analytical methods , (b) calibrating ins t ruments , and (c) calibrating 
secondary s tandards for use in a laboratory. The costs and limited supplies of 
SRMs reduce the possibility of their use in routine quality control work. Most of 
the analytical methods in this book include data obtained from analyses of selected 
SRMs. 

A number of SRMs of interest in geochemical analyses are listed in Table 3.3. 
Table 3.4 contains the addresses of the organizations that have issued the materials. 
The list is not comprehens ive in that new standards may appear each year and 
the supplies of older s tandards may become exhaus ted . However , the list rep-
resents a collection of the useful SRMs at the t ime of writing. It is impossible to 
include composi t ions of the SRMs in a textbook of this size and scope. The reader 
is advised to consult the da ta provided by the issuing organizat ions. An excellent 
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T a b l e 3 .3 

Standard S a m p l e s of Geological Mater ia ls 

3. Basic Materials 

T y p e S a m p l e No . S o u r c e
3 

Andési te A G V - 1 U.S. Geological Survey (1) 

JA-1 Geological Survey of J a p a n (2) 

G S D - 2 Institute of Geophysica l and Geochemica l Exploration 

(China) (20) 

Anorthosite A N - G (8) 

Ash , fly N B S - 1 6 3 3 a U.S . Nat ional Bureau of S tandards (4) 

Basalt B C R - 1 , B H V O - 1 (1) 
B IR-1 (1) 
B E - N (8) 

B M Zentra les Geologisches Institut (East G e r m a n y ) (5) 

BR Cent re d e Recherches Pétrographiques et 

Géoch imiques (France) (6) 

J B - 1 , J B - 2 (2) 

N B S - 6 8 8 (4) 

Bauxite B X - N (3) 

N B S - 6 9 b (4) 

N B S - 6 9 6 (4) 

N B S - 6 9 7 (4) 

Biotite M ica F e (6) 

Clay, kaolinite KK Ustav Nerostnych Surovin (Czechoslovakia) (7) 

Clay, flint N B S - 9 7 a (4) 

Clay, plastic N B S - 9 8 a (4) 

D iabase D N C - 1 , (1) 
W - 2 (1) 

Diorite D R - N (3) 

Dolerite S - 1 8 National Institute for Metal lurgy (South Africa) (9) 

Dunite D T S - 1 (1) 
S A R M - 6 (9) 

Feldspar, potash B C S - 3 7 6 British Chemica l S tandards (U.K. ) (10) 

F K - N (3) 

N B S - 7 0 a (4) 

Feldspar, soda B C S - 3 7 5 (10) 

N B S - 9 9 a (4) 

Gabbro M R G - 1 C a n a d i a n Certif ied Re fe rence Mater ia ls Project (11) 

S G D - 1 A Institut Geokhimi i , Irkutsk ( U S S R ) (12) 

Glass N B S - 9 1 (4) 

V S - N (3) 

Glauconite G L - 0 (3) 

Grani te G A , G H , G S - N (6) 

G - 2 (1) 
G M (5) 

M A - N G r o u p e Internationale d e Travai l / International 

Work ing Group (8) 

S A R M - 1 (9) 

Albitized S G - 1 A (12) 

grandiorite G S P - 1 (1) 
J G - 1 (2) 
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T y p e S a m p l e No . S o u r c e
3 

Iron ore E S - 6 8 1 - 1 (14) 

Jasperoid G X R - 1 (10) 

Kyanite D T - N (3) 

Larvikite A S K - 1 Analytisk Spore lement Komite (Norway) (13) 

Latite, quartz Q L O - 1 (1) 
Lujavrite S A R M - 3 (9) 

Mill h e a d G X R - 4 U.S . Geological Survey and Associat ion of 

Exploration Geochemis ts (14) 

Mar ine m u d M A G - 1 (1) 
Mar l M 0 8 - 1 Institut d e Recherches d e la Sidérurgie (France) (15) 

Norite S A R M - 4 (9) 

Peridotite P C C - 1 (1) 
Phlogopite M ica M g (6) 

Pyroxenite S A R M - 5 (9) 

Rhyolite R G M - 1 (1) 
S a n d , glass N B S - 8 1 a ; 1 6 5 a (4) 

S S (7) 

Schist A S K - 2 (13) 

S D C - 1 (1) 
Sed iment G S D - 1 to 12 (20 ) 

G X R - 3 (14 ) 

M A G - 1 (1) 
N B S - 1 6 4 5 ; (4) 

1 6 4 6 

PSJ-1 (18 ) 

B C S S - 1 ; (21 ) 

M E S S - 1 

SL-1 (16) 

Serpent ine S W (5) 

U B - N (3) 

S h a l e S C o - 1 ; S G R - 1 (1) 
T S (5) 

Silica B C S - 2 6 7 ; 3 1 3 (10 ) 

N B S - 8 1 a ; 1 6 5 a (4) 

S S (7) 

Sil l imanite B C S - 3 0 9 (10) 

S lag B C S - 3 6 7 (10) 

E S - 8 7 8 - 1 (15) 

SLg-1 (11) 
S la te T B (5) 

Soil G X R - 2 ; 5; 6 (14) 

S O - 1 ; 2 ; 3 ; 4 (11) 
S O I L - 5 International Atomic Energy Agency (16) 

Syeni te S A R M - 2 (9) 

N S - 1 Leningrad Sta te University ( U S S R ) (17) 

S T M - 1 (1) 
S y - 2 ; 3 (11 ) 

(continues) 
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T a b l e 3 .3 (continued) 

T y p e S a m p l e No . S o u r c e
3 

Trap S T - 1 A (12) 

Plat inum metals S A R M - 7 (9) 

P T C - 1 (flotation (11) 
sulfide 

concentrate) 

P T M - 1 ( c o p p e r - (11) 
nickel slag) 

P T A (alluvial (11) 
black sand) 

Leaves , 

Citrus N B S - 1 5 7 2 (4) 

T o m a t o N B S - 1 5 7 3 (4) 

Pepperbush No . 1 (18) 

Pine needles N B S - 1 5 7 5 a (4) 

W a t e r N B S - 1 6 4 3 a (4) 

T r a c e Meta ls , 

W P I - I I I (19) 

U S G S 6 5 (1) 
U S G S 7 5 (1) 

a
Numbers in parentheses refer to the organizations listed in Table 3.4. Names of the organizations are given at 

first occurrence. 

T a b l e 3 .4 

Addresses of Organizat ions Supplying Standard Re fe rence 

Mater ials 

(1) Geological Survey 

U.S. Depar tment of the Interior 

Reston , V A 2 2 0 9 2 

U.S.A. 

(2) Geological Survey of J a p a n 

1 -3 Higashi 1 - C h ô m e 

Y a t e b e m a c h i 

T s u k u b a - G e e n , Ibaragi 

J a p a n 

(3) Association Nat ionale d e la Recherche Techn ique 

B.P. No . 2 0 

5 4 5 0 1 V a n d o e u v r e - N a n c y C E D E X 

France 

(4) Nat ional Bureau of Standards 

Office of S tandard Reference Mater ia ls 

Washington , D C 2 0 2 3 4 

U.S.A. 

(5) Zentra les Geologisches Institut 

Inval idenstrasse 4 4 

D D R - 1 0 4 Berlin 

Deutsche Demokrat ische Republic 

68 
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(6) Cent re d e R e c h e r c h e s Pétrographiques et Géoch imiques 

Address as in (3) 

(7) Ustav Nerostnych Surovin 

Institute of Mineral R a w Mater ia ls 

2 8 4 0 3 Kutna Hora -Sed lec 

Czechos lovak ia 

(8) G r o u p e Internationale d e Travai l / International Work ing Group 

B P . No . 2 0 , 

5 4 5 0 1 V a n d o e u v r e - N a n c y C E D E X 

France 

(9) Nat ional Institute for Metal lurgy 

Private Bag X 3 0 1 5 

Randburg 2 1 2 5 

South Africa 

(10) Bureau of Ana lyzed S a m p l e s Ltd. 

N e w h a m Hal l , N e w b y 

Middlesbrough 

C leve land , T S 8 9 E A 

England 

(11) C a n a d a Cent re for Mineral and Energy Technology 

Energy, M ines and Resources C a n a d a 

5 5 5 Booth Street 

O t t a w a , Ontar io K 1 A O G 1 

C a n a d a 

(12 ) Institut Geokhimi i 

P.B. 701 

lrkutsk-33 

U S S R 

(13) Analytisk Spore lement Komite 

Roga land District High School 

Studiesenteret U l lhandhaug 

N - 4 0 0 1 S tavanger 

N o r w a y 

(14) U .S . Geological Survey 

Box 2 5 0 4 6 , M S 9 7 3 

Federa l Center 

Denver , C O 8 0 2 2 5 

U.S.A. 

(15 ) Institut d e Recherches d e la Sidérurgie 

Station d'essais 

5 7 2 1 0 Ma iz iè res - lès -Metz 

F rance 

(16) International Atomic Energy A g e n c y 

Analytical Qual i ty Control Serv ices 

Laboratory Seibersdorf 

P .O. Box 1 0 0 

A - 1 4 0 0 V i e n n a 

Austria 

(continues) 
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T a b l e 3 .4 (continued) 

(17) Depar tment of Mineralogy 

Leningrad State University 

Leningrad V - 1 6 4 

U S S R 

(18) National Institute for Environmental Studies 

P.O. Y a t a b e 

Ibaraki 3 0 5 

J a p a n 

(19) Environmental Protection Agency 

Environmental Monitoring and Support Laboratory 

Cincinnati , O H 4 5 2 6 8 

U.S.A. 

(20) Institute of Geophysica l and Geochemica l Exploration 

Langzfang 

Hebe i 1 0 2 8 0 1 

People 's Republ ic of Ch ina 

(21) National Research Council 

Montreal R o a d 

Ot tawa , Ontario K 1 A O R 9 

C a n a d a 

publication on this subject is "S tud ies in 'S tandard Samples ' of Silicate Rocks 
and Minerals 1969-1982" by S. Abbey (12). The author has collected and evaluated 
data for a large number of s tandard samples . In addition, he has provided tables 
of concentrat ion ladders for major, minor, and trace elements of the available 
samples. A study of this report is highly recommended . Another valuable source 
of information is "1984 Compilation of Working Values and Sample Descriptions 
for 170 International Reference Materials for Mainly Silicate Rocks and Minera l s " 
by K. Govindaraju (13). The journal Geostandards Newsletter is a good source 
of information on s tandards , as is "Annua l Reports on Analytical Atomic Spec-
t r o s c o p y " (14). 

Secondary standard samples are materials which have been analyzed by or-
ganizations such as Mintek and designated as suitable s tandards for their own 
internal use . They are prepared in large enough quantit ies to be used frequently 
over a period of months or years , provided that the composi t ions are stable. Their 
preparat ion, assuming that they are solids, includes grinding and mixing to obtain 
a uniform product . As noted previously, their composi t ions can be compared with 
those of the more expensive reference materials . Secondary s tandards are ne-
cessities if there are no relevant s tandard reference materials available. 

VII. SAFETY CONSIDERATIONS 

Safety must always be a major considerat ion in laboratory work and design. All 
laboratory personnel should have a knowledge of the hazards associated with 
chemicals , compressed gases, and the instruments which they use . Laboratory 
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design must be such that the exposure of personnel to hazardous operat ions is 
minimized. Safety equipment should be available and safety rules must be estab-
lished for the laboratory. Many organizations have safety manuals . The following 
sections constitute a brief survey of some important points. Additional information 
can be found in Refs. 15-17, in instrument manuals supplied by manufacturers , 
and in pertinent government regulations. A circular has been published on the 
dangers and handling of hazardous chemicals in the geological laboratory (18). 

It is important that all laboratory personnel realize the importance of each in-
dividual's responsibility for safety. Managers, supervisors, and teachers must place 
emphasis on safety programs in their organizat ions. 

A. LABORATORY 

1. Fume Hoods 

A laboratory in which toxic, flammable, and corrosive chemicals are used in sample 
preparat ion must have adequate ventilation to protect the health of the staff and 
to prevent damage to equipment and the building from fires and corrosion. Fume 
hoods must have face velocities above 0.5 m/s, and air flows should be checked 
regularly. All chemical operat ions such as digestions with strong acids must be 
carried out in fume hoods . Materials of construct ion of hoods and ducting must 
be able to withstand corrosive a tmospheres . Hoods in which perchloric acid is 
used for evaporat ions should be separated from other hoods and be washed down 
frequently to remove any condensa te . 

2. Eyewash Fountain 

Splashes of chemicals in the eyes cause serious injuries. Prompt and prolonged 
irrigation of the eyes with water is an essential first-aid measure . An eyewash 
fountain should be situated in the area where chemicals are used and preferably 
near a main door . 

3. Safety Shower 
In an accident which results in chemicals being sprayed over a person, or in clothing 
catching fire, access to a safety shower is important. Most new laboratories include 
a shower in the work area. In older s t ructures , a shower may be located adjacent 
to the main laboratory or located centrally for several rooms . 

4. First-Aid Box 
Treatment of minor injuries will require band aids, cot ton bandage, surgical tape , 
and disinfectant. A notebook should be available so that records can be kept of 
minor injuries and t rea tments . Phone numbers of an ambulance service, fire de-
par tment , and poison control center should be displayed prominently. 

Because strong acids are used frequently in many laboratories for sample prep-
arat ions, the t reatment of burns to the skin from contact with acids is mentioned 
here . The burned area must be washed with copious volumes of cold water as 
soon as possible to remove the residual acid. Then the area can be bathed with 
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dilute sodium bicarbonate solution. In addition, burns from hydrofluoric acid should 
be treated with Hyamine solution after a thorough rinsing with water . 

5. Fire Extinguishers 

General-purpose extinguishers charged with carbon dioxide or dry chemical must 
be available in the working areas . Personnel must be instructed in the use of ex-
tinguishers to deal with small fires. When any extinguisher has been used, it must 
be refilled even though a considerable proport ion of the charge remains. Extin-
guishers are checked on a regular schedule. 

B. PERSONAL ITEMS OF SAFETY EQUIPMENT 

In most laboratories, workers must wear eye protect ion. Eye glasses with safety-
type lenses provide satisfactory protect ion for regular laboratory workers . Plastic, 
disposable glasses are adequate for visitors. Face shields and goggles should also 
be available. In some laboratories , workers must wear face shields when they are 
diluting or transferring concentra ted acids and bases . Shields provide extra pro-
tection from splashes of liquids. Contact lenses should not be worn in a chemical 
laboratory. 

Laboratory coats , rubber and plastic aprons , overalls , and coveralls help in 
protecting workers from injuries and contaminat ion from chemicals . Hand pro-
tection is provided by rubber and plastic gloves. However , organic solvents can 
permeate most types of rubber and plastic, so these gloves offer only limited pro-
tection. Asbes tos or heavy leather gloves are recommended for work involving 
fluxing and ashing. Safety shoes are a good investment for persons whose work 
includes moving large, heavy objects. Personnel working in an area where the 
noise level is above 85 dB must wear protective earmuffs. Filter dust masks provide 
respiratory protection for persons who work with crushing and grinding equipment. 

C. CHEMICALS ( 1 9 , 2 0 ) 

1 . Acids 

Inorganic acids, namely hydrochloric, hydrofluoric, nitric, sulfuric, and perchloric 
acids, are used to dissolve samples for analysis. Many procedures call for com-
binations of acids. Carelessness in handling, diluting, and heating acids is the 
cause of many accidents . 

Concentrated nitric, hydrochloric, and hydrofluoric acids evolve corrosive, toxic 
fumes at room tempera ture . Dilutions and transfers of the concentra ted acids 
should be carried out in fume hoods . Dilution of sulfuric acid liberates a large 
amount of heat. Dilute solutions of acids should always be prepared by adding 
concentrated acid slowly with stirring to the dilution water . Water should never 
be added directly to hot, concentra ted acids. 

Nitric and perchloric acids are strong oxidants , and concentra ted sulfuric acid 
is an oxidant at high tempera tures . The hot, concentra ted acids must never be 
added directly to easily oxidizable organic matter or to strongly reducing substances 
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since explosions and fires may result . Aqua regia is an oxidizing mixed acid pre-
pared from one part of nitric acid to three parts of hydrochloric acid. As the acid 
generates fumes, it should be prepared only when required and then stored in a 
fume hood. 

Special precaut ions are necessary when perchloric acid is used. As stated pre-
viously, perchloric acid is a strong oxidant . Hot , concentra ted acid must never 
be added to organic mat ter or to strongly reducing subs tances . Organic and some 
inorganic Perchlorates are unstable subs tances . Fires and explosions are caused 
by decomposi t ion of Perchlorates . In procedures requiring the destruct ion of or-
ganic matter, a preliminary treatment with nitric acid will destroy easily oxidizable 
organic subs tances . In solutions containing organic materials , perchloric acid, 
either alone or with o ther acids , must be added to the cold solutions. Subsequent 
heating will concentra te the acid and will allow the oxidation and decomposit ion 
of the organic material to proceed slowly. Evaporat ions of perchloric acid must 
be carried out in special fume hoods . 

Spills of perchloric acid must be cleaned up immediately. Dilute the acid with 
water , and neutralize with sodium carbonate . Any cloths or mops used in the 
cleanup are rinsed thoroughly with water several t imes. The acid should never 
be used where there are porous , wooden surfaces. Contaminated wood may ignite 
spontaneously years after it has soaked up perchloric acid. 

Fume hoods for perchloric acid work must be const ructed from materials that 
will not form organic Perchlorates . This applies to ducting and all o ther materials 
exposed to perchloric acid vapors. Stainless steel is often used. Inert silica cements 
are recommended . The hoods must be washed down with water at the end of 
each day. 

2. Bases 

Sodium hydroxide and potass ium hydroxide are available in the form of pellets, 
flakes, and solutions. They are corrosive as either solids or liquids. The solids are 
kept in closed containers to minimize react ions with moisture and carbon dioxide 
in the air. The liquids also absorb carbon dioxide. Solutions are stored in plastic 
containers . 

Concentra ted ammonium hydroxide evolves ammonia fumes at room temper-
a ture . The base is not as corrosive as sodium hydroxide . 

3. Solvents 
Organic solvents are used in some procedures for the concentrat ion of t race ele-
ments from aqueous solutions. Care must be taken since many solvents and their 
vapors are both flammable and toxic. E ther vapors are notorious fire hazards . In 
addition, e thers will form unstable organic peroxides during storage. Skin contact 
with any solvent should be avoided. 

4. Other Chemicals (19,20) 
A detailed description of the hazardous propert ies of chemicals is beyond the 
scope of this book. Workers should exercise caution when dealing with cyanides , 
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chromâtes , compounds of arsenic , mercury , lead, and cadmium, and mercury 
metal. Acidification of solutions of cyanides , sulfides, and sulfites will liberate 
toxic fumes. Because of the vapor pressure of metallic mercury , any spills must 
be cleaned up promptly. 

5. Disposal of Chemical Wastes (21) 

Large volumes of concentra ted acids and bases must never be flushed down a 
drain. Neutralization and dilution are recommended. Organic solvents not miscible 
with water are collected for disposal by a licensed company . The same procedure 
should be followed for poisonous wastes such as chromâtes. Water-miscible organic 
solvents such as alcohols and acetone can be diluted with water and small volumes 
disposed of as domest ic waste . However , any local regulations pertaining to the 
disposal of wastes must be followed. 

6. Storage of Chemicals 

Winchester bottles or other large containers of concentra ted acid are stored on 
lead trays in vented cupboards . Organic solvents should be stored in a ventilated, 
cool area away from heat and sources of ignition. Special metal cabinets are avail-
able for solvent storage. All bottles and other containers should be identified by 
labels. 

D. GAS CYLINDERS 

Gas cylinders should be moved on a suitable hand truck. The protective cap must 
always be in place when a cylinder is moved so that the cylinder valve is not 
damaged. Never at tempt to move a cylinder with a pressure regulator at tached. 
N o part of a cylinder should be heated to a tempera ture higher than about 50°C. 
In laboratories, cylinders are secured firmly to benches or walls. Small cylinders 
can be supported in ring s tands . Pressure regulators are required for all high-
pressure cylinders. The choice of regulator depends on the type of gas, cylinder 
pressure , and delivery pressure . The Compressed Gas Association has specified 
various cylinder valve outlet connect ion types for several families of gases. The 
purpose is to prevent the interchange of regulating equipment between gases that 
are not compatible . Equipment for oxygen should never be intechanged for use 
with other gases . All gas connect ions must be checked for leaks. Leaks of flam-
mable gases such as acetylene and hydrogen are fire and explosion hazards . 

E. INSTRUMENTS 

1. Atomic Absorption and Emission Spectrometers 

Fume extractors are essential in order to vent all combust ion products and waste 
gases. Venting of fumes applies to electrothermal analyzers as well, even though 
sample volumes are small. Many elemental vapors such as mercury , lead, and 
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cadmium are toxic. Compressed air for air/acetylene burners is frequently dis-
tributed throughout laboratories from a central compressor. The air must be filtered 
to remove oil droplets and particulate matter . Acetylene must not be drawn from 
a cylinder when the pressure has fallen below 520 kPa since acetone vapor can 
enter the burner . A flame arres tor on the acetylene line is recommended . 

Manufacturers ' instructions should be followed for lighting and extinguishing 
flame atomizers. Nitrous oxide/acetylene flames require a high-temperature burner. 
The maintenance of waste liquid t raps for flame atomizers is essential in order to 
prevent gas leaks from the nebulizer. 

2. Inductively Coupled Plasma-Atomic Emission Spectrometers 

Adequate ventilation of the hot gas and fumes from the plasma compar tment is 
very important for the same reasons as for atomic absorpt ion ins t ruments . Com-
mercial units have a safety interlock on the plasma compar tment so that the door 
cannot be opened when the plasma has been lit. The window should be made of 
UV-absorbing glass. If the plasma is not shielded, workers should wear protective 
eyeglasses. Shade 12 glass is r ecommended . 

Since most equipment includes a nebulizer for the introduction of liquid samples, 
the provision of a liquid waste t rap and reservoir is important . The high voltages 
from the generator are hazardous , and the manufacturer ' s instructions must be 
followed for safe operat ion of the equipment . 

3. Inductively Coupled Plasma-Mass Spectrometers 

The safety precautions noted for emission spectrometers apply to these instruments 
also. 

4. X-Ray Spectrometers 

Three principal hazards are associated with x-ray equipment : (a) radiation from 
x-ray tubes and radioisotopes, (b) electric shock from x-ray generators , and (c) 
laboratory contaminat ion from escape and dispersion of radioactive materials. 

Commercial x-ray spect rometers are designed so that the shielding of personnel 
from x-rays is adequate when the tubes are operated at maximum power. When 
a new unit is being evaluated, the buyer should ask for information from the man-
ufacturer about radiation levels and verify that safety s tandards which apply in 
the area will be satisfied. The parts of the instrument most subject to leakage of 
x-rays are the interface be tween the x-ray tube head and the sample compar tment ; 
the sample compar tment itself, especially if the shut ter assembly is defective; and 
the neighborhood of the analyzing crystal , since some of the diffracted and scat-
tered x-rays do not enter the collimator. 

The most serious injuries are the result of direct exposure to high-intensity x-
ray beams . Even momentary exposures are dangerous , as will be explained later. 

Although radiation from an isotope source is of much lower intensity than that 
from a high-power tube, shielding is very important and the source must be shielded 
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when the equipment is not being used. Care must be taken to avoid damaging or 
rupturing the container protecting the source. 

The fundamental unit for measurement of the quantity of ionizing radiation is 
the roentgen, R. It is defined as the radiation flux which produces 2.08 x 10

9
 ion 

pairs in 1 c m
3
 of dry air at 0°C and 1 a tmosphere pressure . The energy equivalent 

is 84 ergs. 
The unit of biological exposure or dose is the roentgen absorbed dose , rad. This 

is defined as the amount of ionizing radiation which deposi ts 100 ergs per gram 
in an absorber . 

The unit of biological radiation damage is the roentgen equivalent man, abbre-
viated as rem. It is the absorbed dose in rads multiplied by a factor which applies 
to the equivalent absorption in living t issue. Thus , rem = dose in rad x R B E , 
where R B E is the relative biological effectiveness of the radiation. 

In pract ice, for the radiation from x-ray spect rometers operating up to 100 kV, 
dose in rem = dose in rad = dose in roentgen; i .e. , the three units are taken to 
be equivalent. Measurements of x-ray intensities are stated as roentgens per hour 
or milliroentgens per hour. The accumulated dose is calculated from the product 
of radiation intensity and exposure t ime. The normal background radiation level 
is about 500 milliroentgens (mR) per year. 

The maximum permissible whole-body dose rate is 5 rem per year, or 3 rem 
per quarter-year. The maximum permissible accumulated lifetime whole-body dose 
is 5 ( j - 1 8 ) R , where y is the age in years and must be > 1 8 . If a normal adult 
receives radiation at a dose rate no larger than the maxima stated above , the body 
can repair minor damage resulting from the radiation. However , the objective is 
to reduce the occupational exposure to as low a dose rate as possible. High-power 
x-ray tubes can generate a dose rate of 100 R per second. A dose of 300 rem will 
redden the skin, and a dose of 500 rem will burn the skin. Thus , very short ex-
posures to high-intensity x-ray beams result in serious injuries. 

The x-ray instrument should be located in an area of the laboratory where only 
those assigned to x-ray work can enter on a regular basis while the equipment is 
operating. A new installation must be surveyed for radiation levels in the area 
surrounding the equipment. Then surveys should be conducted every 3 to 6 months. 
If any major change is made in the configuration of the components of the in-
strument, a new survey should be carried out before operat ions are resumed on 
a regular basis . In most localities, records of surveys must be available for in-
spection, and the work area must have signs posted. 

The survey meter used for the measurements should be calibrated to respond 
to x-rays with energies of 100 keV or less, depending on the strength of the source. 
Readings should be taken as close as possible to the instrument , with particular 
attention being given to the sample compar tment and the analyzing crystal as 
mentioned earlier. The current acceptable level of radiation from an x-ray spec-
trometer is 0.5 mR per hour measured at a distance of 5 cm from the surfaces of 
the equipment . All personnel who work with x-ray equipment must carry passive 
detectors so that cumulative records of exposures can be maintained. The detectors 
can be film badges or pocket dosimeters . The films are changed on a regular basis . 
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Finally, a responsible person must be familiar with all regulations pertaining to 
the operat ion of x-ray equipment in the particular part of the country . Addition 
information can be found in Refs. 22 and 23. 

F. ELECTRICAL CIRCUITS 

All electrical equipment must conform with safety s tandards (24). Grounding of 
equipment is essential . Connect ions of equipment to outlet boxes should be made 
through three-prong plugs. Using metal water pipes as grounds is no longer rec-
ommended . A grounding rod should be used; the rod is connected to the water 
pipes and metal frame of the building. 
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4 
Methods of Sample 
Preparation 

I. INTRODUCTION 

The collection and preparat ion of samples for chemical and instrumental analyses 
are an important part of the analysis process . In sampling the objective is to obtain 
a relatively small quantity of solid or liquid that is representat ive of the material 
in the field sample. Samples submitted for analyses must first be identified and 
well labeled. Knowledge of the type , or the approximate composi t ion, of a sample 
and the analytical data required is essential in selecting methods of sample prep-
aration. If the sample is not a liquid, drying, crushing, and grinding operat ions 
must be considered as preparat ive steps before any of the analytical procedures 
can be applied. Losses of sample const i tuents in these operat ions should be min-
imal. If t race element concentrat ions are required, precaut ions to avoid contam-
ination of the sample are essential . Powdered samples can be used directly in 
some x-ray fluorescence and neutron activation procedures . Liquids may be ana-
lyzed for some elements with minimal sample preparat ion. However , some form 
of concentrat ion is commonly still necessary for t race element work. A number 
of procedures for the total or partial decomposi t ion of solid samples will be de-
scribed. 

II. FIELD SAMPLING 

The problem of obtaining representat ive quantit ies of samples of particular geo-
logical formations has been the subject of many studies. Detailed accounts are 
found in books by Govet t (1), Johnson and Maxwell (2), and o thers . These sources 
should be consulted for detailed information on sampling. Only a very concise 
summary can be presented here . 

A large enough sample of rock (or other solid matter) must be collected so that 
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the const i tuents sought (including trace elements) are present in amounts which 
are representat ive of their concentra t ions in the main geological formation. Ob-
viously, the volume of the rock sample must be large if the grain size of the rock 
is large. A large sample is required also if the concentra t ion of the desired con-
stituent is low and if the const i tuent is not distributed uniformly. Govet t (1) has 
stated that the following formula yields the sample weight (g) in grams in relation 
to other important variables 

where d is the diameter (centimeters) of the grain, Ρ the percentage of the mineral 
of interest , and / ? a the relative s tandard deviation of the analytical method ex-
pressed as a percentage of P. 

He concluded that a sample size of 1 kg is sufficient for grain sizes of 1-2 mm 
and for const i tuents of interest present over 0.2%. The normal range of analytical 
precision for exploration geochemistry was assumed. For grain sizes over 5 mm 
and for const i tuents of interest over 3 % , a sample weight of 1 kg was also found 
to be adequate . 

The reduction in the weight of a large field sample to a smaller weight which 
is more suitable for laboratory work has been studied by Gy (3) and o thers . G y ' s 
guidelines for this process are expressed in the equat ions below. 

where w is the weight (grams) of the required sample, μ the size (centimeters) of 
the largest particles in the sample, s the s tandard deviat ion, and C a constant for 
the material being sampled. The units of C are grams per cubic cent imeter . 

where / is the liberation factor of the critical componen t ; / m ax = 1 when the com-
ponent is completely liberated, i.e., when it is present as fragments of pure mineral; 
/ is never smaller than 0.03. The factor / is calculated from 

with d the diameter of the particle and d, the maximum particle diameter ensuring 
complete liberation of the critical component, / i s the shape factor. For all materials 
except for alluvial gold ores , / = 0.5. When the shape of the gold particles is 
spheroidal , / = 0.5. When the particles are flat or elongated, / = 0.2. g is the 
particle size distribution factor. For particles that are completely uniform in size 
g = 1.0. An average value for g is 0.25. c is the mineralogical composit ion factor; 
the units of c are grams per cubic cent imeter . 

W = Ctfls
2 

C = clfg 

/ = 

[(I - aj Κ + aJ^J 

II. Field Sampling 
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where the average mineralogical content A L is expressed as a decimal fraction and 
is 0.1 for a 10% content of a particular mineral, Xc is the density of the critical 
mineral component , and Xg is the density of the gangue. The factor c can be cal-
culated by using average values of Xc = 5.0 and Xg = 2.6. 

More information about the applications of G y ' s constant can be found in 
Ref. 4. 

After the field sample has been reduced in quanti ty to an amount suitable for 
the analytical laboratory, one or more port ions must be weighed out for the anal-
ysis. Again, grain size is of major importance in determining the weight of sample 
which should be taken for t race element determinat ions . To be representat ive, 
the subsample should contain 10

6
-10

7
 particles (1). If a 1-g sample with an average 

specific gravity is taken for analysis , the sample should be ground to 170 mesh 
or finer (1). A calculation of the amount of sample required can be made by deriving 
IngamelPs constant . The constant , Ks, is the weight of sample (grams) which will 
result in a sampling uncertainty not exceeding 1% at the 6 8 % confidence level. 
For a consti tuent X in a sample 

Ks = R
2
w = (lOOsfw/Xr 

where R is the relative deviation (percent) , w the sample weight (grams), X the 
mean of Ν analytical results , and s the s tandard deviation. The coefficient R is 
found by determining X in a series of 1-g subsamples . The assumption is that the 
analytical variance is not significant in comparison with R (2). 

III. DRYING 

In general , rock samples need not be dried prior to crushing and grinding. Samples 
of soil, silt, sediment , and organic mat ter will contain varying proport ions of mois-
ture. They are dried at a temperature of 100-105°C. If mercury is to be determined, 
the drying temperature should not exceed 80°C. Drying such samples at ambient 
temperature is preferred if the samples can be protected from contamination and 
time is not a factor. 

IV. CRUSHING, GRINDING, AND SIEVING 

Large pieces of rock are broken down into smaller fragments suitable for grinding 
by means of crushers . Sometimes it is necessary to break very large chunks in 
rock tr immers prior to crushing. Jaw crushers are widely used to produce particles 
small enough to pass through a - 1 0 mesh (2 mm) sieve. Crushers whose j aws 
are steel-plated may contaminate samples with iron from wear on the j a w s . Tuff 
(5) studied contamination of silicate rock samples in crushing and grinding op-
erat ions. Iron, manganese , cobalt , chromium, and vanadium contaminated samples 
when a steel crusher and a steel pulverizer were used. When iron and steel alloying 
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elements are of interest , the use of crushers fitted with ceramic plates is recom-
mended. 

The large amount of - 1 0 mesh crushed material must be reduced to a sample 
of more convenient size in a manner which will yield material of the same com-
position as the whole. The operation called coning and quartering is often employed 
for this purpose . The crushed sample is placed near the center of a large sheet of 
glazed paper supported on a table. One corner of the paper is raised so that the 
sample rolls toward the opposi te corner . It is important to have the sample tumble 
over itself in order to promote mixing. Then the other corners are raised in succes-
sion to repeat the operat ion. Finally, the sample is gathered near the center of 
the paper and is divided into quarters by means of a ruler or large spatula. Opposite 
quar ters are removed from the paper . The remainder ( i .e. , one-half of the original) 
is mixed and quar tered again. The operat ion is repeated often enough to yield a 
final sample of about 50 g. This amount can be ground up or part of it set aside 
as a reserve . 

The reduction of a sample by means of a riffle is an alternative to coning and 
quartering. The crushed sample is poured in a steady s tream along the length of 
the riffle, while port ions of the sample are collected from the chutes on either 
side. The portion collected on one side of the riffle is selected and the remainder 
discarded. The operat ion is repeated with the retained port ion. This t ime, the 
port ion collected on the opposi te side of the riffle is retained. As the quantity of 
retained sample decreases , smaller riffles become more convenient to use . Again, 
the objective is a reduction in sample size to a final weight of about 50 g. 

The coarse particles of the crushed samples must be reduced in size so that 
samples can be subjected to physical and chemical methods of analysis. Particle 
size reduct ions are achieved by grinding in mortars or in ball mills. Any contam-
ination of samples from abrasion and degradation of the grinding surfaces must 
be avoided as much as possible. Agate or mullite mortars are recommended for 
grinding by hand. Tungsten carbide mortars may contr ibute tungsten, tantalum, 
and cobalt (5) to samples. Because hand grinding is a laborious and time-consuming 
operat ion when many samples must be t reated, some laboratories use ball mills. 
A number of small units can be mounted on a mechanical shaker to speed up the 
operat ion. 

For most chemical analyses , material in the 100-200 mesh range is adequate . 
An 80 mesh sieve size is r ecommended for soil and sediment samples . However , 
before soils and sediments are sieved, any large lumps or c lumps should be broken 
down. In this operat ion, somet imes called disaggregation, the lumps are subjected 
to gentle pressure in a mortar and pest le . Then all of the sample is sieved and the 
+ 80 mesh fraction is discarded. 

In sieving samples , brass screens should not be used because of contamination 
problems. Stainless steel screens are satisfactory as long as they are not soldered. 
For work involving trace element analyses , noncontaminat ing sieves can be con-
structed from nylon mesh and cross sections of plastic cylinders. Any large particles 
of rock samples retained on the top or coarse sieve must be subjected to additional 
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grinding in order to maintain a representat ive sample. Some minerals are more 
resistant than others to grinding. If some of the sample is discarded, the overall 
composit ion is altered. 

The equipment used for crushing, grinding, and sieving should be cleaned on 
a regular basis to prevent contamination by sample carryover . Brushing of the 
working surfaces and receivers or air blowing is usually sufficient. However , a 
steel crusher and a steel pulverizer which had been used for the preparation of 
sulfide ores appeared to contr ibute lead and sulfur to a silicate rock sample even 
after the equipment had been thoroughly cleaned (5). Sieves should be examined 
frequently to make certain that the mesh area is intact and that there are no tears 
around the frame. Grinding and crushing surfaces should be checked for evidence 
of excessive wear. 

POWDER SAMPLES 

Loose and pressed powders , 200-325 mesh, are frequently used for x-ray fluo-
rescence work, although fused disks are also popular forms for quantitative anal-
ysis. Powders are also used in the direct determination of some elements by means 
of neutron activation. The direct elemental analysis of solid samples (i.e., powders) 
by means of atomic absorption and I C P - A E S has been the subject of considerable 
research and work is continuing to find suitable methods of sample introduction 
(6). With the except ions of spark and arc A E S , no approach to direct solid-sample 
analysis has received acceptance . The main drawbacks in solid-sample analysis 
by means of fu rnace-AAS include nonspecific absorpt ion, the requirement for 
samples smaller than 2 mg, and the need for standards of almost the same chemical 
composit ions and physical characterist ics as the samples . 

I C P - A E S is particularly at tractive for solid-sample analysis because the high 
temperature of the plasma results in efficient vaporizat ion, atomization, and ex-
citation. There should be less dependence on the sample matrix. The stability of 
the ICP allows good precision of measurements provided that the introduction of 
the solids does not upset its operation. Work to date has not resulted in procedures 
as reliable as those involving liquid samples . However , a procedure for the de-
termination of metals in clay introduced as a suspension in water is included in 
this book. 

LOOSE POWDERS 

X-ray fluorescence analyses of loose powders offer the advantage of speed in 
sample preparation when large numbers of geological exploration samples are to 
be analyzed. An automatic sequential x-ray spect rometer requires only 30-100 s 
for the determination of a designated element . The time per element is longer for 
semiautomatic and manual spectrometers because the changes in wavelength set-
tings require more t ime. Automatic multichannel analyzers can be set to measure 
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concentra t ions of up to 30 elements in periods of 30 s to 3 min. Thus , sample 
preparat ion may be the time-limiting part of the total p rocedure . After the grinding 
and sieving operations have been completed, the only additional step is the transfer 
of the samples to metal or plastic cups . Some of the limitations of loose powder 
methods are outlined below. The relative accuracy is 10-15%. 

X-ray spectral intensities depend on the physical state of the sample. For loose 
powders , particle shape and size, particle size distribution, and packing density 
are factors which contr ibute to accuracy and reproducibili ty of analyses . Segre-
gation is a problem because many samples are not homogeneous and consist of 
particles of different sizes and densi t ies . To minimize particle size effects, the 
sizes of the largest particles in a sample should be less than the critical thickness 
of the sample for the analyte line of longest wavelength being measured. This 
means that the samples should be ground to pass a 325 mesh sieve. The packing 
density of the samples in the holders should be as uniform as possible, and the 
surfaces exposed to the incident x-rays should be level. In pract ice, these con-
ditions are difficult to meet . Powder s tandards of the same physical characterist ics 
as well as comparable chemical composi t ion should be used for quanti tat ive work. 

In spite of the disadvantages of working with loose powders , the advantages of 
sensitivity and speed of sample handling should not be over looked. Internal stan-
dards and diluents can be added provided that mixing is satisfactory. 

B. PRESSED POWDERS 

Some of the disadvantages of loose powders in x-ray work are overcome when 
the samples are pressed to form pellets or br iquets . Provided that the same weight 
of sample and the same final pressure are used in sample preparat ion, uniform 
packing densities are achieved and a better surface is formed. However, the effects 
of particle size on x-ray intensities are still present . If a vacuum path is required 
for the x-ray beams in the spect rometer , the samples must be pressed under vac-
uum. The mechanical strength of the briquets is increased with the addition of a 
binder to the samples before pressing. The same proport ion of binder together 
with any diluent and internal s tandard must be added to all of the samples as well 
as to calibration s tandards . After thorough mixing of the sample and addit ives, 
the briquets are formed in a cylindrical die by means of a hydraulic press . Final 
pressures are in the range of 14 χ 10

4
 to 70 χ 10

4
 kPa. If the binder contains a 

thermoset t ing resin, the briquets are warmed on a hot surface to complete the 
preparat ion. Calibration s tandards can be used for long periods without deterio-
ration. 

Organic as well as inorganic samples can be analyzed as powders or briquets . 
For example , six t race e lements in organic-rich soils have been measured in bri-
quets prepared from dried, finely ground samples (7). Calibration s tandards were 
made from starch to which known quanti t ies of the e lements had been added. 

Relative errors in the range of 6 -10% have been reported for the determination 
of t race elements in pressed powders (8, 9). A critical comparison of sample prep-
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arations as glass disks and pressed powders has been reported by Bower and 
Valentine (10). They concluded that pressed powders have almost no advantages 
over glass disks. 

C. THIN FILMS 

A sample ground to a very fine powder and distributed uniformly over a support 
such as filter paper or plastic film is called a thin film. In x-ray work, the effects 
of inhomogeneity and absorption enhancement are much reduced for this kind of 
sample preparat ion. The intensities of the emitted χ rays are related directly to 
the thickness and density of the sample. If only a very small quantity of sample 
is available for analysis , the preparat ion of a thin film offers advantages . A small 
quantity of powder can be held be tween two pieces of Mylar film and mounted 
in a frame. Adhesive tape is also a suitable support . Precipitates and suspended 
solids can be collected on paper or membrane filters. Solution samples are evap-
orated on plastic films or filter papers . Filter papers loaded with ion-exchange 
resins are useful in concentrat ing ionic species from solution. In the preparation 
of any type of thin film, the most important factors are uniformity of sample thick-
ness , absence of absorption of χ rays (from the sample), and reproducibility of 
the procedure for sample preparat ion. Standards must be prepared in the same 
manner as the samples . Blanks must also be determined. 

VI. DECOMPOSITION OF SOLID SAMPLES 

Most of the instrumental methods of analysis described in this book require some 
kind of chemical t reatment of samples to obtain a form suitable for qualitative 
and quantitative analyses. Materials which contain major amounts of organic matter 
must be treated so that the organic substances are dest royed without losses of 
the elements of interest . Wet and dry oxidations of organic matter are discussed 
in subsequent sect ions. Dolezal et al. (11) have writ ten a book on the subject of 
decomposit ion of samples for inorganic analyses . 

Many procedures have been described for the decomposi t ion of geological ma-
terials. They include digestion and leaching with acids, fusion with fluxes, sintering, 
and pyrolysis. The procedures can be classified under the headings of total or 
strong, and partial or weak. In total or strong decomposi t ions the objective is the 
liberation or release of all e lements from their compounds . Partial decomposi t ions 
result in the release of elements from specific fractions of the sample or of elements 
which are weakly bonded, adsorbed, and complexed in any of the fractions. The 
terms are relative, and the analyst must decide whether a particular procedure 
will be suitable for the work in hand. The choice of a procedure depends on a 
number of factors, including (a) the kind of instrument to be used for the analyses , 
(b) the number of elements to be measured , (c) the number of samples , and (d) 
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the laboratory facilities. For example , lithium borate fusion is a popular decom-
position method when major and minor elemental concentra t ions of samples are 
to be measured by means of x-ray fluorescence, flame atomic absorpt ion, and 
I C P - A E S . However , accurate measurements of t race concentra t ions of elements 
are often more difficult to achieve in the presence of the large concentrat ions of 
salts resulting from fusions. Not only do the salts themselves interfere in furnace 
atomic absorpt ion and emission methods of analysis , but also the fusion may in-
troduce larger levels of impurities than can be tolerated. In addition, dilution factors 
may be too large. Because acids of high purity are available and excess acid can 
be evapora ted , t reatment of samples with acids is generally chosen for t race ele-
ment work. 

Partial decomposi t ions are popular when the elements sought can be selectively 
dissolved in a solution of an extractant and the remainder of the sample is not 
a t tacked. Often, partial decomposi t ions are easier to perform and require less time 
and equipment than total decomposi t ions . However , variables such as extraction 
time and tempera ture , reagent strength, and p H become very important . The sub-
jec t will be discussed in more detail later. 

A. TREATMENT OF ORGANIC MATERIALS 

1. Ashing 
Botanical samples consist of many different types of organic compounds which 
often vary greatly in their behavior toward the reagents used for sample decom-
posit ions. Because of this variation it is important to realize that no one method 
will be suitable for the decomposi t ion of all botanical samples . 

Basically, there are three approaches to the decomposi t ion of organic samples: 
wet ashing, dry ashing, and fusions. Wet ashing involves treatment of the botanical 
sample with a mixture of acids including an oxidizing agent. The latter may be 
an acid or a salt. Dry ashing is the t reatment of the sample (a) at elevated tem-
perature (usually above 450°C) in air to remove the organic matter as oxides of 
carbon or (b) at 50-100°C under reduced pressure in an oxygen plasma discharge. 
In fusions the sample is mixed with a reagent capable of fluxing the sample. This 
approach is generally reserved for samples low in organic const i tuents . 

The potential advantages and disadvantages of dry and wet ashing can be sum-
marized briefly. Wet ashing involves more opera tor time but generally takes less 
overall t ime. A small sample size must generally be used. Because a relatively 
large volume of reagents must be employed, contaminat ion due to reagents ' im-
purities can be a problem. Dry ashing requires a longer overall time but operator 
involvement is minimal. Relatively large samples can be treated if high-temperature 
ashing is employed. (Plasma ashing at low tempera ture is applicable to only very 
small samples.) In high-temperature ashing, because containers must be left open 
to the a tmosphere , contaminat ion from airborne substances and components of 
the ashing appara tus may be a problem. Some of the more volatile metals (and 
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compounds of the metals) , e.g. , cadmium, lead, zinc, mercury , and arsenic, may 
be lost. Losses may also occur by high-temperature incorporation of analyte into 
the walls of the container and the oxidized sample residue. 

2. Volatility Losses 

There is considerable confusion in the literature concerning loss of e lements be-
cause of the presence and formation of volatile compounds during sample ashing. 
In carrying out a volatility loss s tudy, it is essential to be sure that any measured 
losses are actually due to volatilization and not to the incorporation of analyte 
into either the container wall or an insoluble residue. The authors believe that 
this problem has invalidated a number of published studies. Radioisotopes can be 
particularly useful in such study. 

Mercury and many of its compounds are volatile at relatively low tempera tures . 
Thus when mercury is to be determined it is important to take special precautions 
during sample decomposi t ion. In this regard it is essential to ensure oxidizing 
conditions throughout the decomposi t ion procedure . 

The covalent hydride-forming elements arsenic , selenium, tin, and tellurium are 
readily lost as hydrides at relatively low tempera tures . Thus , as in the case of 
mercury, oxidizing conditions should be maintained throughout the decomposition 
step. 

The presence or formation of metal halides can be a problem in sample decom-
position. Many metal halides are volatile in the range of 250-650°C. It is important 
to realize that many organic samples contain chloride in one form or another . 

3. Loss to Residues in Container Walls 

It is common to find that analyte can be incorporated in container walls during 
ashing at high tempera ture . The mechanism is not clear but the reaction between 
a metal oxide and silicate can form glasses which are not easily attacked by mineral 
acids. The presence of sodium chloride, a common constituent of organic samples, 
is believed to add to the severity of this problem (13). 

Many organic materials contain appreciable quantit ies of silicon. During ashing 
procedures silicon often remains in a residue as silica or a silicate. Such residues 
can readily t rap metals . 

4. Dry Ashing 
Although dry ashing generally requires a long period of time, it is attractive because 
operator time is low, large sample sizes can be employed, and, unless a reagent 
addition is necessary , contamination from reagents is low. 

Oxidizing condit ions should be maintained as much as possible throughout the 
ashing periods, and the temperature employed depends on the presence or absence 
of chlorides and the identity of the metals of interest . 

Addition of aluminum or magnesium nitrate is sometimes recommended . This 
is to aid in maintaining oxidizing condit ions, to speed the decomposi t ion, and to 
minimize interaction of analytes with the container wall. 
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Contaminat ion during dry ashing can be a serious problem. The sample must 
be open to the air over an extended period. This means that dust particles from 
the air can easily be t rapped by the sample . Also, loose scale from furnace walls 
and heating e lements can be a serious source of contaminat ion. Dry ashing should 
be done in as clean an area as possible. Blanks must a lways be carried through 
the dry ashing procedure . 

Organic mat ter frequently contains appreciable levels of substances which form 
an acid-insoluble residue during dry ashing. Most common among these is silicon. 
The residue thus obtained can readily t rap t race e lements so that they will not be 
recovered during the subsequent acid leach step. If total decomposition is required 
it is crucially important not to discard residues from dry ashing until it is certain 
that no t race e lements have been t rapped. To put difficultly soluble residues into 
solution, hydrofluoric acid t rea tment or fusion with potassium bisulfate or lithium 
metabora te is r ecommended . 

Organic materials vary in the temperature required for complete ashing. A typical 
temperature range for ashing organic matter is 450-600°C. Ashing times also depend 
on the nature of the material and range from 2 to 24 h. If cadmium, lead, and zinc 
must be determined, tempera tures much higher than 450°C must be avoided. 

5. Wet Ashing 
A variety of acids and acid mixtures have been proposed for the decomposi t ion 
of organic samples . In most cases it is essential to employ an oxidizing agent such 
as an acid or another const i tuent mixed with an acid to obtain complete decom-
position. When the possible loss of an element by volatility is a potential problem, 
the decomposi t ion should be done under reflux or in a closed container . 

6. Decompositions under Reflux 

Problems with losses of mercury during decomposi t ions of organic samples led 
to the use of a refluxing sys tem. It is obvious that the mercury can be lost at room 
tempera ture as the metal . Thus , prevent ion of the mercury loss would appear to 
involve minimizing the presence of Hg° during decomposi t ion. However , H g

2 + 

salts such as HgCl 2 can also be lost at relatively low tempera tures . Many workers 
advise that for the most accurate work samples for determination of mercury should 
be decomposed in a refluxing apparatus. This equipment consists of a round-bottom 
flask joined to a refluxing condenser by a reservoir with a two-way s topcock. The 
reflux condenser is in turn connected to a splash head. All connect ions are made 
with ground-glass jo in ts . The round-bot tom flask is fitted with a thermometer . 
Decomposi t ions when arsenic , selenium, and tellurium are to be determined can 
also be done in such an appara tus . 

7. Decompositions in Closed Vessels 

When problems with loss of volatile const i tuents are anticipated it is possible to 
use closed decomposi t ion vessels . When liquids are placed in such vessels and 
heated, a pressure builds up . It is possible to purchase commercial ly a variety of 
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pressure decomposit ion vessels , commonly called " b o m b s , " which can be used 
for this purpose . These usually consist of a Teflon insert or inner vessel contained 
in a metal outer vessel. The apparatus is then capable of being sealed. This prevents 
loss of sample through rupture of the Teflon reaction vessel . 

Because of the expense involved with having individual bombs for each deter-
mination, the authors , on the advice of Dr. A. Brzezinska, use in their laboratory 
a household pressure cooker to contain seven heavy-walled Teflon closed-vessel 
decomposit ion containers . This appara tus is shown in Chapter 9, Fig. 9.3. In this 
way the pressure built up inside the Teflon vessels can be compensated by pressure 
inside the pressure cooker . Samples in Teflon bombs can also be digested by 
placing the bombs in a microwave oven. The best power levels and digestion times 
must be found for each type of sample. 

8. Types of Decomposition Vessels 

It is often necessary to heat oxidizing acid mixtures to fumes of a high boiling 
point acid such as sulfuric acid. For this purpose platinum evaporat ion dishes 
were commonly employed up to the 1970s. The expense of these dishes coupled 
with the more recent availability of suitable plastics (particularly Teflon) has greatly 
decreased their use . At this time borosilicate and pure silica glass beakers and 
Teflon dishes are commonly used for this purpose . In the au thors ' laboratory 
Teflon has proved to be suitable even for use with perchloric acid. The size of 
the container is dictated by the amount of sample, but a 100-250-ml vessel is a 
generally useful size. 

9. Comparisons of Decomposition Procedures 

An interesting comparison of sample t reatment procedures for the analysis of bi-
ological samples by I C P - A E S was made by De Boer and Maessen (14). These 
researchers adopted the following criteria for the procedural assessment . 

A. Preparat ion of sample solution 
(1) Resulting dilution factor of the original sample 
(2) Range of feasible sample sizes 
(3) Experimental labor intensity 
(4) Risk of contamination 
(5) Time required per sample 
(6) Safety of the procedure 

B. Suitability of sample solution for ICP analysis 
(1) Accuracy and precision of determinat ions 
(2) Occurrence of matrix and acid effects 

The sample decomposi t ion procedures which were studied were as follows. 

Direct Approach 

• 0.65 g sample mixed with 6.5 ml 2% nitric acid 

• 24 h contact time at room temperature 

• Centrifugation and filtration 
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Solubilization in Te t ramethylammonium Hydroxide (TMAH) 

• 0.05 g sample mixed with 1.5 ml 10% aqueous T M A H solution 

• 2 h on water bath at 65°C 

• Dilution to 5 ml 

Acid Digestion Methods 

Digestion with nitric and perchloric acids in microwave oven 

• 0.15 g sample, 5 ml 6 5 % nitric acid, and 1 ml 70% perchloric acid in conical 
flask 

• Flask in microwave-heated oven (2450 M H z , 600W) 

• Heat ing until near d ryness , —20 min 

• Dilution to 10 ml 

Digestion with hydrogen peroxide and sulfuric acid 

• 1 g sample mixed with 1.5 ml 96% sulfuric acid 

• Dropwise addition of 9-16 ml 50% hydrogen peroxide during 1 h heating up to 
300°C 

• Dilution to 5 ml 

Digestion in Teflon-lined steel bombs 

• 0.25 g sample and 3 ml 6 5 % nitric acid in 23 ml capacity bomb 

• 2 h heating in oven at 140°C 

• Dilution to 5 ml 

Ashing Methods 

Low-temperature ashing 

• 1 g sample port ions 

• Oxygen pressure : 2 torr 

• Net 27 M H z power: 70 W 

• Exposure t ime: 20 h 

• Ash dissolved in 2% hydrochloric acid 

• Final volume: 5 ml 

Muffle furnace ashing 

• 1 g sample heated for 24 h in tempera ture-programmed muffle furnace 

• Final tempera ture : 520°C 

• Ash dissolved in 30% hydrochloric acid 

• Dilution and filtration 

• Final volume: 5 ml 
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Assessment of Procedures, Numer ica l Va lues 

4. Methods of Sample Preparation 

Concomitant 

Dilution M a x i m u m Duration meta ls content Acid content of 

factor of amount of of of sample sample 

S a m p l e t reatment sample sample procedure solution solution 

procedures (ml/g) (g) (h) (mg/ml) (%, w/w) 

Solubilization ( T M A H ) 1 0 0 0 . 0 5 2 0.1 — 
Acid digestion 7 0 0 . 0 8 0 .3 0 .2 2 ( H C I 0 4) 

( H N 0 3, HCIO4) 

Acid digestion 2 0 0 .25 2 0 .6 3 0 (HNO3) 

(HNO3, bomb) 

Extraction (diluted H N 0 3) 10 0 .65 2 4 1.3 2 (HNO3) 

Acid digestion 5 1 1 2 .6 3 1 - 3 6 ( H 2S 0 4) 

( H 2S 0 4> H 20 2) 

Low temperature ashing 5 1 12 2 .6 3 (HCl ) 

Muffle furnace ashing 5 1 2 4 2 .6 6 (HCl ) 

( 520°C) 

Reprinted with permission from Ref. 14. Copyright 1983, Pergamon Press, Ltd. 

Results 

The dilution factor, maximum amount of sample applicable, durat ion of the pro-
cedure , concomitant metals content of the solution, and acid content of solutions 
are given in Table 4 . 1 . 

Table 4.2 shows compar isons of the certified values with the results obtained 
on N B S Bovine Liver SRM when a variety of sample t rea tments were used (14). 
The solutions were analyzed by means of I C P - A E S . 

T a b l e 4 . 2 

E lements in Bovine Liver S R M 1 5 7 7
a 

Content ^ g / g ) a n d 9 5 % conf idence limits 

S a m p l e t reatment procedure M n Z n C u F e C d Pb 

Extraction with diluted H N 0 3 

at room temperature 10 .6 ± 0 . 3 1 3 2 ± 3 6 2 ± 3 1 5 4 ± 6 0 . 3 0 ± 0 . 0 2 0 . 4 0 ± 0 . 1 3 

Solubilization in T M A H 9 .7 ± 0 . 3 131 ^ t 2 1 0 3 ± 5 2 5 6 ± 6 N D * N D 

Digestion with H N 0 3 and H C I 0 4 

in microwave-heated oven 10 .2 ± 0 . 2 131 ± 2 191 ± 2 2 6 4 ± 3 0 . 3 0 ± 0 . 0 6 N D 

Digestion with H 2S 0 4 and H 2 0 2 10 .3 ± 0 . 3 1 3 4 : t 3 1 8 8 ± 2 2 6 3 ± 3 0 . 3 0 ± 0 . 0 2 0 . 2 8 ± 0 . 1 0 

Digestion with H N 0 3 in Te l fon-

lined steel b o m b 10 .3 ± 0 . 2 1 3 3 ± 3 2 0 1 ± 3 2 6 8 ± 3 0 .31 ± 0 . 0 2 N D 

Low-temperature ashing 10 .0 ± 0 . 3 131 ± 2 1 9 0 ± 3 2 6 0 ± 3 0 . 2 9 ± 0 . 0 2 0 . 3 7 ± 0 . 0 8 

Muffle furnace ashing 10 .0 ± 0 . 2 1 3 2 ± 3 1 8 3 ± 5 2 5 8 ± 6 0 .31 ± 0 . 0 2 0 . 3 3 ± 0 . 0 3 

N B S certified va lue 10 .3 ± 1 . 0 1 3 0 ± 1 3 1 9 3 ± 1 0 2 6 8 - t 8 0 . 2 7 ± 0 . 0 4 0 . 3 4 ± 0 . 0 8 

Reprinted with permission from Ref. 14. Copyright 1983, Pergamon Press, Ltd. 

analyses by ICP-AES. 

"ND; Not determinable. 
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Low-tempera ture ashing and the hydrogen peroxide/sulfuric acid procedure 
yielded the best accuracy , but low-temperature ashing is favored from a labor 
intensity point of view. 

B. ACID ATTACK 

Inorganic acids are divided into two groups . In the oxidizing group are nitric acid, 
perchloric acid, and hot concentra ted sulfuric acid. Nonoxidizing acids include 
hydrofluoric, hydrochlor ic , hydrobromic , phosphor ic , and dilute sulfuric acids. 
Carbona tes , phospha tes , chlorides, bora tes , and some sulfates and sulfides are 
readily soluble in acids. Oxide minerals are often soluble in nonoxidizing acids. 
Hydrofluoric acid decomposes most silicates, but hydrochloric acid is also useful 
for the dissolution of basic silicates. 

In many procedures , samples are t reated with acids in open test tubes , beakers , 
and dishes inside fume hoods . Very reactive materials such as carbonates must 
not be t reated with concentra ted acids since foaming and spattering will be severe. 
Such materials are moistened with water , and then acid is added slowly. When 
the quantitative determination of silicon in silicate minerals is not required, samples 
are t reated with hydrofluoric acid ei ther alone or in combinat ion with other acids 
in open vessels . 

As mentioned above , hydrofluoric acid is used extensively in procedures for 
silicate analysis . The acid, ei ther alone or in combinat ion with other acids , must 
not be used in glass equipment . Beakers , flasks, e tc . made from polyethylene, 
polypropylene, or a fluorocarbon are satisfactory. Teflon equipment is used ex-
tensively, and it can be heated up to about 240°C. A number of elements in addition 
to silicon form volatile fluorides, which are lost in total or in part from hot solutions. 
These include boron, arsenic , ant imony, and germanium. Some silicate minerals 
such as zircon, beryl , kyani te , cassi ter i te , and chromite resist decomposi t ion in 
open vessels . The rate of acid at tack is increased if the react ions take place at 
elevated temperatures and pressures. Closed Teflon vessels and Teflon-lined bombs 
are popular for this work. The safe limits of tempera ture and pressure must not 
be exceeded , and the vessels must a lways be cooled again before they are opened. 
Details are given in the appropria te analytical p rocedures . In the au thors ' labo-
ratory, several small closed Teflon vessels are heated together inside a metal pres-
sure cooker on a hot plate , as noted earlier. 

Hydrofluoric acid is often used in combination with other acids (nitric, perchloric) 
to obtain oxidizing condit ions during the decomposi t ion. Heat ing perchloric or 
sulfuric acid to dryness is a means of expelling fluoride (or fluosilicic acid) when 
the presence of fluoride is detr imental to subsequent work. Perchloric acid is pre-
ferred since some sulfates have limited solubilities. Nitric acid can be substituted 
for perchloric , but the elimination of fluoride is not as effective because of the 
lower boiling point of the acid. Fluorides at tack glass nebulizers and spray cham-
bers of atomic absorpt ion and I C P - A E S ins t ruments . 

Solutions of nitric and perchloric acids at tack clay minerals and liberate most 
of the t race e lements . These solutions also at tack some silicates and the base 
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metals are dissolved. Aqua regia and other acids are used in some procedures to 
dissolve t race elements adsorbed on acid-resistant solids. Aqua regia and also 
nitric acid alone is used to dissolve some sulfides and arsenides . 

A typical acid digestion procedure with mixed acids is recorded below. 

1. Transfer 0.2 g of powdered rock into small Teflon beakers or test tubes . 

2. If the sample contains a significant proport ion of carbonate , moisten it with a 
few drops of water before adding acid. Add 4 ml of nitric acid and 2 ml of 
perchloric acid and swirl to mix. Then add 10 ml of hydrofluoric acid. 

3. Warm the containers on a hot plate or in a heating block so that the temperature 
increases to approximately 150°C over a period of 3-4 h. Then increase the 
temperature to approximately 200°C. Evapora te all the acid. 

4. Cool the samples . Dissolve the salts in 2 ml of 6 M nitric acid by warming. 
Cool again and dilute to 25 ml with water . 

C. FLUXES 

A number of fluxing agents have been studied for the decomposi t ion of silicates 
and other geological materials . The two fluxes of most importance in the work 
described here are lithium te t raborate and lithium metabora te . They are widely 
used in x-ray fluorescence, flame atomic absorpt ion, and I C P - A E S procedures . 
These fluxes will dissolve almost all minerals . Mixtures of meta- and te t raborates 
have been recommended for fusions at different tempera tures (15). The melts are 
cast in molds to form disks suitable for x-ray work. In addit ion, the disks are 
soluble in dilute acids for analysis of major and minor components of geological 
materials. Fusions are rarely used for analyses of t race elements because of the 
disadvantages described previously. However , a ratio of flux to sample of 2 : 1 
(or a 3 : 1 dilution of the sample) has been used for the determination of t race 
elements in rocks (16). A critical compar ison of glass disks and pressed powders 
as methods for sample preparat ion has been reported (10). 

1. Glass Disks for X-Ray Fluorescence 
Fusion of samples of geological materials offers several advantages. All difficulties 
associated with inhomogeneity, particle size, and density of solids are overcome. 
Matrix effects are greatly reduced if the flux-to-sample ratio is at least 10: 1. Larger 
proportions of flux will reduce matrix effects further, but at the expense of reduced 
sensitivities for minor and low atomic number e lements such as sodium, mag-
nesium, and phosphorus . Another advantage of glass beads is that the smooth 
surfaces usually do not require any further t reatment . Lithium salts are more fre-
quently used than sodium salts. Lithium te t raborate has a melting point of about 
920°C and is very good for the dissolution of basic oxides . Some workers rec-
ommend the addition of other components such as lithium fluoride, lithium car-
bonate, and sodium nitrate or ammonium nitrate. (Nitrates oxidize sulfides.) High-
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absorpt ion diluents such as lanthanum oxide can be added, as well as an internal 
s tandard. Flux-to-sample ratios as low as 2 : 1 have been used successfully, but 
some workers have reported that the disks are more difficult to prepare . 

The samples are fluxed in plat inum-gold crucibles. P la t inum-rhodium, vitreous 
carbon, and graphite crucibles can also be used. The mixture is fused over a Meker 
burner for a period of up to 15 min. Agitation of the contents from time to time 
during fusion is necessary in order to obtain complete solution of the sample. 
Cooling and annealing of the poured glass pellet is important. Rapid cooling results 
in a mechanically unstable glass. If the rate of cooling is too low, crystallization 
of the glass may occur . Directions for preparing a lithium borate disk are given 
below. Some equipment , for example , a Claisse Fluxer (17), is designed to fuse 
up to six samples simultaneously. 

1. Transfer 1.00 g or less of powdered sample to a clean plat inum-gold crucible. 
Add 10.00 g of lithium te t raborate and 0.30 g of lithium fluoride. If the sample 
contains sulfide, add 0.50 g of ammonium or sodium nitrate. 

2. Hea t the crucible over a Meker burner to fuse the mixture . Swirl or agitate 
the contents several t imes during a heating time of 10-15 min. 

3. Pour the melt into an aluminum ring (diameter ~ 3 cm) on a smooth, polished 
aluminum surface maintained at 450°C (hot plate). 

4. After 2 min push the pellet on to a Transi te plate at 450°C. Remove the Transite 
plate from the hot plate, and allow it to cool to room tempera ture . 

Standards are prepared in the same manner . The disks are durable and they 
can be used many times without deteriorat ion. 

2. Fusions for Subsequent Dissolution 

As noted previously, lithium metabora te , which melts at 845°C, and lithium tet-
rabora te , with a melting point of 920°C, are both used for sample dissolution. The 
former is bet ter suited for at tacking and dissolving acidic oxides . A procedure for 
a typical fusion with metabora te is given below. 

1. Weigh a 0.5 g sample of powdered rock into a crucible of approximately 30 ml 
capaci ty. Suitable crucibles are made of platinum, plat inum-gold alloy, and 
graphite. Graphi te crucibles must be manufactured from high-purity graphite, 
and they have a limited lifetime. Ignite the graphite crucible and cover at 1000°C 
for 15 min, and cool prior to adding the sample. Leave any graphite dust in 
the crucible. 

2. Add anhydrous lithium metabora te to the crucible and mix the contents well. 
The ratio of flux to sample can vary from 3 : 1 to 10: 1. If resistant minerals 
such as zircon are present , a large ratio must be used for a successful at tack. 
A low ratio (3 : 1) is preferred for analyses of minor and trace e lements . 

3. Fuse the mixture in a furnace at 1000°C or over a Meker burner for about 30 
min. Swirl the contents once or twice during the period. 
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4. Allow a fusion in a metallic crucible to cool to room tempera ture . Immerse the 
crucible in a solution of 165 ml of water and 10 ml of nitric acid. (An internal 
standard can be added at this point.) Place a small Teflon-coated stirring bar 
inside the crucible, and stir the contents immediately. The solids will dissolve 
in 1-2 h. 

5. Pour a fusion in a graphite crucible directly into a dilute acid solution as de-
scribed in step 4, and stir the contents . Examine the cool crucible for any 
retained material. Transfer any residue to the sample beaker. Filter the solution 
to remove graphite particles. 

D. SINTERING 

The decomposi t ion of many minerals resistant to at tack by acids and fluxes can 
be accomplished by means of sintering with sodium peroxide (18). At temperatures 
below 500°C, a sodium peroxide sinter for 2 h will decompose the most resistant 
minerals. A much shorter period of about 20 min is sufficient for many minerals. 
The procedure is suitable for determination of major and trace elements in minerals 
and rocks by means of flame atomic absorpt ion. Details of a recommended pro-
cedure are given below. 

1. Use fresh, dry, powdered sodium peroxide. The peroxide must be mixed quickly 
with the dry sample. If the sulfur content of the sample is less than 5%, platinum 
or plat inum-gold crucibles are suitable. Otherwise , nickel, iron, or zirconium 
should be used, depending on the elements to be determined. 

2. Weigh a 0.5 g sample of powdered rock and transfer it to a small bottle with 
a ground-glass s topper. Then transfer 4.0 g of sodium peroxide to the bott le. 
Mix the contents by shaking. 

3. Pour the premixed sample into a crucible. Heat the crucible at 480°C for 2 h. 

4. Cool the crucible. Extract the salts with cold water and add more water to 
bring the volume to slightly below the final volume required. Add 5 M hydro-
chloric acid until a clear solution results . Make the final acid concentrat ion 0.3 
M. If the samples contain large proport ions of manganese , add 2 or 3 drops of 
hydrogen peroxide to the acidified solution in order to dissolve the manganese . 

5. Boil the solution to release free oxygen in order to prevent bubbles forming 
during nebulization of the sample. 

E. PARTIAL DISSOLUTION 

In the past 10-15 years , there has been increasing interest in partial dissolution 
methods in geochemical explorat ion. When ore e lements and pathfinder e lements 
are released from their primary sources to more readily accessible sites by the 
action of water or by other means , they are held in relatively labile forms on the 
substrates . The labile forms of the elements can be dissolved by extractants which 
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do not at tack and decompose the entire sample . This empirical approach has fre-
quently resulted in greater contras ts be tween background and anomalous values 
for e lements of interest . 

An extensive review of partial dissolution techniques has been made by Chao 
(19). He stated that partial dissolution in analyses of samples should be of most 
use with geological materials collected from the weathering zone . 

The most important feature of a partial dissolution procedure is the ability of 
a chemical (extractant) to dissolve a specific component or components of the 
sample. However , claims that individual components of a sample can be extracted 
and that the released metals are genetically related to the individual components 
should be viewed cautiously. 

Partial dissolution methods include single dissolutions and sequential multiple 
dissolutions. In the latter, several chemical ext ractants are applied in a sequence. 
The t rea tments are arranged so that the mildest ones are applied first and the 
drastic t rea tments later. 

Examples of ext rac tants are water , aqueous solutions of salts, buffers, strong 
and weak inorganic acids , organic acids , oxidants , and reductants . Whether an 
extract ion can be classified as selective or nonselective depends not only on the 
reagent (extractant) but also on the nature of the sample and other experimental 
condit ions. The concentra t ion of the ext ractant , the durat ion of the contact t ime, 
the tempera ture , and the ratio of extractant to sample all play a part . 

In geochemical work, some of the fractions of samples that provide useful in-
formation are water-soluble constituents, exchangeable metals, manganese oxides, 
iron oxides (amorphous and crystall ine), sulfides, carbonates , and organic matter . 
Silicates and some minerals are not a t tacked to any significant degree by any of 
the types of extractants listed above. These are sometimes designated as " res idue ." 
Residues can be treated with combinat ions of strong acids and/or fluxes as de-
scribed previously. 

The dissolution of sulfides is an important part of analyses of rocks. A discussion 
of a number of procedures for dissolving sulfides in the presence of silicates appears 
in Chapter 6, together with a recommended procedure. Water-soluble constituents 
including chloride, fluoride, calcium, magnesium, sodium, and potassium have 
been determined in o ther work on rocks (20, 21). 

Partial extract ions have been used extensively in studies of soils and sediments . 
The usual procedure is to mix the sample with the extractant for a specified t ime, 
separate the phases , and then analyze the liquid phase . Metals of most interest 
have been copper , lead, nickel, and zinc, although other e lements can also be 
determined in the extracts. The term "loosely bonded meta ls" is sometimes applied 
to these e lements . However , an extractant such as cold dilute HCl may attack 
some oxides , sulfides, and o ther minerals as well as carbonates . 

Hydrogen peroxide , alkaline sodium hypochlori te , and alkaline pyrophosphate 
are used to oxidize or to extract organic mat ter with the release of associated 
metals . Sodium hypochlori te does not a t tack the oxides of iron and manganese 
as strongly as hydrogen peroxide. The effectiveness of sodium and potassium 
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pyrophosphate is due to the ability of pyrophosphate to remove calcium, iron, 
and alumina, which stabilize organic matter in soils and sediments . 

Trace elements are often associated with precipitated manganese and iron oxides. 
The selective dissolution of the oxides and the determination of any trace metals 
have been studied by many workers. A procedure for the determination of a number 
of trace metals in oxalic acid extracts is contained in Chapter 6. 

Manganese oxides dissolve rapidly under moderately reducing neutral or acid 
condit ions. They can be separated from iron oxides by means of hydroxy lamine 
hydrochloride solutions. A typical concentrat ion is 0.1 M and a pH of 2. The 
attack on iron oxides is minimal. 

Iron oxides present a more difficult problem because of their occurrence in 
amorphous and crystalline forms. Since the proport ion of each form is of interest, 
researchers have tried to find conditions for their selective dissolution. Ammonium 
oxalate solution (pH 3) dissolves the amorphous phase . A solution of a strong 
reducing agent such as sodium dithionite a t tacks both phases . 

There are three main objectives in using selective sequential extract ions in geo-
chemical exploration: (a) The enhancement of geochemical contras ts between 
background and mineralized areas is very important , (b) The study of the manner 
of occurrence of t race elements in sediments and soils can provide useful data, 
(c) Sequential extract ions can help to differentiate between environmental and 
lithological effects related to mineralization. 

A number of schemes for sequential extract ions of samples of various types 
have appeared in the l i terature. As noted earlier, the milder extractants are gen-
erally applied first. If a significant proport ion of organic mat ter is present , it is 
oxidized at or near the beginning of the sequence . Any precipitates formed in an 
extraction must be redissolved before the next step in the procedure . A good 
example of a procedure for sequential extract ion is shown in Table 4 .3 . It was 
used for the fractionation of copper in soils and sediments (12, 22). 

T a b l e 4 .3 

Sequent ia l Extraction Procedures
3 

No. Extractant P h a s e d e c o m p o s e d 

1 0.1 M hydroxylamine 

hydrochloride in 0 .01 Μ H N 0 3 M a n g a n e s e oxide 

2 0 .25 M hydroxylamine 

hydrochloride in 0 .25 M HC l Iron oxides, amorphous 

3 Sodium dithionite
0 

Iron oxides, crystalline 

4 Potassium chlorate /HCI Sulf ides 

5 HF/HNO3 Silicate residue 

a
Source: Ref. 12. b
Any precipitate formed must be redissolved. 
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5 
Field Methods 

I. INTRODUCTION 

From an analytical chemistry point of view it is highly desirable to do geochemical 
exploration analyses in a well-equipped modern laboratory. However , there are 
instances when it is necessary to have methodology for geochemical exploration 
which can be used in the field. Experimental condit ions in the field are always 
somewhat less than ideal. Also, methodology suitable for field use involves com-
promises which would not exist in laboratory methodology. Contaminat ion, an 
ever present hazard in t race metal laboratories , is a greater problem in the field. 

Classically, colorimetric methods were used for field analysis. In this regard, 
almost every old-time exploration geochemist is familiar to some degree with dith-
izone methods for determination of copper , lead, and zinc in the field. Many have 
had the misfortune to have used these in a damp tent on rainy days when field 
geochemistry could not be done . Colorimetric methods for field geochemical ex-
ploration are still frequently employed today. 

In recent years , with the miniaturization resulting from development of solid-
state electronics, it has become possible to buy some types of instruments which 
operate from relatively low-power sources (batteries or low-power generators) . 
Such equipment may often be suitable for field use . 

One of the most extensive offerings of equipment specially designed for field 
work is the portable laboratories sold by Hach Company (Loveland, Colorado) . 
This equipment was developed for water and soil analysis , mainly in response to 
environmental and agricultural requirements. Several portable laboratory packages 
exist. Each contains reagents and reaction vessels for specific chemical tests to-
gether with measurement equipment and an analytical methods manual . Examples 
of equipment are digital t i t rators , color compara tors , spec t rophotometers , and pH 
and conductivity meters . The instrument(s) included in a particular portable lab-
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oratory offering depends on applications and price. Reagents and equipment for 
performing a particular analysis are also available in a single test kit. These test 
kits contain prepackaged reagents (usually in single doses) and reaction vessels 
together with color compara tors . The methodology has been designed to be as 
simple as possible, requiring a minimum amount of wet chemistry. 

Specific ion meters and p H meters suitable for field use are now available from 
a number of companies and can be purchased from scientific suppliers such as 
Orion Research Inc. and Sargent-Welch Scientific. Selective ion electrodes are 
becoming bet ter and bet ter (more selective and having bet ter detection limits). 
The fluoride electrode has over the years proved to be of greatest utility in geo-
chemical explorat ion. 

There are a few offerings of larger scale instrumentat ion being designed for field 
and laboratory use . Of particular interest for base and precious metal exploration 
is the Scintrex Ltd . (Concord, Ontar io , Canada) atomic absorpt ion spectrometer . 
This device contains a tungsten strip a tomizer which requires relatively low power 
and is crucially important . Background correct ion is carried out using the Zeeman 
effect. 

Several workers refer to the use of energy-dispersive x-ray analyzers in the 
field. Such equipment is mounted in a truck or van. The detector requires cooling 
in liquid nitrogen or air. Because of these requirements the present authors question 
whether such analyzers can be of any great practical utility in field geochemical 
operat ions . 

In this chapter methods are given for the most commonly determined elements 
in geochemical explorat ion. Emphas is is placed on colorimetric methodology be-
cause this type of approach is practical for even small budgets . 

In some laboratories , instrumentat ion for t race element analysis may not exist. 
Thus , the following colorimetric methods could also be employed in these labo-
ratories for geochemical explorat ion. 

II. COLORIMETRIC METHODS 

Much of the following methodology was developed at the U . S . Geological Survey 
and was published in a special volume in 1963 (1). Most of the methods appearing 
in the volume were intended for field work. In this regard, the methods have been 
designed to minimize the complexity and numbers of s teps . The authors state that 
usually 30 to 50% of the " c o r r e c t " value is obtainable. Minimum determinable 
amounts (in solid samples) of mercury , molybdenum, nickel, lead, copper , zinc, 
and uranium are (in parts per million) 2, 4, 25, 25, 10, 25, and 4, respectively. 

Some of the reagents required in the methodology are potentially hazardous , 
particularly under field condit ions. Thus , care is required to prevent exposure to 
excessive levels of poisonous solvent vapors and contamination of skin and clothing 
by hazardous chemicals . Frequent ly , personnel with little training in analytical 
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chemistry are utilized in the field for chemical analysis. Such workers must be 
carefully instructed and supervised to prevent relatively hazardous situations from 
occurring. 

Reagents and water used for chemical tests must be free from significant levels 
of the elements of interest . In this regard, waters available from field sources 
should be purified by means of demineral izers . Demineralizers for field use are 
available from many scientific suppliers. Great care is essential to prevent con-
tamination of reagent grade chemicals and purified waters by dirt, dust , smoke, 
e tc . 

Choice of suitable apparatus is an important requirement in planning a field 
chemical analysis program. Some of the more rudimentary equipment includes a 
balance (or calibrated scoop) , test tube racks , water baths (or drilled test tube 
heating blocks), heaters (e.g. , s tove) , drying oven, s ieves, demineralizer, and 
storage bottles for reagents and purified water . 

Two types of reaction test tubes are essential . Both should be constructed of 
borosilicate glass. Test tubes for acid digestion are thin-walled and relatively cheap. 
Test tubes suitable for fusions must have thicker walls. 

Sieves can be constructed from 80 mesh screen. This should preferably be made 
from nonmetallic material , e.g. , nylon cloth. 

High-density polyethylene containers should be used to store standard solutions. 
Concentra ted acids should be purchased in containers which have the minimum 
chance of shattering. Also, it is well to purchase acids in relatively small-volume 
containers to minimize the hazard if one is broken. 

Balances are much superior to calibrated scoops for sample measurement . The 
latter give different weights depending on the density of the sample being measured. 
In a study by McCarthy (2), the error in using a scoop was ± 15%. This may not 
be a problem when all requirements of the analysis and error sources have been 
considered. 

III. COLOR STANDARDS 

Stable standard colors for comparison with the unknown can be made or purchased. 
Hach Co . supplies "co lo r c u b e s , " which consist of a series of five different color 
intensity, fixed cubes in a single cuvet te a t tached to an empty cuvet te . The latter 
is used to contain the reacted unknown. Hawkins , Canney , and Ward (3) recorded 
a method for the preparat ion of plastic s tandards which can be used in a similar 
manner . This procedure is as follows: 

Prepare a set of the liquid s tandards that are to be matched in plastic. For 
s tandards that are of the same color but differ in intensity throughout the range 
of values covered by the method, pour about 3 tablespoonfuls of clear Castolite 
into a paper cup and add small amounts of dye until the color matches that of the 
liquid standard having the most intense shade. Prepare the remaining plastic stan-
dards by dilution of this colored resin with appropriate amounts of clear resin to 
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produce a series of the proper intensities. For s tandards that differ in color with 
different concentra t ions of metal , each s tandard must be prepared separately. 

Take a glass tube of the same dimensions as those containing the standard so-
lutions to be used as color guides. Clamp it in a vertical position and pour in about 
1 teaspoonful of clear resin mixed with the hardener and cold-setting promoter . 
Allow the mixture to gel for about 10 min. 

Mix the hardener and cold-setting promoter with the colored resin corresponding 
to the lowest s tandard and pour this mixture into the tube until the volume of the 
layer is approximately equal to the volume of the organic layer in the liquid stan-
dard. Allow it to gel. After the colored layer has gelled, add a layer of clear resin 
and allow it to gel. 

Continue the process of pouring alternating clear and colored layers until the 
whole series of s tandard colors has been matched; then pour a clear layer about 
1.9 cm thick on top of the last colored layer. 

Allow the gelled plastic to cool to room tempera ture , then cure the plastic rod 
by heating the tube for 30 min in a water bath at 70°C. (Some heat is liberated by 
the plastic as it gels. Unless the plastic is cooled to room tempera ture prior to 
curing, the casting will crack while it is being cured.) 

Take the tube from the water bath and add about 5 ml ace tone . Remove the 
casting from the glass tube by inverting the tube and tapping its mouth sharply 
against a solid surface. Wipe the rod with tissue to remove a thin adhering layer 
of syrupy resin. 

A. COPPER-BlQUINOLINE STANDARDS 

N o commercial ly available dye satisfactorily duplicates in plastic the color of the 
copper-biquinol ine complex. The authors (3) found that a complex formed by the 
reaction of tin(IV) with 4,5-dihydroxyfluorescein (gallein) gives the resin a red 
color closely resembling that of the copper complex. This red complex is prepared 
by allowing stannic ion to react with 4,5-dihydroxyfluorescein in an acetate-buff-
ered aqueous medium at a p H of 2 -2 .5 . The complex is extracted by a binary 
mixture of o-dichlorobenzene and cyclohexanone . 

A difficulty exper ienced with the use of this compound as a dye is that the color 
tends to fade slightly in the curing. To correct this, the resin should be made 
slightly deeper in color than the standard it is to match; the necessary correction 
must be determined experimental ly. Once the plastic has been cured, however , 
the color is resistant to fading. 

B. ZINC DITHIZONATE STANDARDS 

The dyes that are commercial ly available for coloring Castolite can be used in 
preparing the plastic s tandards for zinc. The best results are obtained by using 
dilute alcohol or acetone solutions of these dyes to color the resin. The dyes are 
diluted as described below: 
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Green: 50 mg green dye dissolved in 10 ml acetone 

Blue: 4 drops concentra ted blue dye in 19 ml acetone 

Violet: 4 drops concentra ted violet dye in 10 ml acetone 

Red: 4 drops concentra ted red dye in 10 ml acetone 

Table 5.1 shows the dye mixtures required to obtain a fair approximation of the 
colors of the zinc s tandards . The standard rod is prepared according to the general 
procedure . 

C. MERCURY DITHIZONATE STANDARDS 

To prepare plastic s tandards for mercury , use a saturated ethyl alcohol solution 
of Orange II to color the resin. About 7 drops of Orange II dye in 1 tablespoonful 
of clear resin are required to match the standard with the highest metal content . 
Dilute port ions of this preparat ion with sufficient amounts of clear resin to match 
the other members of the standard series. Cast each standard separately in a pointed 
15 ml centrifuge tube to conform as nearly as possible to the dimensions of the 
liquid s tandards , which are prepared and used in 60 ml separatory funnels. 

N O T E : Because plastic s tandards are not able to compensa te for variations in color in-
tensity due to slight differences in reagent strength and the color-developing pro-
cedure , it is important to include an aqueous standard to be used as a control 
within each sample set. 

T a b l e 5.1 

D y e Mixtures Required to Obta in Approximate Colors of the Zinc 

Standards 

Amount of dye to be a d d e d to 

Meta l content of standard 
1 tablespoon clear resin 

( μ 9 ) N u m b e r of drops Color of dye 

0 2 G r e e n 

1 1 G r e e n 

4 Blue 

2 Violet 

2 2 Blue 

5 G r e e n 

2 R e d 

3 7 Violet 

1 Blue 

4 R e d 

4 1 Blue 

7 Violet 

6 R e d 

Source: Ref. 3. 
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IV. SAMPLE PREPARATION (SAMPLES CONTAINING 
ORGANIC MATTER) 

As in the laboratory, there are two basic approaches to sample ashing when organic 
matter must be removed. These are dry and wet ashing methods . When power is 
available in the field (e.g. , generators) , modified laboratory methods based on 
ovens and hot plates can be employed. If sufficient power is not available, then 
barbecues or braziers can be used for dry ashing. 

If an oven is available, dry ashing can readily be performed. To improve sample 
throughput in the ashing process , plant material should be pelletized (1). This also 
results in a more uniform ash. Prior to the pelletizing, the plant material should 
be rinsed in purified water to remove as much surface dust as possible. This is 
followed by drying and grinding. The pelletized samples are then ashed at 500°C. 

When dry ashing cannot be done in an oven, the following method by Ward et 
al. (1) can be employed. 

A modified charcoal brazier or barbecue has been found satisfactory for field 
ashing of vegetat ion, producing an ash comparable in quality to that obtained by 
use of a muffle furnace in the laboratory. 

The bot tom of a charcoal brazier is covered with aluminum foil (see Fig. 5.1). 
A layer of coarse gravel 2.5 to 10.1 cm deep is placed in the bot tom of the brazier. 
A covered aluminum can 7.6 cm in diameter and 10.1 cm in depth , with a 1.2 cm 
hole cut in the center of the cover , is used as a container for each sample. To 
keep the aluminum cans from melting from the intense heat of burning charcoal , 
each is held in the brazier by a 14 gauge wire sleeve of 4 by 4 mesh, fashioned 
7.9 cm in diameter by 15.2 cm in depth , and with a 14 gauge cross-wire insert 6.6 
cm from one end. Twelve or more such sleeves are placed, one for each sample 
can, in the charcoal brazier, utilizing the space to the fullest advantage. Commercial 

F i g u r e 5 . 1 . Cross section of brazier. 

V. DRY ASHING 

A l u m i n u m can W i r e mesh s leeves 

C h a r c o a l 
br iquets Braz ie r 

S t ream grave l 
A l u m i n u m fo i l 
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charcoal briquets supply the fuel. One briquet is placed in the bot tom of each 
sleeve, and each sleeve is then surrounded by briquets . 

With pruning shears , cut the samples of vegetation into small pieces so that 5 0 -
75 g of each sample will fit into its aluminum container . Place the covers on the 
containers, place the containers in the sleeves in the brazier, and ignite the charcoal. 
When the excess smoke has ceased pouring from the hole in the cover of each 
container, remove the cover and stir the sample with a glass rod. Let containers 
stand open until the organic material has oxidized; remove the containers from 
the sleeves. 

NOTE : The entire procedure takes about 2 h. Since the coals around the sleeves are 
already burning, a new batch of samples may be placed in the unit and the operation 
repeated. 

VI. WET ASHING 

Many of the laboratory wet ashing procedures, given elsewhere in this book, could 
be modified for use in the field. The following procedure in Ward et al. (1) is 
recommended as a rapid method. 

Reagents and Equipment 

• Hydrogen peroxide, 30% 

• Nitric acid, ACS grade, concentra ted 

• Sulfuric acid, ACS grade, concentra ted 

• Flask, 500 ml Er lenmeyer , having a ground-glass joint that fits a 30.4 cm air 
condenser 

Procedure 

Prepare a 3-5 g sample pellet and transfer the pellet to a flask containing 25 ml 
of sulfuric acid and 20 ml of nitric acid. Fit the flask with a 30.4 cm air condenser 
and boil the mixture gently. Continue gentle boil, adding small amounts of nitric 
acid at frequent intervals until liquid is yellow. Cautiously add hydrogen peroxide 
dropwise until all color is removed. Cool; dilute the colorless solution to 100 ml 
with 0.5 M sulfuric acid. 

N O T E : The ashing time by this procedure is about 20-30 min. 

VII. ANALYTICAL PROCEDURES 

A. DETERMINATION OF COPPER, LEAD, AND ZINC IN SOILS AND ROCKS ( 1 ) 

Comments on the Method 

This method involves a pyrosulfate fusion. The fusion is carried out in a 16 by 
150 mm test tube. The fusion mixture is dissolved in 6 M hydrochloric acid. Suitable 
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aliquots of the sample solution are t reated separately for zinc, lead, and copper . 
The color reagent for zinc and lead is di thizone. The compound 2,2

,
-biquinoline 

is used for copper . Because of the ex t reme sensitivity of this method, great care 
is required to prevent problems due to contaminat ion. 

Reagents 

• Dithizone stock solution, 0 .01%: Dissolve 0.005 g dithizone (diphenylthiocar-
bazone) in 500 ml carbon tetrachloride (CC14). Shake the mixture intermittently 
over a period of about 1 h to effect solution. 

• Dithizone test solution, 0 .001%: Dilute 50 ml dithizone stock solution (0.01%) 
to 500 ml with CC1 4. 

• Hydrochlor ic acid, 6 M: Add 100 ml metal-free water to 100 ml concentrated 
reagent grade hydrochloric acid. 

• Potassium pyrosulfate ( K 2S 20 7) , fused powder , reagent grade. 

N O T E : Dithizone solutions are readily oxidized in the presence of light. The problem 
increases for more dilute solutions. Thus , a strong stock solution is prepared. 

Interferences are an ever present problem with colorimetric methods . In the 
determinat ion of lead at p H 8.5, interferences due to copper , zinc, and other ele-
ments are prevented by the addition of potassium cyanide. Additional interferences 
can be caused by tin (as S n

2 +
) , thor ium, and bismuth (all usually present in only 

very small amounts) . Interference in the zinc determinat ion at p H 4.5 is minimized 
by the addition of sodium thiosulfate. Lead and S n

2+
 would still interfere if present. 

If 10 x greater amounts of cadmium, cobalt , nickel, or copper are present , an 
interference will be exper ienced (this is unlikely). .Organic mat ter is the worst 
interference problem in the copper determinat ion. Samples containing large 
amounts of organic mat ter must be oxidized by either the dry or the wet procedure 
before the copper is dissolved. 

Lead reagents 

• Lead buffer solution: Transfer 50 g ammonium citrate [ ( N H 4) 2H C 6H 50 7] , 10 g 
potassium cyanide (KCN) , and 8 g hydroxylamine hydrochloride ( N H 2O H · 
HCl) into a large separatory funnel; add 800 ml metal-free water and shake the 
funnel until the reagents are dissolved. Add 2 ml thymol blue indicator and then 
concentra ted ammonium hydroxide until the p H of the solution is 8.5 (color is 
blue). Remove any contaminating heavy metals by the following procedure . 

ο Transfer 50 ml dithizone solution (0.01%) to the separatory funnel, shake, 
allow the CC1 4 phase to collect in the bot tom of the funnel, and discard the 
CC1 4 phase . Cont inue this process with additional 50 ml increments until the 
discarded organic phase is green. 

ο Some dithizone is dissolved in the buffer solution, imparting to it a yellow 
color. This is removed by successive extract ions with 50 ml port ions of chlo-
roform (CHC13). Chloroform dissolved in the buffer solution is removed by 
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shaking the buffer solution with 100 ml CC1 4 and discarding the organic phase . 
Dilute the aqueous buffer solution to 1 liter with metal-free water . 

• Potassium cyanide solution ( 0 . 1 % aqueous) . Caution: Dissolve 1 g potassium 
cyanide (KCN) in 1 liter metal-free water . 

• Standard lead solution, 100 μg/ml: Dissolve 0.016 g lead nitrate [Pb(N0 3) 2] , dried 
for 1 h at 110°C, in 100 ml metal-free water containing 1 ml concentra ted nitric 
acid. 

• Standard lead solution, 10 μg/ml: Add 10 ml s tandard lead solution (100 μg/ml) 
to a 100 ml volumetric flask containing 1 ml concentra ted nitric acid and about 
10 ml metal-free water . Dilute to 100 ml with metal-free water . 

• Thymol blue, 0 .2% aqueous : Dissolve 0.2 g sodium salt of thymol blue in 100 
ml metal-free water . 

Copper reagents 

• 2,2'-Biquinoline solution, 0.02%: Add 0.2 g 2,2'-biquinoline to about 900 ml 
isoamyl alcohol in a beaker . Warm on a s team bath in a well-ventilated room 
away from open flame until the biquinoline is dissolved. Allow the solution to 
cool, and dilute to 1 liter with isoamyl alcohol. The solution should be colorless; 
if it is yellow, the reagent is impure and should not be used. 

• Copper buffer solution: Dissolve 400 g sodium acetate ( N a C 2H 30 2 · 3 H 20 ) , 100 
g sodium tartrate ( N a 2C 2H 40 6 · 2 H 20 ) , and 20 g hydroxy lamine hydrochloride 
( N H 2O H · HCl) in 1 liter metal-free water . If necessary , adjust the pH of this 
solution with hydrochloric acid or sodium hydroxide solution to between 6 and 
7, using pH test paper . To check for copper contaminat ion, place 10 ml of buffer 
in a culture tube , add 1 ml of the biquinoline reagent , cap , and shake for 2 min. 
Absence of a pink color in the organic layer indicates that the solution is sat-
isfactory for use. If found to be contaminated, the buffer solution may be cleaned 
by the procedure given for the lead buffer solution above . 

• Hydrochloric acid, 6 M: Add 500 ml concentra ted reagent-grade hydrochloric 
acid to 500 ml metal-free water . 

• Standard copper solution, 100 μg/ml: Dissolve 0.200 g copper sulfate ( C u S 0 4 · 
5 H 20 ) in 500 ml 0.1 M hydrochloric acid. 

• Standard copper solution, 10 μg/ml: Transfer 10 ml s tandard copper solution 
(100 μg/ml) to a 100 ml volumetric flask, and dilute to 100 ml with 0.1 M hy-
drochloric acid. 

Zinc reagents 

• Zinc buffer solution: Dissolve 125 g sodium thiosulfate ( N a 2S 20 3 · 5 H 20 ) in 
about 400 ml metal-free water in a large separatory funnel. Remove heavy metals 
by extracting them from the solution with dithizone solution (0.1%) in one or 
more 50 ml port ions, as follows: After the addition, the funnel is shaken and 
the CC1 4 layer allowed to settle to the bot tom. If this layer shows any color 



VII. Analytical Procedures 107 

except the characterist ic clear green of di thizone, heavy metals are present and 
are reacting with the dithizone to form colored di thizonates . In that case , the 
layer should be drained away and another 50 ml portion dithizone (0.01%) added. 
When the lower layer is green and remains green, the excess dithizone must be 
removed from the buffer solution by extracting it with successive 50 ml portions 
CC1 4. The process is the same as that described above , except that now the 
port ions are added, shaken, then discarded until the lower layer is colorless. 

ο Dissolve 300 g sodium aceta te ( N a C 2H 30 2) in 400 ml of metal-free water , then 
add 60 ml of glacial acetic acid. Remove heavy metals by the procedure de-
scribed above . 

ο Combine above solutions and dilute to 2 liters with metal-free water . 

• Standard zinc solution, 100 μg/ml: Dissolve 0.100 g of reagent grade 30 mesh 
zinc metal in 10 ml concentra ted hydrochloric acid and dilute to 1 liter with 
metal-free water . 

• Standard zinc solution, 10 μg/ml: Transfer 10 ml s tandard zinc solution (100 μg/ 
ml) to a 100 ml volumetric flask and dilute to volume with metal-free water . 

Equipment 

• Culture tubes , 16 by 150 mm and 22 by 175 mm 

• Caps , polyethylene, size S-3, to fit 22 by 175 mm tubes 

• Scoop , 0.1 g and 0.5 g 

• Spatula 

• Pipets , volumetr ic , 1 ml graduated in tenths and 2 ml 

• Separatory funnels, 125 ml 

• Separatory funnel rack 

• Graduated cylinders, 25 ml glass-stoppered 

• Rubber bulb (used to provide suction for pipetting poisonous solutions such as 
potassium cyanide) 

Standard Solutions 

Lead standard solutions 

Prepare lead s tandards of 0, 1, 2, and 3 μg by pipetting suitable aliquots from a 
standard lead solution (10 μg/ml) into 125 ml separatory funnels containing 10 ml 
lead buffer. Proceed as for samples below. As these liquid s tandards for lead 
usually begin to fade after approximately Vi day, they should be prepared fresh 
twice daily. 

Zinc standard solutions 

Prepare zinc s tandards of 0, 1, 2, 3 , and 4 μg by pipetting into each of five 22 by 
175 mm culture tubes , respect ively, suitable aliquots from a standard zinc solution 
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(10 μg/ml). Add 8 ml zinc buffer solution to each of the tubes and proceed as for 
samples below. These s tandards are usually stable for at least 2 days . 

Copper standard solution 

Prepare copper s tandards of 0, 0.2, 0.4, 0.8, 1.5, 3, and 6 μg by pipetting into 
seven 25 by 200 mm culture tubes suitable aliquots from a standard copper solution 
(10 μg/ml). Add 10 ml copper buffer solution and proceed as for samples below. 
If kept tightly s toppered to prevent evaporat ion of the isoamyl alcohol, these stan-
dards are usually stable for several months . 

Procedure 

Weigh or scoop a 0.1 g sample and transfer it to a 16 by 150 mm culture tube . 
Scoop 0.5 g K 2 S 2 0 7 flux into the culture tube and shake the tube to mix the sample 
and flux. Fuse the mixture for about 2 min after the flux melts . Remove the tube 
from the flame and rotate it so that the melt cools in a thin film on the side of the 
tube. When the tube is cool, add 3 ml of 6 M hydrochloric acid to it and place it 
in a hot-water bath until the melt has disintegrated. To hasten disintegration of 
the melt, shake the tube intermittently or crush the melt with a glass rod. Remove 
the tube from the water bath and dilute the sample solution to 10 ml with metal-
free water . Shake the tube vigorously to mix the sample solution. Take suitable 
aliquots from this single sample solution for copper , lead, and zinc est imations. 

Est imations 

Estimation of lead 

Transfer a 2 ml aliquot of the sample solution to a 125 ml separatory funnel con-
taining 10 ml lead buffer solution. Add 2 drops thymol blue indicator solution to 
the funnel; then add concentra ted ammonium hydroxide dropwise until the pH 
of the solution is 8.5 to 9, as indicated by a change from yellow to blue. Add 5 
ml dithizone solution (0.001%) and shake the separatory funnel gently for about 
115 s. Drain the CC1 4 layer into a 25 ml glass-stoppered graduated cylinder con-
taining 10 ml potassium cyanide solution (0.1%). Shake the cylinder gently for 5 
s. Compare the color of the CC1 4 layer with the similarly prepared standard so-
lutions. If the sample color is above the highest s tandard, repeat using a smaller 
aliquot. 

Estimation of zinc 

Transfer a 2 ml aliquot of the sample solution to a 22 by 175 mm culture tube 
containing about 8 ml zinc buffer solution. Add 5 ml dithizone solution (0.001%) 
and tightly cap the culture tube . Shake the tube vigorously for 30 s. Compare the 
color in the CC14 layer with similarly prepared standard zinc solutions. If the sample 
solution color is above the highest s tandard, repeat using a smaller aliquot. 

Estimation of copper 

Transfer a 2 ml aliquot of the sample solution to a 22 by 175 mm culture tube 
containing 10 ml copper buffer solution. Add 2 ml of 2,2

,
-biquinoline solution to 
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the tube . Tightly cap the tube and shake vigorously for 45 s. Allow the layers to 
separate, and compare the color of the isoamyl alcohol layer with similarly prepared 
s tandards of known copper content . Repeat , if necessary , using a smaller aliquot. 

B. DETERMINATION OF COPPER, LEAD, AND ZINC IN PLANTS ( 1 ) 

Procedure 

The plant material must be ashed by one of the procedures given previously. If 
dry ashing is employed the ash must be ground to 200 mesh after mixing. 

Fuse a 0.1 g portion of the ash with 0.5 g potassium pyrosulfate. Dissolve the 
fusion in 3 ml of 6 M hydrochloric acid. Dilute the solution to 10 ml. React aliquots 
of the solution in an identical manner to the reaction of rock and soil solutions 
using the above procedure . 

C. DETERMINATION OF COBALT IN GEOLOGICAL MATERIALS (4) 

Comment on the Method 

The sample is decomposed by fusion with potassium bisulfate. Tri-rt-butylam-
monium tetrathiocyanatocobal t ia te is formed and the blue complex is extracted 
with amyl alcohol. A p H range of 4 .5-5.2 is maintained to minimize interferences. 
Up to 10% each of iron, a luminum, and manganese can be tolerated. If calcium 
is above 5%, low results for cobalt may result from coprecipitat ion of cobalt with 
calcium sulfate. The concentrat ion range for cobalt is 1-250 ppm, and this can be 
increased by the use of a 0.1 ml aliquot. 

Reagents 

• Potassium bisulfate, fused powder . 

• Hydrochloric acid, concent ra ted . 

• Hydrochlor ic acid, 6 M: Mix 200 ml of concentra ted acid with 200 ml of water , 
or use the constant-boiling mixture . 

• Hydrochloric acid, 0.5 M: Mix 20 ml of concentra ted acid with 420 ml of water . 

• Buffer solution. A: Dissolve 170 g of sodium acetate ( tr ihydrate) , 40 g of sodium 
pyrophosphate (decahydrate), and 5 g of hydroxylamine hydrochloride in water; 
add 140 ml of 6 M hydrochloric acid and dilute to 1 liter with water . B: Dissolve 
360 g of potassium thiocyanate in water and dilute to 1 liter. Mix A and Β in 
the ratio 9 : 1 as required each day. 

• Tri-Ai-butylamine, 10%: Mix together 90 ml of /i-amyl alcohol or isoamyl alcohol 
and 10 ml of t r i-H-butylamine. 

• Standard cobalt solutions: 

ο 100 μg cobalt/ml: Dissolve 202.4 mg of cobal tous chloride (hexahydrate) in 
0.5 M hydrochloric acid and dilute to 500 ml with the 0.5 M acid. 

ο 20 μg cobalt/ml: Dilute 20 ml of the 100 μg/ml solution to 100 ml with 0.5 M 
hydrochloric acid. 
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ο 5 μg cobalt/ml: Dilute 25 ml of the 20 μg/ml solution to 100 ml with 0.5 M 
hydrochloric acid. 

Procedure 

Weigh 0.25 g of sample into a test tube (16 by 150 mm). Add 1 g of potassium 
bisulfate, mix, and fuse until a quiescent melt is obtained. Leach with 5 ml of 0.5 
M hydrochloric acid on a sand tray or in a boiling-water bath. 

When cold, pipet a 2 ml aliquot into a test tube (16 by 150 mm) calibrated at 
10 and 12 ml and containing 10 ml of buffer solution. Add 0.5 ml of 10% tri-ri-
butylamine solution. Cork the tube and shake it vigorously for 1 min. Compare 
with a standard series. If the color in the solvent phase exceeds that of the highest 
s tandard, use an aliquot of 0.1 ml to 10 ml of buffer solution and dilute to 12 ml 
with 0.5 M hydrochloric acid before proceeding with the extract ion. 

Cobalt (ppm) = 20 x μg of matching standard/ml of aliquot 

Standards 

To 23 test tubes (16 by 150 mm), each calibrated at 10 and 12 ml and containing 
10 ml of buffer solution, add respectively 0, 0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 
4.0, 4 .5, and 5.0 μg of cobalt using a s tandard solution containing 5 μg cobalt/ml, 
and 6.0, 7.0, 8.0, 9.0, 10.0, 12.0, 14.0, 16.0, 18.0, 20.0, and 25.0 μg of cobalt using 
a standard solution containing 20 μg cobalt/ml. Dilute to 12 ml with 0.5 M hy-
drochloric acid. Add 0.5 ml of 10% tr i -Az -butylamine. Cork the tubes and shake 
them vigorously for 1 min. 

D. DETERMINATION OF GOLD IN GEOLOGICAL MATERIALS (4) 

Comment on the Method 

The sample is t reated with hydrochloric/nitric acid to dissolve the gold as chloro-
auric acid. After evaporat ion of excess acid, gold is coprecipitated with tellurium. 
The metals are redissolved and the gold is reacted with brilliant green and extracted 
with toluene. The colors of the s tandard series range from colorless (zero) to 
intense blue; they are stable for only 3 h. 

The concentrat ion range is 0.05-4 ppm. 

Reagents 

• Hydrochloric acid, concentra ted . 

• Hydrochloric acid, 2 M: Mix 80 ml of the concentra ted acid with 360 ml of 
water . 

• Hydrochloric acid, M : Mix 40 ml of the concentra ted acid with 400 ml of water . 

• Hydrochloric acid, 0.5 M: Mix 20 ml of the concentra ted acid with 420 ml of 
water . 

• Nitric acid, concentra ted . 
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• Aqua regia: Mix 300 ml of concentra ted hydrochloric acid with 100 ml of con-
centrated nitric acid. 

• Acid mixture: Mix 500 ml of aqua regia with 500 ml of water . 

• Copper- te l lur ium solution: Dissolve 2 g of cupric sulfate (pentahydrate) and 210 
mg of tellurium tetrachloride in 100 ml of 2 M hydrochloric acid. 

• Ferric chloride solution: Dissolve 100 g of ferric chloride (hexahydrate) in 2 M 
hydrochloric acid, and dilute to 1 liter with this strength of acid. 

• S tannous chloride solution: Dissolve 200 g of the dihydrate in 2 M hydrochloric 
acid, and dilute to 1 liter with this strength of acid. 

• Brilliant green, Color Index Reference N o . 42040. 

• Ethyl alcohol, absolute . 

• Brillian green solution, 1%: Dissolve 1 g of brilliant green in 100 ml of ethyl 
alcohol. 

• Brillian green solution, 0.05%: Dilute 5 ml of the 1% solution to 100 ml with 
toluene. 

• Potassium dichromate solution: Dissolve 5 g of solid reagent in 100 ml of water . 

• Toluene , sulfur-free grade: Shake 1 liter for 2 min with 10 ml of potassium di-
chromate solution, discard the aqueous phase , and wash the toluene four times 
by shaking with successive 500 ml volumes of water . Filter the toluene through 
a Whatman N o . 1 filter paper to remove water . 

• Standard gold solutions: 

ο 5 mg gold/ml: Dissolve 504 mg of sodium chloroaurate (dihydrate) in 25 ml 
of M hydrochloric acid and dilute to 50 ml with water . 

ο 50 μg gold/ml: Dilute 1 ml of the 5 mg/ml solution to 100 ml with 0.5 M hy-
drochloric acid. 

ο 1 μg gold/ml: Dilute 2 ml of the 50 μg/ml solution to 100 ml with 0.5 M hy-
drochloric acid. 

The 50 μg/ml and 1 μg/ml solutions must be prepared freshly as required. 

Procedure 

Weigh 1 g of sample into a test tube (19 by 150 mm, with rim) calibrated at 5 and 
10 ml. Add 5 ml of acid mixture and evapora te to dryness in an oven. When cold, 
add 5 ml of 2 M hydrochloric acid and boil gently for 15 min. Add 5 ml of 2 M 
hydrochloric acid, mix, and leave to settle. 

Pipet a 5 ml aliquot of the clear solution into a beaker (100 ml) calibrated at 50 
ml and dilute to 50 ml with 2 M hydrochloric acid. Add 2 ml of copper- te l lur ium 
solution. Add 5 ml of ferric chloride solution and mix well. Add 10 ml of s tannous 
chloride solution. Bring to the boil, and maintain jus t below boiling for 30 min. 
Add 1 or 2 drops of s tannous chloride solution to check that precipitation is com-
plete. 
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Filter through a filter stick (porosity 3) while the solution is still hot, and wash 
the beaker and precipitate with 2 M hydrochloric acid. Dissolve the precipitate 
in 1 ml of hot aqua regia. Rinse the precipitation beaker with another 1 ml of hot 
aqua regia. Pour the solution through the filter stick and wash the stick with a 
few milliliters of water . Evapora te to dryness in a test tube (19 by 150 mm, with 
rim) calibrated at 2.5 and 10 ml, using an oven. Dissolve the residue in 2.5 ml of 
2 M hydrochloric acid by warming gently. Dilute to 10 ml with water . 

Add 1 ml of 0.05% brilliant green solution. Cork the tube and shake it vigorously 
for 30 s. Allow the phases to separate ; then transfer the toluene phase with an 
automatic pipet to a test tube (19 by 150 mm) calibrated at 10 ml and containing 
10 ml of 0.5 M hydrochloric acid and 0.05 ml of 1% brilliant green solution. Cork 
the tube and shake it vigorously for 2 min. Compare with a standard series. 

If the intensity of color in the toluene phase exceeds that of the highest standard, 
use an aliquot of 0.5 ml and begin again at the second paragraph in the Procedure . 

Gold (ppm) = 10 x μg of matching standard/ml of aliquot 

Standards 

To 11 test tubes (19 by 150 mm) calibrated at 10 ml add respectively 0, 0.05, 0 .1 , 
0.2, 0.3, 0.4, 0.5, 0.75, 1.0, 1.5, and 2.0 μg of gold, using a standard solution 
containing 1 μg gold/ml. Dilute to 10 ml with 0.5 M hydrochloric acid. Proceed 
as described in paragraph four of the procedure . Store in the dark when not in 
use. This standard series is stable for only 3 h. 

E. DETERMINATION OF NICKEL IN SOILS, ROCKS, AND PLANTS ( 1 ) 

Comments on the Methods 

Potassium pyrosulfate is used to fuse a sample. The fusion thus obtained is dis-
solved in 6 M hydrochloric acid. The reagent α-furildioxime forms a yellow-colored 
complex with nickel. An interference is experienced when the cobalt : nickel ratio 
exceeds 12 : 1. Copper and iron (as F e

2 +
) can cause t rouble, but only if the ratio 

of metal to nickel exceeds about 100: 1. A pH of 8.5-9.5 is used for best color 
development . Vegetation samples must be ashed (see Section VII,B) prior to their 
fusions. 

Reagents 

• Potassium pyrosulfate ( K 2S 20 7) , fused powder . 

• Hydrochloric acid, 2 M. 

• Nickel buffer solution: Dissolve 60 g ammonium citrate [ ( N H 4) 2H C 6H 50 7] in 
about 200 ml metal-free water . Add 130 ml concentra ted ammonium hydroxide, 
then dilute to 1 liter with metal-free water . 

• a-Furildioxime solution, 0.2%: Dissolve 0.2 g a-furildioxime in 15 ml absolute 
ethanol and dilute to 100 ml with benzene . 
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• Standard nickel solution, 100 μg/ml: Dissolve 0.2 g clear uneffloresced crystals 
of nickel chloride (NiCl 2 · 6 H 20 ) in 500 ml of 0.1 M hydrochloric acid. From 
this solution prepare standard solutions (10 μg/ml and 1 μg/ml) prior to preparing 
the series of nickel s tandards . 

Preparat ion of Calibrating Solutions 

A series of nickel s tandards for 0, 0.5, 1, 2, 4, 8, 15, 30, 60, and 100 μg of nickel 
is r ecommended . To prepare the s tandards , place 1 ml of 2 M hydrochloric acid 
and 5 ml of nickel buffer in each of a series of 16 by 150 mm culture tubes , add 
to each the required amount of nickel solution to produce the series suggested 
above , and then follow the appropria te sections of the following procedure . 

Equipment 

• Culture tubes , 16 by 150 mm, each marked at 5 ml and 10 ml capacities 

• Scoops , 0.1 and 0.5 g 

• Pipets: 5 ml automatic, 2 ml automatic, 2 ml volumetric, 1 ml graduated in tenths 

Procedure 

Weigh or scoop a 0.1 g sample into a 16 by 150 mm culture tube . Add 0.5 g of 
potassium pyrosulfate to the tube , heat to fuse the mixture , and continue heating 
for about 2 min after the contents melt. Remove the tube from the flame and rotate 
the tube so that the melt cools in a thin film on t h e side of the tube. When the 
tube is cool , add 5 ml of 2 M hydrochloric acid and place the tube in a hot-water 
bath until the melt disintegrates. Allow the tube to cool, then dilute the sample 
solution to 10 ml with water . Transfer a suitable aliquot (not more than 2 ml) of 
the sample solution to a 16 by 150 mm culture tube that contains 5 ml nickel buffer 
solution. Add 1 ml a-furildioxime solution, s topper the tube , and shake for at least 
1 min. Compare the color of the benzene layer with colors of benzene layers in 
similarly prepared s tandards . 

F. DETERMINATION OF MOLYBDENUM IN SOILS AND ROCKS ( 1 ) 

Comments on the Method 

The sample is sintered with a mixture of sodium carbonate and potassium nitrate. 
The sinter cake is leached with warm water . (Water prevents the solubilization 
of potential interferents, particularly iron and copper . ) An aliquot of the resulting 
solution is t reated with 1 M hydrochloric acid dropwise until the pH is reached 
where the pink color of Phenolphthalein just disappears. An amber-colored solution 
for analysis is obtained by addition of potassium thiocyanate . The method can 
detect down to 5 ng of molybdenum. Tar t ra te is added to minimize tungsten in-
terference. Large amounts of rhenium, uranium, vanadium, and niobium may in-
terfere. If excessive amounts of ferric ion are leached by the water , s tannous 
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chloride solution is added to reduce the ferric to ferrous, which does not appre-
ciably interfere. 

Reagents 

• Flux: Mix equal parts by weight of sodium carbonate ( N a 2C 0 3) and potassium 
nitrate ( K N 0 3) and grind to pass an 80 mesh sieve. 

• Hydrochloric acid, concentra ted , reagent grade. 

• Isopropyl ether: If e ther is not peroxide-free, on the day it is to be used shake 
it with one-tenth its volume of equal amounts of s tannous chloride (SnCl 2) and 
potassium thiocyanate (KSCN) reagents . 

• Phenolphthalein indicator solution, 1%: Dissolve 1 g Phenolphthalein in 100 ml 
alcohol. 

• Potassium nitrate solution, 10%: Dissolve 10 g in 100 ml water . 

• Potassium thiocyanate solution, 5%: Dissolve 5 g salt in 100 ml water . Prepare 
fresh daily. 

• Sodium tartrate ( N a H C 4H 40 6 · H 20 ) , powdered , reagent grade. 

• Standard molybdenum solution, 100 μg/ml: Dissolve 0.075 g pure molybdic acid 
anhydride in 1 M sodium hydroxide, dilute with water , add 1 M hydrochloric 
acid until solution is acid, and then dilute to 500 ml with water . 

• Standard molybdenum solution, 1 μg/ml: Prepare daily by diluting 1 ml standard 
solution (100 μg/ml) to 100 ml with water . 

• Stannous chloride reagent, 10%: Dissolve 10 g SnCl 2 · 2 H 20 in 17 ml concentrated 
hydrochloric acid, and dilute with water to a volume of 100 ml. 

Preparation of Calibrating Solutions 

Transfer, respectively, 0, 0 .1 , 0.2, 0.4, 0.8, 1.5, 3, and 6 μg molybdenum to a 
series of culture tubes , then follow the sample procedure below. 

Equipment 

• Culture tubes , 16 by 150 mm 

• Flask, volumetric, 100 ml 

• Scoop, 0.1 g 

• Mullite mortar and pestle 

• Pi pets , 1 and 2 ml, graduated 

• Stevens extractors (These are made by constricting near one end a glass tube 
120 mm long by 7 mm i.d. and packing the resulting small bulb with fine glass 
wool to serve as a filtering medium.) 

Procedure 

Add 0.1 g sample to a 16 by 150 mm culture tube , then add 0.5 g flux. Shake the 
tube thoroughly to mix the sample and flux. Heat and rotate the tube over a burner 
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to effect a sinter. Cool tube, and add 4 ml metal-free water. Put a stoppered Stevens 
extractor into the culture tube and place the tube in a boiling-water bath for 5 
min. Remove the tube from the water bath and cool . 

Pi pet a 1 ml filtered aliquot into a 16 by 150 mm culture tube marked at 5 ml. 
Add 1 drop phenolpthalein solution to the aliquot, and then add 1 M hydrochloric 
acid, d rop by d rop , until the pink color d isappears . Add 0.5 ml potassium nitrate 
solution and 0.2 g powdered sodium tartrate and shake to dissolve. Bring the 
volume of the solution to 5 ml with water . Add the following reagents and shake 
the tube after each addition: 

• 0.5 ml concentra ted hydrochloric acid 

• 0.3 ml potassium thiocyanate 

• 0.5 ml s tannous chloride solution 

Allow the tube to stand 1 min and then add 0.5 ml isopropyl e ther ; shake the tube 
vigorously for 10 s. Compare the amber color of the organic layer with those 
obtained from standard solutions. 

Organic-Rich Soils 

Stanton et al. (5) studied two methods of decomposing organic-rich soils for anal-
ysis of molybdenum. A fusion in potassium pyrosulfate yielded on average low 
results . An at tack by nitric and perchloric acids followed by evaporat ion of the 
acid and then dissolution of the residue in 6 M hydrochloric acid yielded good 
results . 

G. DETERMINATION OF MOLYBDENUM IN PLANTS (1) 

Comments on the Method 

Lithium nitrate is used as a flux to complete the oxidation of organic matter after 
a pre-dry ashing over a s tove. The fusion is then leached with 1 M hydrochloric 
acid. An amber-colored complex, formed by the addition of s tannous chloride (as 
a reductant) and potass ium th iocyanate , is extracted into isopropyl ether and used 
in the colorimetric determinat ion of molybdenum. Potential interferences, men-
tioned in the preceding molybdenum procedure , are generally not present in suf-
ficient quantities to cause problems. The method can be used to detect molybdenum 
down to the 250 ng level. 

Reagents 

• Ammonium hydroxide solution, 1 M: Dilute 6.6 ml concentra ted ammonium 
hydroxide to 100 ml with metal-free water . 

• Hydrochlor ic acid, concent ra ted , reagent grade. 

• Hydrochlor ic acid, 1 M: Dilute 89.3 ml concentra ted hydrochloric acid to 100 
ml with metal-free water . 
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• Isopropyl ether , practical grade, free of peroxides: If the e ther is not peroxide-
free, shake it with one-tenth its volume of a solution containing equal volumes 
of s tannous chloride and potassium thiocyanate . 

• Lithium nitrate ( L i N 0 3) , reagent grade. 

• Phenolphthalein solution, 1.0%: Dissolve 1 g Phenolphthalein in 100 ml alcohol. 

• Potassium nitrate solution ( K N 0 3) , 10%: Dissolve 10 g of the salt in 100 ml 
water . 

• Potassium thiocyanate solution (KSCN) , 5%: Dissolve 5 g of the salt in 100 ml 
water . 

• Standard molybdenum solution, 100 μg/ml: Dissolve 0.075 g pure molybdic acid 
anhydride in 3 ml of 1 M sodium hydroxide solution; dilute with water , make 
slightly acid with 0.1 M hydrochloric acid, and make up to 500 ml with water . 

• Standard molybdenum solution, 2 μg/ml: Dilute 2 ml s tandard solution (100 μg/ 
ml) to 100 ml with water . Prepare fresh daily. 

• Stannous chloride solution, 10%: Dissolve 10 g SnCl 2 · 2 H 20 in 17 ml concen-
trated hydrochloric acid and dilute to 100 ml with water . 

Equipment 

• Microbalance, torsion type , capacity 75 mg. A scoop, previously calibrated by 
weighing a measured amount of ash, can be used under field conditions in place 
of the balance. 

• Dishes, evaporat ing, 60 ml platinum. 

• Scoop, 0.25 c m
3
; for measuring lithium nitrate. 

• Tongs, platinum-tipped. 

• Pipets: 1 ml graduated in 0.1 ml, 1 ml graduated in 0.01 ml, 2 ml graduated in 
0.5 ml, 5 ml graduated in 0.1 ml. 

• Tubes , cul ture, 16 by 150 mm; calibrated at 5 ml mark. 

Procedure 

Ash the fresh plant material by heating in a platinum dish over the s tove. Mix the 
ash. Fuse 25 mg ash with 1 scoop of lithium nitrate in a calibrated culture tube . 
Dissolve the whitish melt in 1 ml of 1 M hydrochloric acid; add 1 drop indicator 
and 1 M ammonium hydroxide dropwise to faint pink. Add water to 5 ml mark. 

To a series of 11 culture tubes add, respectively, the following amounts of mo-

lybdenum standard (2 μg/ml): N o n e to first tube , 0.5 μg to second tube, 1.0 μg 
to third tube, and cont inue, increasing the amount in each tube by 0.5 ml incre-
ments ; the last tube should contain 5 μg of molybdenum. Add water to the 5 ml 
mark. To both samples and s tandards add 0.6 ml concentra ted hydrochloric acid, 
0.5 ml potassium thiocyanate , and 1 ml s tannous chloride. Shake the tube after 
each addition. To all samples and s tandards , add 1 ml isopropyl ether , s topper 
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the tubes , and shake each for 15 s. Within 30 min compare the amber-colored 
ether layers over the sample solutions with those obtained over standard solutions. 

H. DETERMINATION OF MERCURY IN SOILS AND ROCKS ( 1 ) 

Comments on the Method 

A mercury iodide sublimate is separated from the sample by heating with am-
monium iodide. This sublimate is dissolved in an acetate buffer solution. A dis-
tinctive colored solution is obtained for mercury by the addition of dithizone in 
the presence of E D T A and th iocyanate . The last two reagents complex potential 
interfering e lements , namely bismuth, copper , gold, silver, and tin. The lowest 
detectable amount of mercury is 2.5 μg/g in the sample. 

Reagents 

• Ammonia ( N H 4O H ) , 0.4 M, metal-free. 

• Ammonium iodide (NH 41) , reagent grade. 

• Ammonium thiocyanate ( N H 4S C N ) , reagent grade. 

• Buffer, sodium ace ta te -ace t ic acid solution: General ly, the buffer is prepared 
by mixing 10 ml of 2 M acetic acid with 5 ml of 2 M sodium aceta te ; however , 
as different batches of sodium aceta te may have either a greater amount of alkali 
than the stoichiometric requirement or a variable amount of water , the volume 
ratio of 2 M acetic acid and aqueous sodium acetate must be adjusted to produce 
the desired p H . The correct volume ratio can be determined by titrating a given 
volume of 2 M acetic acid with the aqueous sodium acetate until the pH of the 
mixture is 4. 

• Complexing agent: A mixture of 5 g hydrazine sulfate and 10 g E D T A . 

• Dithizone, 0 .01%: Dissolve 0.01 g purified reagent in 100 ml reagent grade chlo-
roform (CHC13). 

• Dithizone, 0.0015%: Mix 15 ml dithizone solution (0.01%) in chloroform with 
85 ml Soltrol. 

• Ethylenediaminetetraacet ic acid, disodium salt (EDTA). 

• Mercury standard A, 1000 μg/ml: Dissolve 0.1354 g reagent grade mercuric 
chloride (HgCl 2) in 100 ml 0.5 M sulfuric acid. 

• Mercury standard B, 10 μg/ml: Dilute 1 ml s tandard A to 100 ml with 0.5 M 
sulfuric acid. This s tandard is stable for at least 3 months at ordinary temper-
atures . 

• Soltrol: A high-boiling nonvolatile solvent composed mostly of isoparaffinic hy-
drocarbons and marketed by Phillips Petroleum Co . In most areas this solvent 
can be used as shipped; however , if desired, solvent can be freed of t race metals 
by shaking as much as 250 ml once with 10 ml of 0.5 M sulfuric acid and then 
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removing the acid by shaking successively three t imes with 50 ml portions of 
metal-free water . 

Preparation of Calibrating Solutions 

To each of four 60 ml separatory funnels add 10 ml acetate buffer, 0.1 g E D T A , 
and the appropriate amount of s tandard Β—none to first funnel, 1 μg mercury to 
second, 2 μg to third, 4 μg to fourth. Proceed as below. 

Equipment 

• Culture tubes , 18 by 150 mm 

• Scoops: 0.5 g and 0.1 g 

• Pipets, automat ic , 5 ml plunger type 

• Separatory funnels, 60 ml, Squibb type 

Procedure 

Mix 2 small scoops (0.2 g total) sample and 1 small scoop N H 4I in a culture tube 
and heat the mixture at low heat for 1 min. Cool. Invert tube and dump the loose 
solid material. Holding the tube upright, add 10 ml buffer, 1 large scoop of com-
plexing agent, and 1 small scoop of ammonium thiocyanate and dissolve. Transfer 
the contents of the tube to a separatory funnel and add 1 ml dithizone solution 
(0.0015%). Shake funnel 1 min. Drain and discard aqueous phase . Add 5 ml water 
and shake funnel 10 s. Drain and discard aqueous phase . Add 5 ml 0.4 M metal-
free ammonia and shake funnel 5 s. Drain and discard aqueous phase . Compare 
the colors of the organic layers with the colors of s tandards . 

I. DETERMINATION OF TIN IN GEOLOGICAL MATERIALS (4) 

Comment on the Method 

The sample is decomposed by heating with ammonium iodide. Cassiterite is con-
verted to stannic iodide. The reaction of tin with gallein takes place in a buffered 
solution with a pH of 2.0 to 2.5. Gallein also reacts with ant imony, molybdenum, 
titanium, and tungsten, but only the ant imony complex has a color similar to that 
of tin. The presence of iodide prevents gallein from reacting with copper , iron, 
lead, and manganese . The standard series ranges from green at zero through gray 
to purple and pink. 

The concentrat ion range is 0.5-100 ppm. 

Reagents 

• Ammonium iodide, fine crystals . 

• Hydrochloric acid, concentra ted. 

• Hydrochloric acid, 1 M: Mix 40 ml of the concentra ted acid with 400 ml of 
water. 
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• Sodium hydroxide , pellets. 

• Buffer solution: Dissolve 26 g of sodium hydroxide in 400 ml of water , and when 
this solution is cold mix it with a cold solution of 106 g of chloroacetic acid and 
20 g of hydroxylamine hydrochloride in 400 ml of water . Dilute to 1 liter with 
water and mix. This solution should have a pH value of 2.55 ± 0 . 1 . 

• Ethyl alcohol, absolute . 

• Stock reagent solution: Dissolve 0.1 g of gallein in 100 ml of ethyl alcohol by 
warming gently, then filter through a Whatman N o . 1 paper (11 cm diameter) . 
Dissolve 0.03 g of methylene blue in 200 ml of water , warming gently. Combine 
these two solutions in equal propor t ions . 

• Dilute reagent solution: Mix 10 ml of the stock reagent solution with 400 ml of 
buffer solution and 90 ml of M hydrochloric acid. 

• Gelatin solution: Dissolve 0.5 g of gelatin in 100 ml of water by heating gently. 

• Standard tin solutions. 

ο 100 μg tin/ml: dissolve 50 mg of tin powder in 50 ml of concentra ted hydro-
chloric acid and dilute to 500 ml with water . 

ο 5 μg tin/ml: dilute 5 ml of the 100 μg/ml solution to 100 ml with M hydrochloric 
acid. 

Procedure 

Weigh 1 g of sample into a test tube (18 by 180 mm). Mix thoroughly with 1 g of 
ammonium iodide. Heat , with frequent rotation and agitation of the tube , until all 
ammonium iodide has sublimed. Allow to cool and add 5 ml of 1 M hydrochloric 
acid. Leach on a sand tray or in a boiling-water bath , and allow to settle. 

Pipet a 1 ml aliquot of the supernatant solution into a test tube (18 by 180 mm) 
calibrated at 5, 10, 15, and 20 ml. Dilute to 5 ml with buffer solution. Warm gently 
to reduce iodine and leave to cool . Add 0.1 ml of stock reagent solution. 

Mix, and allow to stand for 10 min. Compare with a s tandard series. 
If the test solution is more pink than the highest s tandard, add successive 5 ml 

volumes of dilute reagent solution until the color is gray, mix well, and leave for 
10 min before comparing with the s tandard series. If the test solution is still more 
pink than the highest s tandard, use an aliquot of 0.1 ml and also add 0.5 ml of 1 
M hydrochloric acid. 

Τ ( m) - ^ °^
 m a t c

^
n

£
 s t a n

d a r d x ml of final solution 
ml of aliquot 

Standards 

To 11 test tubes (18 by 180 mm) calibrated at 5 ml, add respectively 0, 0.25, 0.5, 
1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, and 5.0 μg of tin using the standard solution con-
taining 5 μg tin/ml. To each of the first six tubes add 0.5 ml of hydrochloric acid. 
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Add 0.2 ml of gelatin solution to all s tandards . Dilute to 5 ml with buffer solution. 
Add 0.1 ml of stock reagent solution. Mix, and allow to stand for 10 min before 
using. 

N O T E : Samples must not be left in contact with residual solid matter since tin can be 
lost from solution by adsorption or precipitation. If the samples are retained over-
night after the tin has been dissolved, then they must be filtered. 

J . DETERMINATION OF TITANIUM IN GEOLOGICAL MATERIALS (4) 

Comment on the Method 

The sample is decomposed with hydrofluoric acid, and the titanium is fused with 
potassium bisulfate. The color with Tiron is formed in the pH range 4.3-9.6. The 
interference of iron is overcome by reduction of ferric ion with dithionite. However, 
chromium, molybdenum, tungsten, and vanadium interfere. 

The concentrat ion range is 100 ppm to 20%. 

Reagents 

• Hydrofluoric acid. 

• Potassium bisulfate. 

• Sulfuric acid. 

• Sulfuric acid, 1.7 M: Cautiously add 100 ml of the concentra ted acid to 1 liter 
of water and mix well. 

• Tiron solution: Dissolve 4 g of the solid reagent in 100 ml of water . 

• Buffer solution: Dissolve 40 g of ammonium acetate in water , add 15 ml of acetic 
acid (glacial), and dilute to 1 liter with water . The pH value of this solution 
should be 4.5. 

• Sodium dithionite. 

• Standard titanium solutions: 

ο 500 μg titanium/ml: Weigh 3.68 g of potassium titanium oxalate (dihydrate) 
and 8 g of ammonium sulfate into a Kjeldahl flask, add 100 ml of concentrated 
sulfuric acid, and gradually heat to boiling. Boil for 10 min, then cool and 
carefully pour the solution into about 700 ml of water . Cool , and dilute to 1 
liter with water . 

ο 10 μg titanium/ml: Dissolve 0.8 g of ammonium sulfate in about 20 ml of water, 
add 10 ml of concentrated sulfuric acid, and cool. Add 2 ml of the 500 μg/ml 
solution and dilute to 100 ml with water . 

Procedure 

Weigh 0.1 g of sample into a platinum dish (50 ml). Moisten the sample with water 
and add 10 ml of hydrofluoric acid. Stir the contents of the dish with a platinum 
stirring rod. Evapora te to dryness on a steam bath. Add 1 g of potassium bisulfate 
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and fuse. When cool , add 20 ml of 1.7 M sulfuric acid and warm to dissolve the 
residue. Transfer the cold sample solution to a volumetric flask (100 ml). Rinse 
the dish with two 10 ml volumes of 1.7 M sulfuric acid and add them to the flask. 
Dilute to 100 ml with 1.7 M sulfuric acid and mix well. 

Transfer a 2 ml aliquot to a graduated cylinder (25 ml). Add 5 ml of Tiron solution. 
Add concentra ted ammonia solution dropwise until the color changes from b l u e -
green to violet. 

Add 15 ml of buffer solution. Dilute to 25 ml with water and mix. Add 50 mg 
of sodium dithionite, s topper the cylinder, and shake it to dissolve this salt. 

After 5 min, but within 15 min, compare with a s tandard series. 
If the color of the test solution is more intense than the color of the highest 

s tandard, repeat from paragraph two with a smaller sample aliquot. 

Standards 

Transfer suitable aliquots of s tandard titanium solution (10 μg titanium/ml) con-

taining 1-60 μg of ti tanium to graduated cylinders (25 ml) using as a reagent blank 

one additional cylinder to which no ti tanium has been added. Add 5 ml of Tiron 

solution. Add concentrated ammonia solution dropwise until the pH value is within 

the range 5-7 . Proceed as described in paragraph three of the Procedure . 

K. DETERMINATION OF COPPER, COBALT, AND NICKEL IN SOILS BY PAPER 

CHROMATOGRAPHY ( 1 ) 

Comments on the Method 

The sample is fused in potass ium pyrosulfate. Then the sample is leached with a 
solution of nitric acid and hydrochloric acid. A volume of 0.01 ml of sample is 
transferred to a filter paper . A solution of methyl ethyl ke tone , hydrochloric acid, 
and water is used to develop a paper chromatogram of the above mixed metal 
solution. The chlorides of copper , nickel, and cobalt are thus separated. The pro-
cedure for drying the 0.01 ml sample spot on the paper prior to its insertion into 
the solvent is crucial in obtaining the correct hydrochloric acid and water content . 
N o interferences are ment ioned. 

Reagents 

• Potassium pyrosulfate ( K 2S 20 7) , reagent grade, powdered . 

• Hydrochlor ic acid, concent ra ted , reagent grade. 

• Nitric acid, concent ra ted , reagent grade. 

• Nitric ac id-hydrochlor ic acid solution: Dilute 25 ml concentra ted nitric acid 
with about 100 ml metal-free water , add 250 ml concentra ted hydrochloric acid, 
and dilute with solution to 500 ml with water . 

• Ammonium hydroxide , reagent grade. 

• Methyl ethyl ketone (2-butanone), dry , reagent grade. 
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• Rubeanic acid solution, 0 . 1 % : Dissolve 0.1 g rubeanic acid (dithiooxamide) in 
60 ml ethyl alcohol and dilute to 100 ml with water . 

• Standard copper , cobalt , nickel (500 μg each element per milliliter): Dissolve 
0.4050 g nickel chloride hexahydra te (NiCl 2 • 6 H 20 ) , 0.4037 g cobal tous chloride 
hexahydrate (CoCl 2 · 6 H 20 ) , and 0.3930 g cupric sulfate pentahydrate ( C u S 0 4 

• 5 H 20 ) in 200 ml nitric ac id-hydrochlor ic acid solution. 

• Solvent mixture: Transfer to a 25 ml graduated cylinder 15 ml methyl ethyl 
ketone, 3 ml concentra ted hydrochloric acid, and 2 ml water . Mix and transfer 
to a 600 ml beaker and cover with a watch glass. Prepare 15 min before required 
because the vapor in the beaker must be in equilibrium with the solvent mixture 
to obtain good separation of the metals in the chromatogram. 

Preparation of Calibrating Chromatogram 

Transfer aliquots of 0 .1 , 0.2, 0.4, 0.8, 1.6, 3.0, and 6.0 ml, respectively, of the 
standard copper -cobal t -n icke l solution to seven 10 ml volumetric flasks, one ali-
quot to each flask; add 2.5 g of potassium pyrosulfate to each flask, dilute to 
volume with the acid mixture, warm to dissolve the solids, and shake each to mix 
the contents . Place 0.01 ml aliquots of these s tandards on the successive strips 
of the Whatman CRL/1 paper one aliquot to a strip, and follow procedure below 
as for samples . The numbers of micrograms of each metal on the seven strips are 
0.05, 0 .1 , 0.2, 0.4, 0.8, 1.5, and 3.0, respectively, and correspond to 50, 100, 200, 
400, 800, 1500, and 3000 ppm of the metal in the sample. 

Equipment 

• Filter paper, Whatman C R L / 1 : This paper comes in specially designed rectan-
gular sheets (21.3 by 11 cm) with 11 slots cut in the paper parallel to the short 
side, leaving 12 strips 1.5 cm wide joined at the top and bot tom. 

• Test tubes , 18 by 150 mm. 

• Beakers , glass, 600 ml and 50 ml. 

• Watch glasses or Petri d ishes , 125 mm diameter . 

• Pipet, measuring 10 ml and calibrated in 0.1 ml. 

• Pipet, micro, 0.01 ml. 

• Atomizer , all-glass, 50 ml. 

• Cylinder, graduated, 25 ml. 

Procedure 

Transfer to an 18 by 150 mm test tube 0.2 g sample, add 0.5 g potassium pyrosulfate, 
mix, and heat until a quiescent melt is obtained. Allow the melt to cool, add 2.0 
ml of the nitric ac id-hydrochlor ic acid solution, and heat for 10 min in a boiling-
water bath that is shallow enough to leave the upper end of the test tube cool. 
Remove the tube from the bath and allow to cool. Prolonged standing or centri-
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fuging may be required to ensure a clear supernatant solution above the potassium 
sulfate that crystall izes. 

Prepare the solvent mixture as described above under Reagents , transfer to a 
600 ml beaker , and cover with a watch glass. 

With a micropipet , transfer 0.01 ml of the clear sample solution to a location 
near the end of one of the strips of a sheet of Whatman CRL/1 paper . Aliquots 
may be similarly placed on the remaining strips of each sheet of paper except on 
the outer strips, which cannot be used. Form a cylinder from the sheet of filter 
paper , and fasten the upper corners with a paper clip. Place this cylinder, with 
sample spots lowermost , into a dry 600 ml beaker floating in a bath of boiling 
water. After 3 min has elapsed, transfer the paper cylinder to the beaker containing 
the solvent and cover with a watch glass. The solvent will diffuse slowly upward 
through the paper ; 30 min or more is required for it to reach the top of the strips. 
When the solvent has almost reached the top of the strips, remove the paper 
cylinder and allow it to dry in air for about 5 min. Place the cylinder in a 600 ml 
beaker containing a 50 ml beaker of ammonium hydroxide . Cover and leave 2 or 
3 min. Remove the paper clip, spread the chromatographic sheet on a clean paper 
blotter, and spray both sides with the rubeanic acid solution. Again form the sheet 
into a cylinder, and place it in a 600 ml beaker containing a 50 ml beaker of am-
monium hydroxide. Cover and leave for 2 or 3 min. Compare the colored bands 
with appropriate s tandards , and multiply by 1000 the micrograms of metal found 
in the sample to obtain par ts per million. 

L. DETERMINATION OF URANIUM IN SOILS AND ROCKS BY PAPER CHROMATOGRAPHY ( 1 ) 

Comments on the Method 

Uranium is leached from soils and rocks using a nitric ac id-a luminum nitrate so-
lution. Excess ive amounts of organic mat ter must be removed by ashing. Uranium 
is separated from potential interferences by paper chromatography using an ethyl 
aceta te-ni t r ic ac id -wate r solution as the solvent. A characterist ic brown color for 
uranium is obtained by reacting the uranium in the spot on the chromatogram 
with potassium ferrocyanide. The intensity and width of the color band are used 
to est imate the uranium content . This procedure can be used for uranium in 
amounts of 4 to 1200 μg/g in the sample. 

Reagents 

• Nitric acid, concent ra ted . 

• Nitric ac id-a luminum nitrate solution: Dissolve 60 g aluminum nitrate [A1(N0 3) 3 

• 9 H 20 ] in 100 ml 4 M nitric acid. 

• Standard uranium solution, 1000 μg/ml: Dissolve 0.211 g uranyl nitrate hexa-
hydrate [ U 0 2( N 0 3) 2 · 6 H 20 ] in 100 ml nitric ac id-a luminum nitrate solution. 

• Ethyl aceta te . 
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• Solvent mixture: Place 30 ml ethyl aceta te , 3.5 ml concentra ted nitric acid, and 
10 ml water in a 600 ml beaker , cover the beaker with a watch glass, and let 
stand for 20 min before using. 

• Aluminum nitrate, crystalline. 

• Hydrofluoric acid, 48%. 

• Potassium ferrocyanide solution [ K 4F e ( C N ) 6 · 3 H 20 ] , 5%: Dissolve 5 g 
K 4F e ( C N ) 6 · 3 H 20 in 100 ml water . 

• Magnesium nitrate [ M g ( N 0 3) 2 · 6 H 20 ] , crystalline. 

Preparation of Calibrating Solutions 

Prepare dilute uranium standard solutions by adding 0 .1 , 0.2, 0.4, 0.8, 1.5, 3, and 
6 ml, respectively, of s tandard uranium solution (1000 μg/ml) to a series of 10 ml 
volumetric flasks—0.1 ml to the first flask, 0.2 ml to the second flask, and relative 
amounts to the remaining flasks—and making the volume up to a mark with H N 0 3 -
A1(N0 3) 3 reagent. Place 0.01 ml aliquots from the dilute standard uranium solutions 
on chromatographic paper , one aliquot from one standard solution to each strip, 
and allow to dry Vi h in a desiccator . Place the paper in solvent and continue as 
with samples. These standard bands contain, respectively, 0 .1 , 0.2, 0.4, 0.8, 1.5, 
3.0, and 6.0 μg of uranium. 

Equipment 

• Chromatographic paper , Whatman CRL/1 

• Ignition tubes , 16 by 125 mm 

• Cylinders, graduated, 50 and 10 ml 

• Beakers , 600 ml 

• Dishes: platinum and porcelain, both 50 ml 

• Stirring rod, plastic 

• Watch glasses, 125 mm diameter 

• Bottle or atomizer for indicator spray 

• Scoop, 1 g 

• Flasks , volumetric, 250 and 10 ml 

• Pipets: serological, 0.1 and 1 ml graduated; micro, 0.01 and 0.05 ml; volumetric , 
1 and 2 ml 

• Desiccator, inside diameter 150 mm 

Procedure 

Weigh or scoop 1 g sample and transfer it to a 16 by 125 mm ignition tube. For 
samples containing more than 1200 ppm uranium, 0.1 g can be used. Add 2 ml 
H N 0 3- A 1 ( N 0 3) 3 solution and digest the sample for 1 h in a boiling-water bath. 
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Either centrifuge the sample or allow sufficient time for the insoluble residue to 
settle. 

With a micropipet withdraw an appropriate aliquot (0.01 or 0.05 ml) of the su-
pernatant sample solution; starting about 1.5 cm from the bot tom of one of the 
strips on a sheet of Whatman CRL/1 chromatographic paper , spread the aliquot 
evenly across the strip. Follow the same procedure to place 10 sample aliquots 
on each sheet of paper , using the same size aliquot on all the strips of any one 
sheet . Fas ten the top corners of the paper together with a paper clip to form a 
cylinder, place upright in a desiccator containing saturated M g ( N 0 3) 2 solution, 
and leave for at least 30 min. After the aliquots have dried, remove the paper 
cylinder from the desiccator and place it upright (with the aliquots at the bottom) 
in the 600 ml beaker containing the solvent mixture. Leave the paper cylinder in 
the beaker until the solvent front has risen at least 2 cm above the area wetted 
by the sample aliquot, but not above the top of the slit. Remove the paper from 
the beaker , unfold, allow the ethyl acetate (solvent mixture) to evapora te , and 
spray the chromatogram with K 4Fe(CN) 6 reagent. Compare the brown ferrocyanide 
complex of uranium with a s tandard uranium chromatogram. 

VIII. ATOMIC ABSORPTION SPECTROMETER FOR FIELD 
WORK 

The atomic absorption instruments used for many of the methods in this book are 
large instruments designed for permanent installation in a laboratory where elec-
trical services, cooling water , and cylinders of compressed gases are available. 
Because of their weight and complexi ty, they are not easily t ransported to and 
set up in remote locations. However , atomic absorption instruments can provide 
accurate data for many e lements , and the availability of a portable unit for field 
work is desirable. 

Castledine and Robbins have described an instrument for use in the field (6). 
It is manufactured by Scintrex Ltd . , Concord , Ontar io , Canada , as model AAZ-
2. The electrothermal a tomizer is a miniature tungsten filament. Tungsten was 
chosen because it requires less power than graphite tubes . Correct ion for back-
ground is a major concern in electrothermal atomization. In this instrument, the 
correct ion is accomplished by means of an electrically modulated magnetic field 
(Zeeman effect). The instrument weighs only 26 kg and has dimensions of 9 x 
36 x 49 cm. It requires electrical power at 110/220 V ± 20%, 50/60 H z , and an 
inert gas at low pressure . Argon is recommended . The consumptions are 500 W 
power and 0.5 liter/min gas. 

The results of analyses of three s tandards , AN-G, BE-N, and MA-N, for five 
elements are shown in Table 5.2 (7). Good agreement with accepted values except 
for cobalt was obtained. The reason for low results for cobalt may be incomplete 
digestions of the rock. 



126 5. Field Methods 

T a b l e 5 .2 

Comparat ive Results for the Geostandards ^ g / g ) 

A N - G B E - N M A - N 

G e o s t a n d a r d s
3
 Geostandards Geostandards 

R e c o m - R e c o m - R e c o m -

This R a n g e of m e n d e d This R a n g e of m e n d e d This R a n g e of m e n d e d 

Element work values va lue work values va lue work values value 

C a d m i u m 0 . 0 2 0 . 0 3 1 - 0 . 1 8 — 0 .09 0 . 0 8 9 - 0 . 2 1 — 2 .0 1 . 8 - 2 . 2 2 

Cobalt 8 .2 1 0 - 5 6 2 5 3 4 4 3 - 7 5 61 0.1 0 . 3 5 - 3 8 1 

Copper 2 5 . 0 8 - 2 7 19 7 9 4 3 - 1 0 9 7 2 9 7 7 6 - 1 8 7 1 4 0 

Lead 2 .0 0 . 6 2 - 1 3 2 4 . 2 3 - 1 7 4 15 1 0 - 8 6 2 9 

Nickel 18 .0 9 - 7 0 3 5 2 5 0 1 6 0 - 3 2 7 2 6 7 2 .5 2 - 9 2 3 

Source: Ref. 6. a
Geostandards values from Ref. 7. 

The detection limits for a number of e lements are shown in Table 5.3. 
Directions for the determinat ions of a number of elements in geological samples 

are available in the applications manual for this instrument. A procedure for the 
determination of copper , lead, silver, nickel, cobalt , and zinc is included here. 
Samples are decomposed by means of a flux which melts at a low temperature 
(about 550°C). The flux is said to be more convenient to use in the field because 
large quantities of strong acids are not required. The flux does not attack glass, 
and a fusion can be completed in about 4 min. 

T a b l e 5 .3 

S o m e Detection Limits with the A A Z - 2 

E lement 

Wave leng th 

(nm) 

Detect ion limit
3 

(g) 

Equivalent concentra t ion
0 

(ng/ml) 

Ag 3 3 8 . 3 6 χ 1 0 ~
13 

0 .06 

Au 2 4 2 . 8 5 χ 10
 12 

0.5 

C d 2 2 8 . 8 5 χ 10
 13 

0 .05 

C o 2 4 0 . 7 1 χ 1 0 ~
11 

1.0 

C u 3 2 4 . 8 4 χ 1 0 "
12 

0.4 

Ni 2 3 2 . 0 4 x 10
 11 

4 

Pb 2 8 3 . 3 8 x 1 0 "
12 

0.8 

Z n 2 1 3 . 9 2 x 10
 12 

0.2 

Z n 3 0 7 . 6 4 x 1 0 ~
9 

4 0 0 

Source: Ref. 6. a
Measured with Zeeman modulation. 
Concentration in a 10 μΙ sample. 
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A. DETERMINATION OF COPPER, LEAD, SILVER, NICKEL, COBALT, AND ZINC IN GEOLOGICAL 

MATERIALS (8) 

Comment on the Method 

A sample is decomposed by fusion and then is dissolved in dilute acid. The metals 
are complexed by ammonium pyrrol idinecarbodithionate (APDC) and extracted 
into methyl isobutyl ketone (MIBK) . The pH of the aqueous phase must be in 
the range 2-4 to ensure that nickel and cobalt are ext racted. A mercury bromide 
matrix modifier prevents volatilization losses of metals during the ashing cycle. 
Results of analyses of eight Chinese geological reference samples (GSD-1 to GSD-
8) were satisfactory. 

Equipment 

• Model AAZ-2 atomic absorpt ion spect rometer (Scintrex). 

• Glass test tubes (25 by 200 mm): The tubes are closed with Teflon-lined screw 
caps so that fusions and extract ions can be carried out in the same containers . 

• Propane burner , or a heated aluminum (or steel) block with holes bored to fit 
the test tubes . 

Reagents 

• Scintrex Geoflux. 

• Chelate solution: Dissolve 0.5 g of A P D C in 10 ml of water (distilled, deionized). 
Purify the solution by extract ion with 10 ml of M I B K . 

• Extract ion buffer: Dissolve 5.0 ml of acetic acid in 200 ml of water (distilled, 
deionized). Use sulfuric acid and/or sodium hydroxide to adjust the pH to the 
range 2-4 . (Measure the pH with a meter or pH paper.) Transfer the solution 
to a separatory funnel. Add 1 ml of APDC and 30 ml of MIB K . Extract for 1 
min. Collect the aqueous phase and discard the organic phase . Then extract the 
aqueous phase with 30 ml of M I B K for 1 min. Dilute the aqueous phase to 1 
liter and adjust the p H again if necessary . 

• Matrix modifier: This is a solution containing mercury at 1 mg/ml. Dissolve 0.42 
g of H g ( N 0 3) 2 · * / 2 H 20 in 250 ml of 5% (v/v) nitric acid. Transfer 20 ml of the 
solution to a separatory funnel. Add 0.4 ml of 0.1 M hydrobromic acid and 10 
ml of MIBK. Extract for 2 min. Collect the organic phase , and use it as the 
matrix modifier. 

• Ascorbic acid solution (in water) , 20% (w/v). 

• Ammonium thiocyanate solution (in water) , 6 M. 

• Element s tandard solutions: Prepare these by dilution with 0.1 M nitric acid 
from concentra ted s tandards (see Chapter 3). The working ranges of the stan-
dards are shown in Table 5.4. Prepare each working standard by adding the 
appropriate volumes of the intermediate standards to 10 ml of the buffer solution. 
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T a b l e 5 .4 

Standards for Calibration 

E lement 

C u Pb Ag Ni C o Z n 

Intermediate standard, μ9/ητιΙ 4 10 1 10 10 4 0 

Working standards, ng/ml 0 0 0 0 0 0 

4 10 2 10 10 2a 

8 2 0 4 2 0 2 0 4
a 

12 3 0 6 3 0 3 0 6
a 

Source: Ref. 8. a
Units for zinc in micrograms milliliter. 

Instrument Parameters 

AAZ-2 condit ions are listed in Table 5.5. Hollow-cathode lamps are used for the 
elements , and the lamp currents are two-thirds of lamp manufacturers ' rated max-
ima. The gas is 8% hydrogen in argon for all e lements except zinc. Argon is rec-
ommended for zinc. The drying control is adjusted for MIB K solutions. 

Procedure 

Dry and crush the sample to at least 100 mesh. If the sample contains any sulfides, 
ignite it over a Meker burner . Mix 3 g of flux with 0.5 g of sample in a glass test 
tube. Heat the tube until the flux melts. Provide adequate ventilation for the evolved 
gas. When the evolution of gas has ceased, cont inue to heat the tube for about 2 
min. Cool the sample, and add 25 ml of 1 M sulfuric acid. Centrifuge the sample. 
Transfer an aliquot of the clear liquid to a clean test tube . (For the analysis of 
zinc, follow the procedure below.) Dilute to 10 ml with extract ion buffer. Verify 

T a b l e 5.5 

Instrument Parameters (AAZ-2 ) 

E lement 

Parameter C u Pb Ag Ni C o Zn 

Wave length , nm 3 2 7 . 4 2 8 3 . 3 3 3 8 . 3 2 3 2 . 0 2 4 0 . 7 3 0 7 . 6 

Ashing conditions 

R a m p rate 5 0 4 0 4 0 4 5 4 5 5 0 

Tempera tu re 6 2 .5 5 5.5 6 3 

T i m e 3 0 2 0 15 15 15 15 

Atomizer condition: temperature 17 14 15 .5 2 2 21 11 .5 

G a s flow 1.5 1.5 1.5 1.5 1.5 1.5 

Z e e m a n modulation High High High High High High 

Auto gain O n O n O n O n O n O n 

S a m p l e volume, μΙ 10 10 10 10 10 10 

Source: Ref. 8. 
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that the pH is in the range 2-4 . Add 10 ml of M I B K and 200 μΐ of APDC (chelate 
solution). Extrac t for 2 min. 

Analyze the organic layer. Place 10 μΐ of matrix modifier and 10 μΐ of the solution 
onto the tungsten filament. Use the instrument condit ions shown in Table 5.5. To 
each s tandard, add 10 ml of M I B K and 200 μΐ of APDC solution. Extract and 
analyze the s tandards in the same manner as the samples . 

If analyses for nickel and cobalt are not required, 1 M sulfuric acid can be used 
in place of the buffer solution. 

Determination of zinc 

Use the sulfuric acid solution prepared above . Transfer an 8 ml aliquot of the 
clear solution after centrifuging to a clean test tube . Add 4 ml of 0.1 M nitric acid, 
0.5 ml of 20% (w/v) ascorbic acid, and 100 μΐ of 6 M ammonium thiocyanate . Mix 
the contents . Add 2 ml of M I B K and extract for 2 min. Analyze the organic layer 
for zinc, as above , but do not use matrix modifier. Calibrate for zinc by carrying 
the working s tandards through the extract ion procedure . 

IX. PORTABLE MERCURY SPECTROMETER 

Measurement of mercury vapor in the field is important because mercury is said 
to be a pathfinder element for deposi ts of gold, silver, ant imony, and massive 
sulfides. Ins t ruments for the detect ion and quanti tat ive determination of mercury 
in air samples from test holes , or in vapor evolved from samples which have been 
heated, depend on the at tenuat ion of the mercury emission line at 254 mm. How-
ever, provision must be made for correction for interferences from other substances 
in the air which absorb strongly in the ultraviolet region of the spect rum, as well 
as for the stability of the mercury lamp. Scintrex Ltd . manijfactures a portable 
instrument designated as model H G G - 3 , which will be described briefly. 

The source of the mercury radiation is a discharge tube which is mounted be-
tween the poles of an electromagnet . When the magnetic field is switched on and 
off rapidly, the interferences, i .e. , background correct ion, can be accomplished 
by means of the Zeeman effect as described in Chapter 2. Radiation from the lamp 
passes through the sample cell on to the detector . When the magnetic field is off, 
the de tec tor signal is a measure of the absorption of radiation by mercury and 
interfering subs tances . When the magnetic field is on, the signal corresponds to 
the absorpt ion of radiation by interfering subs tances . In addition, a fraction of 
the radiation is split off prior to passing through the cell and is directed to a ref-
erence detector . In this manner , the long-term stability of lamp and the magnetic 
field can be monitored and the drifts eliminated. Power for the instrument is sup-
plied by a battery pack of four 6 V bat ter ies . The bat tery life under cont inuous 
operat ion is about 4 h, but intermittent operat ion extends the t ime. Provision must 
be made for recharging the bat ter ies . 

In operat ion, air is sampled from test holes by inserting a probe connected to 



130 5. Field Methods 

the sample cell and drawing air through the cell by means of a hand pump. The 
peak meter reading is recorded. Mercury evolved from solid samples can be mea-
sured in the field if the samples are heated in closed test tubes . At the end of the 
heating period, the probe is connected to the test tube and the air is sampled as 
before. On heating, different naturally occurring mercury compounds release 
mercury vapor at different tempera tures . 

X. PORTABLE X-RAY EQUIPMENT FOR FIELD ANALYSES 

Laboratory equipment is much too complex and bulky for work in the field. A 
number of instruments have been designed so that some of the advantages of x-
ray methods can be retained in portable units . Some of the earlier models of com-
mercial analyzers are lightweight (from 7 to 35 kg). The energy source is a radio-
active isotope. The units contain filters and scintillation or proportional counters 
in place of goniometers . Only one element at a time is detected and measured, 
and the resolution of neighboring lines is poor (9). 

In recently designed equipment , the objectives have been to improve both sen-
sitivity and resolution and to provide for multielement analyses . In this respect , 
the equipment is bet ter described as being of a mobile laboratory type . The units 
are mounted in t rucks or cars . They require electrical generators and also a supply 
of liquid air or nitrogen. 

Hoffmann et al. (10) described a mobile installation for multielement work. It 
included a cadmium-109 source , tin shielding, a two-position sample changer (for 

T a b l e 5 .6 

Detection Limits of T r a c e E lements in Rock, Soil , a n d S t r e a m Sed iment S a m p l e s for Mobi le T u b e -

Excited E D - X R F and Radionucl ide-Excited E D - X R F (ppm) 

Ni C u Z n G a As Br Rb Sr 

T u b e E D - X R F 

3 5 kV 5 5 5 5 5 5 5 5 

5 0 kV 

Radionucl ide E D - X R F 
1 0 9

C d 1 0 0 5 0 3 0 3 0 10 10 10 10 2 4 1
A m 

Y Zr N b Pb T h B a La C e 

T u b e E D - X R F 

3 5 kV 5 5 5 5 10 

5 0 kV 7 0 7 0 7 0 

Radionucl ide E D - X R F 
1 0 9

C d 10 10 10 2 0 5 0 1 0 0 1 0 0 1 0 0 2 4 1
A m 5 10 10 

Source: Ref. 12 
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powdered samples), an Si(Li) detector, and electronic components. An alternating-
current generator (gasoline powered) and a mobile liquid air machine were required. 

A radionuclide-excited energy dispersive x-ray unit was used by Kramar and 
Puchelt (11) for multielement prospect ing. Because of restrictions placed on the 
use of radioactive sources , a small x-ray tube has been substi tuted in a recent 
design by Kramar (12). A 1 mA/50 kV air-cooled pulsed rhodium tube was mounted 
together with an Si(Li) detec tor in the cabinet of a 20-sample changer. A 10 liter 
Dewar vessel contained sufficient liquid nitrogen to opera te the detector for 6 
days . Other components were a multichannel analyzer and a minicomputer . The 
total power requirement of 3.3 kW can be supplied by a 15 kVA generator which 
consumes 20 liters of gasoline per day. Several examples were given in which 
levels of niobium, nickel, copper , yt tr ium, and cerium in samples from three areas 
were measured. Limits of detect ion of a number of t race elements are listed in 
Table 5.6. 

The papers cited should be consulted for details of the equipment . 
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6 
Geochemical Methods for 
Soils and Related Samples 

I. INTRODUCTION 

Soils and sediment samples are used extensively in geochemical explorat ion. Both 
are relatively complex physical and chemical samples . 

A. SOILS 

Soils consist of a mixture of mineral and organic matter contained in horizontal 
zones called horizons. The main components of soils are sand, silt, and clay. The 
physical and chemical propert ies of soils often vary considerably within these 
zones . A typical soil profile is shown in Fig. 6 .1 . As can be seen, the growth and 
subsequent decomposi t ion of botanical species results in an organic-rich zone la-
beled A l . The organic content of soils then decreases quickly with depth. 

The exchange capacity of soils is highest in the Al layer, as is the free-silica 
content . Free F e 20 3 and alumina contents increase from A to Β zones . Thus sand 
tends to be abundant in the A l layer and to decrease with depth. The decrease 
in sand is accompanied by an increase in silt and clay in the lower layers. 

Trace metal content of soils also varies with depth . Of great interest in explo-
ration geochemistry is the fact that there often is a higher concentrat ion of trace 
metals at the top of the Β horizon. Thus this section of the soil profile is frequently 
sampled in geochemical surveys . 

A variety of factors affect the nature of the soil in a particular area. They include 
source material , cl imate, biological activity, topography, and age. Soils can then 
be classified on the basis of these factors. Classifications are complex and beyond 
the scope of this book. 

Soils are also divided into soil zones on a worldwide basis . These zones are 
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ϊί 
Organic debris lodged on the soi l 0 Organic debns only partially decomposed 

The Solum 

(the generic soil 

developed by 

soi I - forming 

processes) 

Horizons of maximum 

biological activity, of 
eluviation (removal of 
materials suspended 
or dissolved in water), 
or both. 

Al 
Dark-colored horizon, organic (humus) 

nch, mixed with mineral matter. 

The Solum 

(the generic soil 

developed by 

soi I - forming 

processes) 

Horizons of maximum 

biological activity, of 
eluviation (removal of 
materials suspended 
or dissolved in water), 
or both. 

A 2 

Light - colored horizon of maximum 
eluviation Prominent in some soils, 
faint or absent in others. Generally 
loose structure. 

The Solum 

(the generic soil 

developed by 

soi I - forming 

processes) 

Horizons of i l luviation 
(accumulation of 
material by deposition 
or precipitation from 
percolating water) 

Β 

Brown to orange - brown horizons. 

Accumulat ion of clay minerals or 

of iron and organic matter, compact 

blocky, prismatic (sometimes 

concretionary) structures. 

Parent material derived by weathering C 

ψ
9 

' : . . · ' · : · /> 
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. / / / / 
/ / / / . / 
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(Horizon G of hydromorphic soi ls, 

G may appear directly beneath A ) , 

or layers of calcium carbonate 

(Hor izon C Q Q ° f calcareous soils). 

Bedrock R 

ψ
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Some soils show intensely gleyed layers 

(Horizon G of hydromorphic soi ls, 

G may appear directly beneath A ) , 

or layers of calcium carbonate 

(Hor izon C Q Q ° f calcareous soils). 

F i g u r e 6 . 1 . Hypothetical soil profile showing the principal horizons. (From A .W. Rose, H.E. Hawkes , and J.S. W e b b , 

"Geochemist ry in Mineral Explorat ion," 2nd e d . Academic Press, London, 1979 . ) 

1. Arctic soils—dwarf shrub- and moss-covered soils of cold cl imates. 

2. Podzolic soils—forest soils in humid temperate cl imates. 

3. Grassland soils—soils in temperate climates with lower humidity. 

4. Desert soils—sparsely vegetated soils found in temperate and tropical climates. 

5. Tropical soils—forested and savanna-covered soils including dry to wet climates. 

6. Mountain soils—usually stony soils containing characterist ics of one or more 
of the above . 

B. SEDIMENTS 

A variety of sediments are sampled for exploration geochemistry. Commonly used 
are lake and stream sediments . The composit ion of the sediments depends on lake 
and stream morphology, biota types and abundances , drainage, glacial history of 
the area, and geographic and geological location. As with soils, the sediment is 
made up of mineral and organic matter . 
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C. MINERAL COMPONENTS 

1. Hydrous Oxides 

Manganese and iron, under oxidizing condit ions, occur primarily as oxides, ox-
yhydroxides, and oxide hydrates . These exist in varying degrees of crystallinity. 
They accumulate in the sediment fraction after precipitation. During precipitation 
they scavenge trace metals , which then accumulate in the hydrous oxide fraction. 
The affinity of these hydrous oxides for t race elements depends on the identity 
of the metal. For example, copper is only weakly scavenged by manganese oxides, 
whereas zinc is strongly scavenged. 

2. Clay Minerals 

Clay mineral distribution is strongly dependent on the identity of the source ma-
terials. In the shield areas of Canada , the most common clays in sediment are 
illite, chlorite, and kaolinite. Clay minerals accumulate trace metals by adsorption 
and ion exchange. 

D. ORGANIC COMPONENTS 

The main and most important organic components of sediments are humic sub-
stances . These are of widely varying composit ion and are called humic and fulvic 
acids. Various mechanisms have been proposed for the accumulat ion of trace 
metals by humic substances . The most important are undoubtedly chelation, ion 
exchange, and surface adsorpt ion. 

E. METHODS OF ANALYSIS 

A wide variety of approaches have been proposed for the geochemical analysis 
of soils and sediments . These include total digestions (fusions and acids), strong 
acid at tack, weak acid digestion, and the use of selective ext ractants . Which 
method is chosen depends on the samples , the e lements being determined, and 
the information desired. 

1. Total Digestions 

Total digestions are now frequently employed prior to atomic absorption or ICP 
emission spectrometry . Frequent ly a wide range of e lements (e.g. , lead, copper , 
zinc, manganese , cadmium, cobalt , chromium) is determined. For this purpose 
acid mixtures including hydrofluoric acid are commonly employed. Recently it 
has been shown that if these decomposi t ions are done in a closed Teflon vessel , 
they occur more effectively and more quickly. If organic matter content is high 
it is important that perchloric and nitric acids be added to the acid mixture. 

Fusions, particularly using borate fluxes (e.g., lithium metaborate), have proved 
to be very effective for soil and sediment decomposi t ion. It is important that the 
fusing agent be relatively low in the elements of interest . Fusing agents have , 
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through the years , been serious sources of contaminat ion. Blanks must therefore 
be run with each sample set. 

Although it is not a total decomposi t ion, the use of a slurried sample for quan-
titative analysis of clays has been reported (1). The slurry was aspirated directly 
into an ICP. The extremely high tempera ture of the ICP must result in a very high 
percent atomization of the sample. 

2. Strong Acid Attack 

Very commonly a mixture of nitric and hydrochloric acids is used to at tack soil 
and sediment samples . A mixture of 1 part nitric and 3 parts hydrochloric acid is 
recommended . Such a method will remove metals which have been absorbed, 
ion-exchanged, coprecipi tated with hydrous oxides , and chelated by some organic 
species . It will not at tack the metals in most silicates, nor will it decompose com-
pletely many organic species . Large batches of samples can be treated in this 
manner . 

3. Mild Acid Digestion 

Many workers believe that a mild acid at tack, often done near room tempera ture , 
is sufficient to remove a significant fraction of the more loosely bound metals . 
Results thus obtained have been shown to be adequate for geochemical exploration 
purposes . 

Bradshaw et al. (2) discussed two very useful techniques in geochemical ex-
ploration: soil profile sampling and the use of different strengths of acids (and/or 
organochelating agents) . In their s tudy, they outlined dispersion mechanisms 
around ore bodies in residual soil—tropical, alpine glacial, and continental glaciated 
areas . They demonst ra ted that anomalies resulting from mineralized and non-
mineralized rock can be distinguished in all of the three areas by using soil profile 
sampling and acid extract ions based on different strengths of acids . Their con-
clusions apply only to metals which have a high percentage of hydromorphic dis-
persion, e.g., copper , lead, and zinc. 

' T h e stronger chemical a t tacks , when used on sediments , tend to accentuate 
the effects of rock composi t ion and consequent ly relatively reduce the effect of 
mineral iza t ion." Bradshaw et al. go on to point out that in some areas mineral-
ization will not be easily seen when total attack is used on stream sediments because 
large changes in metal content of the country rock may mask mineral anomalies , 
which are relatively small by compar ison. They recommend particularly the use 
of a weak extractant such as hot 0.5 M hydrochloric acid or cold E D T A . The 
latter was particularly effective in extract ing only loosely bound metal from clays 
and other large surface area minerals . However , it is important to point out that 
in some areas of the world, metal is relatively tightly held in sediments even when 
hydromorphic movement is involved. In such cases stronger (but perhaps not 
" t o t a l " ) acid at tack may be more useful. 

Soil profile metal data can be particularly useful in distinguishing anomalies due 
to downslope seepage from those associated with mineralization. When underlying 
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mineralization is present , an increase in metal content with soil depth is common. 
In the case of hydromorphically derived anomalies metal values decrease with 
soil depth. 

4. Selective Extractants 

There is some evidence that if selected fractions of soils and sediments are attacked, 
the data thus obtained will bet ter highlight the anomaly. The present authors 
strongly advise caution in the interpretation of such data. The selective extractants 
used to date often attack more than the desired fraction. A more extensive dis-
cussion of this approach follows in the Procedure section. 

5. Special Techniques 

Several e lements , e.g., arsenic, selenium, tellurium, and mercury, require that 
special precautions be observed during decomposi t ion. In particular, these ele-
ments must be treated under oxidizing conditions at elevated temperature or losses 
will result. Oxidizing conditions are obtained using oxidizing acids and salts. An 
excess of the oxidizing agent must be ensured for the duration of the heating 
period. Fusions may also be applicable. In this regard, either sodium hydroxide 
or potassium hydroxide has commonly been used for arsenic, selenium, and tel-
lurium determination. 

II. DETERMINATION OF TOTAL METALS 

A. DETERMINATION OF MAJOR AND TRACE ELEMENTS IN SOILS (3) BY I C P - A E S 

Elements Determined 

• Major—Si, AI, Fe , Ca, Mg, Na , Κ, Μη , Ti, Ρ 

• Trace—Be, Cd, Cr, Cu, Ni , Pb, Sr, Th, V, Y, Zn 

Comment on the Method 

Sample preparat ions for major and trace elements differ in that organic matter in 
the soils is destroyed prior to acid dissolution. The methods have been used for 
the analyses of 12 reference soil samples . 

Equipment 

I C P - A E S direct reading instrument, Jarrell-Ash model 975 Plasma AtomComp. 

Reagents and Apparatus 

• Boric acid solution: Dissolve 44 g of boric acid in 1 liter of water . 

• Teflon bombs . 

• Teflon beakers , 100 ml. 

• Muffle furnace. 
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Procedure 

Major elements 

Ash finely ground samples at 1050°C for 2 h in a muffle furnace. Determine the 
loss in weight. Weigh 0.1000 g samples into Teflon bombs . Add 2 ml of aqua regia 
and 3 ml of hydrofluoric acid to each. Heat the sealed bombs in a 140°C oven for 
1 h. Cool the bombs . Add 50 ml of boric acid solution to each , and dilute to 100 
ml with water . N o particulate mat ter should remain. Aspirate these solutions for 
determinat ions of the major e lements listed. 

Trace elements 

Weigh 1.000 g port ions of the samples as received into 100 ml Teflon beakers . 
Moisten the samples with water , and then add 10 ml of nitric acid. Evapora te the 
samples to small volumes on a hot plate. Add 5 ml of nitric acid, 5 ml of perchloric 
acid, and 10 ml of hydrofluoric acid. Heat to fumes of perchloric acid, and continue 
heating for 30 min. Cool , and then add 10 ml of 1 : 1 hydrochloric acid. Boil the 
solutions for 10 min. Cool and dilute to 100 ml. 

Apply background correct ions for Cd, M o , Ni , Pb , and Th. Interelement cor-
rections are required because of spectral interferences with Cd and Pb. 

Instrument operating parameters 

I C P Operat ing Paramete rs and Analytical Lines, 

Jarrel l -Ash Mode l 9 7 5 P l a s m a A t o m C o m p
3 

Incident power 1.10 k W 

Ref lected power < 5 0 W 

Entrance slit width 2 5 μΓΠ 

Nebul izer type Me inhard concentric 

Nebul izer pressure 1 8 6 k P a 

Argon flow rates 

Coolant 2 0 liter/min 

S a m p l e 0 .5 liter/min 

P l a s m a 0 .5 liter/min 

S a m p l e aspiration rate 1.5 ml /min (pumped) 

Observat ion height 18 m m 

Element Analytical line (nm) 

AI 3 0 8 . 2 

B a 4 5 5 . 4 

C a 3 1 7 . 9 

C d 2 2 6 . 5 

Cr 2 6 7 . 7 

C u 3 2 4 . 7 

F e 2 5 9 . 9 

Κ 7 6 6 . 5 

M g 3 8 3 . 2 

Μ η 2 5 7 . 6 

(continues) 
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E lement Analytical line (nm) 

M o 2 0 3 . 8 

N a 5 8 9 . 0 

Ni 2 3 1 . 6 

Ρ 2 1 4 . 9 

Pb 2 8 3 . 3 

Si 2 8 8 . 1 

Sr 4 2 1 . 5 

T h 4 0 1 . 9 

Ti 3 3 4 . 9 

V 2 9 2 . 4 

Y 3 7 1 . 0 

Z n 2 1 3 . 8 

Reproduced from Ref. 3, © 1980 by Williams & Wilkins. 

B. DETERMINATION OF METALS IN LAKE SEDIMENTS (4) BY FLAME ATOMIC ABSORPTION 

Elements Determined 

Al, Ba, Be, Ca, Cd, Bi, Co , Cu, Fe , Κ, Li, Mg, Μη, Mo, Na , Ni , Pb, Sr, V, Zn 

Comment on the Methods 

The sample is decomposed by means of acids in a Teflon bomb or a Teflon dish. 
The bomb is necessary to ensure the quanti tat ive retention of chromium in the 
acid digestion since chromyl chloride is volatile. When Teflon dishes are used, 
twice the volumes of acids are required and samples are fumed to dryness . Re-
coveries range from 91 to 101%, depending on the element . 

Equipment 

Flame atomic absorption instrument equipped with a Boling (three-slot) burner , 
a 3.1 cm burner (for air/acetylene flames), and a nitrous oxide/acetylene burner . 

Reagents and Appara tus 

• Teflon bombs or dishes 

• Polypropylene bott les, 125 ml 

Procedure 

Dry the sample at room tempera ture . Crush the dried sample and then grind a 
representat ive 2 g sample to a powder which passes a 270 mesh sieve. Weigh a 
0.100 g sample into a bomb. Add 4 ml of nitric acid, 1 ml of perchloric acid, and 
6 ml of hydrochloric acid. Heat the sealed bomb to 140°C for 3.5 h. Cool and 
transfer the contents to a 125 ml polypropylene bottle which contains 4.8 g of 
boric acid in approximately 30 ml of water to dissolve the salts. Make up the 
volume to 100 ml, and use the solution for atomic absorption analyses . Prepare 
a blank solution in the same manner as the samples. All element standard solutions 
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C. DETERMINATION OF METALS IN MARINE SEDIMENTS (5) BY I C P - A E S 

Elements Determined 

• Major and minor—AI, F e , Ca, Mg, Na , Ρ 

• T race—Be, Co , Cu, Mn, Ni , Pb , V, Zn 

Comment on the Method 

Samples are dissolved by means of acids in Teflon bombs . The accuracy of the 
method has been demonst ra ted by analysis of two marine sediment reference ma-
terials. The method is not suitable for arsenic , cadmium, and molybdenum in 
these sediments because of inadequate sensitivity. Chromium and thallium are 
not completely dissolved. 

Equipment 

• ICP-echelle grating instrument for sequential and 20-channel multielement work 

• D E C L A B 11/03 data acquisit ion system 

• Cross-flow-type nebulizer 

Reagents and Appara tus 

• Teflon bombs 

• Teflon beakers , 100 ml 

• Water bath 

must contain 4 % nitric acid, 1% perchloric acid, 6% hydrofluoric acid, and 4 .8% 
boric acid. 

Use the nitrous oxide/acetylene burner for Al, Ba, Be, Ca, Mg, Mo, Sr, and 
V. Use the Boling burner (air/acetylene flame) for the rest of the elements except 
for sodium and potass ium. Use the 3.1 cm burner (air/acetylene flame) for sodium 
and potassium. 

• Be, Cd, Cr, Co, Ti, Mg, Pb, Zn: Measure these elements by aspirating the sample 
solution, blank, and s tandards prepared above . 

• Cu: Measure copper after making all solutions 2% (w/v) in ammonium chloride 
to overcome interference from iron. 

• Cr, Mo: Make up all sample solutions and s tandards so that they contain 500 
mg Al/liter (as A1C13). 

• AI, Fe , Μη: Dilute the main sample solution by a factor of 10. 

• Ba, Ca, Si: Make up all sample and standard solutions so that they contain 3000 
mg Na/liter (as NaCl) to prevent ionization interference. 

• K, Na: Make up all sample solutions and s tandards so that they contain 100 mg 
Cs/liter (as CsCl) to prevent ionization interference. 
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• Hot plate 

• Stainless steel sieve, 120 mesh 

Procedure 

If the sediments are wet , remove water by freeze-drying. Break up any lumps, 
and sieve the material through a 120 mesh screen. Reject large particles, and blend 
the fine material. Weigh a 0.5 g sample into a Teflon bomb. Add 3 ml of nitric 
acid, 1 ml of perchloric acid, and 3 ml of hydrofluoric acid. Heat the sealed vessel 
in a boiling-water bath for 1-2 h. Cool the contents and transfer to a Teflon beaker. 
Evaporate the sample to dryness on a hot plate (low heat setting). Add 50 ml of 
1 M hydrochloric acid to dissolve the salts. A small amount of material remains 
insoluble; allow it to settle overnight. 

Prepare the element reference standard solutions in three groups. Make all so-
lutions in 1 M HCl . Combine all major elements (AI, Fe , Ca, Mg, Na , Ti) in Group 
1 s tandard. In Group 2 s tandard, combine Β, Ρ , As , Μη, Zn, Pb. In Group 3 
s tandard, combine Cd, Co , Cr, Cu, Be, Mo, Ni , V. Use five to seven reference 
solutions for each element. Ranges of e lements in marine sediments are shown 
below. 

Major Minor and trace 

e lements (%) e lements (VQ/Q) 

Si 2 0 - 5 0 Μ η 2 0 0 - 2 0 0 0 

AI 3 - 1 0 Ρ 5 0 0 - 2 0 0 0 

Fe 1 - 5 C u 3 - 7 0 

C a 1 - 5 Z n 9 0 - 1 7 0 

M g 0 . 4 - 2 Cr 1 0 - 1 0 0 

Κ 1 - 5 Ni 1 0 - 1 0 0 

N a 1 - 6 As 1 3 - 2 4 

Ti 0 . 3 - 0 . 6 C o 3 - 3 5 

Pb 1 0 - 5 0 

V 4 0 - 1 5 0 

Reprinted with permission from Ref. 5. Copyright 1981 

American Chemical Society. 

Apply background correct ions and correct ions for spectral interferences as in-
dicated in Tables 6.1 and 6.2. Operating condit ions are summarized in Table 6.3. 
Detection limits for t race elements are given in Table 6.4. 

D. DETERMINATION OF 2 0 ELEMENTS IN STREAM SEDIMENTS BY I C P - A E S ( 6 ) 

Elements Determined 

• Major—AI, Fe , Ti, Mg, Ca, Na , Κ, Μη , Si 

• Trace—Cu, Zn, Pb, Ni , Co , V, Mo , Cd, Cr, Ba, Sr 
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T a b l e 6.1 

Wave leng ths and Background M e a s u r e m e n t for 

Mar ine Sed iment Analysis 

Background 

m e a s u r e m e n t positions 

(nm) 

W a v e l e n g t h 1 2 

Β I 2 4 9 . 7 7 3 
a — 

M o II 2 0 2 . 0 3 0 2 0 2 . 0 0 3 2 0 2 . 0 5 7 

As I 1 9 3 . 6 9 6 1 9 3 . 6 7 8 1 9 3 . 7 1 4 

C d I 2 2 8 . 8 0 2 2 2 8 . 7 7 8 2 2 8 . 8 2 6 

Z n I 2 1 3 . 8 5 6 — — 

Ρ I 2 1 4 . 9 1 4 2 1 4 . 8 9 5 2 1 4 . 9 3 1 

P B II 2 2 0 . 3 5 3 2 2 0 . 3 2 9 2 2 0 . 3 7 6 

C o II 2 3 7 . 8 6 2 — — 

Ni II 2 3 1 . 6 0 4 2 3 1 . 5 8 5 2 3 1 . 6 2 5 

Μ η II 2 5 9 . 3 7 3 — — 

AI I 2 3 7 . 3 3 5 — — 

F e II 2 5 9 . 9 4 0 — — 

V II 2 9 2 . 4 0 2 — — 

Cr II 2 6 7 . 7 1 6 2 6 7 . 6 8 8 2 6 7 . 7 4 5 

M g II 2 7 9 . 0 7 9 — — 
C u I 3 2 4 . 7 5 4 3 2 4 . 7 1 9 3 2 4 . 7 8 9 

N a I 3 3 0 . 2 3 7 — — 

Ti II 3 3 6 . 1 2 1 — — 

B e II 3 1 3 . 0 4 2 3 1 2 . 9 8 8 3 1 2 . 9 8 8 

C a II 3 1 7 . 9 3 3 — — 
Reprinted with permission from Ref. 5. Copyright 1981 

American Chemical Society. a
Background correction not performed. 

T a b l e 6 .2 

Correct ion Factors for Spectroscopic Interferences 

W a v e l e n g t h Correction factor
3 

(nm) Interfèrent (mg/l i ter)a/ (mg/l i ter) j Source of interference 

AI I 2 3 7 . 3 3 5 F e 2 .0 X 1 0 "
3 

Fe? 

Z n I 2 1 3 . 8 5 6 F e 1.35 X 1 0 "
4 

F e I 2 1 3 . 8 5 9 

C o II 2 3 7 . 8 6 2 AI 2 . 5 7 X 10
 4 

AI I 2 3 7 . 8 4 1 

F e 1.11 X 10
 3 

F e II 2 3 7 . 8 5 3 

Μ η II 2 5 9 . 3 7 3 F e 1.11 X 10
 3 

F e II 2 5 9 . 3 7 3 

V II 2 9 2 . 4 0 2 AI 4 .8 X 1 0 "
5 

AI 2 9 2 . 4 5 2 

F e 2 .3 X 10
 5 

F e 2 9 2 . 4 3 5 ? 

M g 5.4 X 10
 5 

M g ? 

C u I 3 2 4 . 7 5 4 F e 1.2 X 10
 5 

F e II 3 2 4 . 7 3 9 

Reprinted with permission from Ref. 5. Copyright 1981 American Chemical Society. a
Subscripts a and i denote analyte and interfèrent, respectively. 
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1.4 k W indicated incident power ( < 5 W reflected) 

14 liters/min 

1 liter/min 

0 .7 liter/min 

12 m m above load coil 

1 0 0 χ 0 .5 μη ι 

5 0 μητι χ 0 .4 m m 

9 0 0 V 

Comments on the Method 

The stream sediments ( - 180 μηι fraction) are leached using 7 M nitric acid. Lith-
ium and yttrium are added as reference elements (internal s tandards) ; lithium is 
used for the alkali e lements and yttrium for the other e lements . Background cor-
rection is employed only for the trace elements by means of a quartz refractor 
plate spectrum shifter. Detection limits for the trace elements are shown in Table 
6.7 below and range from 0.04 to 2 ppm in the s tream sediment. The proposed 
procedure was tested on synthetic solutions and on stream sediment samples ana-
lyzed by atomic absorption spect rometry . Generally acceptable agreements were 
obtained. 

Reagents 

In plasma work it is generally sufficient to use only two standards for each element, 
one high and one low (normally zero). Multielement standards can be used provided 
that spectral interference and chemical stability of the solutions are kept under 
control . In this work most s tandards are prepared from standard solutions for 
atomic absorption spectroscopy (BDH Chemicals Ltd . ) . Some are made from 
Specpure reagents (Johnson Matthey Ltd . ) . Double quartz-distilled water is used 

T a b l e 6 .4 

Est imated Detect ion Limits for T r a c e E lements in Sed iments by 

This Procedure 

Detect ion limit Detect ion limit 

E lement ( μ 9 / 9 ) E lement ( μ 9 / 9 ) 

As 5 M o 1.5 

B e 0 . 0 5 Ni 0 .6 

C d 0 .2 Pb 3 

C o 0 .5 V 0 .3 

C u 0.1 Z n 0.1 

M n 0 .05 

T a b l e 6 .3 

Standard Operat ing Condit ions 

I C P 

Power 

P lasma Ar 

Auxiliary p lasma Ar 

Aerosol carrier Ar 

Spectrometer 

Observat ion height 

Entrance slit 

Exit slits 

Photomultiplier tube voltage 

142 
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T a b l e 6 .5 

S tandard Solutions U s e d for Cal ibrat ion
3 

1 . Blank: 16 μ^π)\ of Li a n d Y in 0 . 3 5 M Η Ν 0 3 

2 . 2 μψπ\\ of C u , Pb, Z n , Ni 

3 . 2 μς/ιτιΙ of Sr, Ba , Cr, C d 

4 . 2 μς /η ι Ι of V, M o , C o 

5. 1 0 0 μ9/ ιη Ι of Fe , AI 

6. 1 0 0 μ9/ιτιΙ of C a , M g 

7. 1 0 0 μ9/ΓπΙ of Si 

8 . 1 0 0 μ9/ ιη Ι of Μ η , N a 

9 . 1 0 0 μς/ητιΙ of Κ, Ti 

Source: Ref. 6. a
AII standard solutions contain 16 μ9/ηπΙ of Li and Y 

in 0.35 Μ H N 0 3. 

throughout . All s tandard solutions contain Li and Y at 16 μg/ml. Table 6.5 lists 
the s tandard solutions used for calibration. 

Equipment 

A Jarrell-Ash model 975 ICAP A t o m C o m p with pneumatic cross-flow nebulizer 
was used in this work. The rf generator was a PlasmaTherm generator type H F P 
2000 D operating at 27.13 M H z . 

Operating system parameters 

• Plasma parameters : forward power , 1.0 kW; reflected power , < 1 0 W 

• Argon flow rates: coolant , 15 liters/min; sample, 0.5 liter/min; plasma, 0 liter/ 
min 

• Sample uptake: approximately 1.6 ml/min 

• Observat ion zone: 16 mm above the induction coil 

• Exposure t ime: 12 s on line and 8 s on background (background correction only 
for t race elements) 

The elements analyzed by the method include the major rock elements Si, Al, 
F e , Ti, Mg, Ca, Na , Κ, and Μη and the trace e lements Cu, Zn, Pb , Ni, Co , V, 
Mo, Cd, Cr, Ba, and Sr. The analytical lines used are shown in Table 6.6. 

Procedure 

Leach 1 g of the minus 180 μπι fraction using 5 ml of 7 M nitric acid at 100°C for 
3.5 h. After digestion dilute the solution to 20 ml and filter through a 0.02 mm 
nylon cloth. (Alternatively, centrifuge and decant . ) Dilute 1 ml of this solution 
with 4 ml of a reference element solution containing 20 μg/ml Li and Y in water . 
The final solution thus contains 16 μg/ml Li and Y. Run the sample solution using 
two calibrating solutions. Use the I C P - A E S condit ions listed above . 
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T a b l e 6 .6 

List of Analytical Lines 

Analytical line W a v e l e n g t h 

Li I 6 7 0 . 7 

Y II 3 7 1 . 0 

C u I 3 2 4 . 7 

Z n I 2 1 3 . 8 

Pb II 2 2 0 . 3 

Ni II 2 3 1 . 6
a 

C o II 2 2 8 . 6 

V II 2 9 2 . 4 

M o II 2 0 2 . 0 

C d I 2 2 8 . 8
a 

Cr II 2 6 7 . 7 

B a II 4 9 3 . 4 

Sr II 4 2 1 . 5 

AI I 3 0 9 . 2 

F e II 2 5 9 . 9 

Ti II 3 3 4 . 9 

M g I 3 8 3 . 2 

C a II 3 1 7 . 9 

N a I 5 8 8 . 9 

Κ I 7 6 6 . 4 

Μ η II 2 5 7 . 6 

Si I 2 8 8 . 1 

Source: Ref. 6. a
Second order. 

The functioning of the system is controlled by watching the intensity readings 
of the reference lines of Li and Y. In addition, a control standard containing trace 
elements at 2 μg/ml, corresponding to 200 ppm in the sediment sample, is analyzed 
at certain intervals. A deviation of 5% is accepted. 

Detection limits (concentrat ions that give a net line signal ratio equal to twice 
the standard deviation of the blank) are given in Table 6.7 for the trace e lements . 

E. DETERMINATION OF TRACE METALS IN RIVER SEDIMENTS (7) BY FLAMELESS ATOMIC 
ABSORPTION 

Elements Determined 

As , Cd, Co , Cr, Cu, Mn, Ni , Pb , V, Zn 

Comment on the Method 

The following method was developed for the determination of As , Cd, Co, Cr, 
Cu, Mn, Ni , Pb, V, and Zn in coal fly ash, urban particulate furnace dust , and 
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T a b l e 6 .7 

Detect ion Limits 

Detect ion limit 

E lement ( p p m )
a 

C u 0 . 1 7 

Z n 0 . 1 0 

Pb 1.77 

Ni 0 . 3 3 

C o 0 . 2 3 

V 0 . 2 5 

M o 0 . 2 2 

C d 0 . 0 7 

Cr 0 .29 

B a 0 . 1 8 

Sr 0 . 0 4 

Source: Ref. 6. a
ln original sample. 

iron ore in addition to river sediment . The proposed procedure was tested on U .S . 
National Bureau of Standards (NBS) and Euros tandards standard reference sam-
ples. 

A lithium te t raborate fusion is employed. The fusion cake is dissolved in 5% 
hydrochloric acid followed by furnace atomic absorption determinat ion. Although 
the precision and accuracy of the method compare favorably with those of an 
acid digestion procedure , the author claims superiority in speed of analysis. The 
procedure is given here because it is desirable to have an alternative to the acid 
digestion commonly used. 

Reagents 

All solutions were prepared with deionized water obtained from a Millipore Milli-
Q system. All the glassware had previously been washed with 20% (v/v) nitric 
acid and rinsed with deionized water . The hydrochloric , nitric, and phosphoric 
acids used were Merck Suprapur, and the lithium tetraborate was analytical reagent 
grade. Standard solutions for atomic absorpt ion (BDH) were used to prepare the 
working s tandards by diluting the concentra ted chloride or nitrate solutions with 
lithium tet raborate solution (6 g/liter in 1% hydrochloric acid) in order to have the 
same salt concentrat ion in the samples and s tandards . For arsenic , working stan-
dards and samples were prepared in 0.15 M nitric acid in the presence of 100 μg/ 
ml nickel (as nitrate). 

Equipment 

The Perkin-Elmer model 503 atomic absorption spect rometer was fitted with a 
deuterium background corrector , an HGA-500 furnace, and a model 56 chart re-
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T a b l e 6 .8 

R e c o m m e n d e d Condit ions for the Spectrometry of T r a c e E lements in the Lithium Tetraborate 

Solut ion
3 

Element 

Wave leng th 

(nm) Slit width (nm) Ash (°C) Atomize (°C) 

C l e a n 

(°C) 

As 1 9 3 . 7 0 .7 1 0 0 0 2 7 0 0 2 8 0 0 

C d 2 2 8 . 8 0 .7 5 0 0 2 0 0 0 2 5 0 0 

Cr 3 5 7 . 9 0 .7 1 2 0 0 2 7 0 0 2 8 0 0 

C u 3 2 4 . 7 0 .7 1 0 0 0 2 5 0 0 2 8 0 0 

Co
b 

2 4 0 . 7 0 .2 1 0 0 0 2 7 0 0 2 8 0 0 

M n 2 7 9 . 5 0 .2 1 1 0 0 2 7 0 0 2 8 0 0 

N i
ö 

2 3 2 . 0 0 .2 1 0 0 0 2 7 0 0 2 8 0 0 

Pb 2 8 3 . 3 0 .7 1 0 0 0 2 5 0 0 2 8 0 0 

V
b 

3 1 8 . 4 0 .2 1 5 0 0 2 7 0 0 2 8 0 0 

Z n 2 1 3 . 9 0 .7 7 0 0 2 3 0 0 2 5 0 0 

Source: Ref. 7. 

Optimal instrument operating parameters held constant: drying temperature, 100°C; drying time, 45 s; ashing 

time, 60 s; atomization time, 5 s; cleaning time, 5 s; argon purge gas; continuous gas flow mode; volume 

injected, 20 μΙ. ö
Pyrolytic graphite-coated tubes. 

corder. Background correction was used for all measurements at wavelengths less 
than 320 nm. Hollow-cathode lamps were used except for arsenic , for which an 
electrodeless discharge lamp was employed. 

The opt imum conditions used are shown in Table 6.8. Particularly for arsenic, 
in order to reduce the volatility during ashing and to reduce the influence of matrix 
e lements , matrix modification was used. The opt imum program for this element 
(20 μΐ of sample injected with 100 μg/ml nickel as stabilizer in 0.15 M nitric acid) 
was: drying for 45 s at 100°C, ashing for 30 s at 1000°C, atomization for 5 s at 
2700°C, cleaning for 3 s at 2800°C. 

Procedure 

Place about 0.3 g of sample (accurately weighed), 1.5 g of lithium te t raborate , and 
78 mg of nickel nitrate (only for arsenic determination) in a 50 ml platinum crucible 
and thoroughly mix. Place the crucible in a muffle furnace at 1000°C for 1 h. When 
the fusion is complete , place the cooled crucible in a 100 ml beaker , insert a small 
Teflon-coated stirrer, and add 50 ml of 5% hydrochloric acid. Heat the solution 
for 15 min at 50-60°C on a magnetic-stirrer hot plate, and transfer it to a 250 ml 
polyethylene flask. Repeat the procedure with a second aliquot of acid and, when 
dissolution is complete , adjust the contents of the flask to volume with deionized 
water. Obtain the working blank by taking the same quantity of lithium tetraborate 
through the entire procedure . 
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Elements Determined 

Al, As , B , Co , Cr , Cu, Cd, Ca, F e , K, Mg, Mn, Mo, Na , P, Pb, Sr, V, Zn 

Comment on the Method 

About 20-25 samples can be analyzed per hour. Clay samples are dispersed in 
water and then aspirated into the plasma. Solution s tandards are used for cali-
brat ions. Dispersions of s tandard clays in water provide an alternative calibration 
procedure. Five American Petroleum Institute (API) clay standards were analyzed 
successfully. 

Equipment 

• Applied Research Laborator ies model QA-137 direct reading spect rometer with 
an ICP source and a Meinhart concentr ic nebulizer 

• PDP 1104 minicomputer 

Reagents and Appara tus 

• Freeze-drying unit 

• Ultrasonic probe-type vibrator 

• Muffle furnace 

• Sand bath 

T a b l e 6 .9 

Operat ing Procedures for Routine Analysis Using 

the Appl ied Research Laboratories Q A - 1 3 7 I C P -

A E S Instrument 

Incident power 1 6 5 0 W 

Ref lected power 10 W 

Entrance slit width 12 μΙΎΙ 

Argon flow rates 

Coolant 10 .5 liters/min 

S a m p l e carrier gas 1 liter/min 

P l a s m a 1.5 liters/min 

S a m p l e aspiration rate 2 .4 ml /min 

Observat ion height 0 .63 coil height 

Nebul izer Meinhart concentric 

Operat ing temperature 2 4 ° C 

Source: Ref. 1. 

F. DETERMINATION OF MAJOR AND TRACE ELEMENTS IN CLAY BY I C P - A E S ( 1 ) 
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Sample Preparat ion 

Disperse 100 g samples of clay in water using an ulstrasonic probe-type vibrator 
(3 min at 400 W). Separate a clay fraction of < 2 μπι by means of gravity sedi-
mentation and centrifugation (8). Flocculate the separated aqueous dispersion with 
1 M calcium chloride solution. Wash the precipitate with some water to remove 
excess electrolyte. Freeze-dry the solids. 

Analysis 

Weigh a 0.1-0.2 g sample of the dried solids into a 150 ml beaker . Add 100 ml of 
water. Disperse the clay by means of a 15 s t reatment with the ultrasonic probe. 
Immediately aspirate the sample for I C P - A E S analysis. Since the aspiration of a 
sample is 7 - 9 % slower than that of a solution s tandard, a correction factor of 1.08 
must be applied. 

The spectrometer operating condit ions are shown in Table 6.9. Spectral lines 
and detection limits for the elements are shown in Table 6.10. 

T a b l e 6 . 1 0 

Spectral Lines, Detect ion Limits, and Standard Groups U s e d for Instrumental Calibration 

Standard 

E lement 

Spectral line 

(nm) 

Detect ion limit
3 

(ppm) Group number 

concentrat ion 

range (ppm) 

C u 3 2 4 . 7 5 1.0 1 0 - 1 0 

C o 2 3 8 . 8 9 1.0 1 0 - 1 0 

Β 2 4 9 . 7 7 0 .5 1 0 - 1 0 

Cr 2 6 7 . 7 2 0 .5 1 0 - 1 0 

As 1 9 3 . 7 7 5 .0 1 0 - 1 0 

Pb 2 2 0 . 3 5 4 .0 1 0 - 1 0 

C d 2 2 6 . 5 0 0 .5 1 0 - 1 0 

Z n 2 0 2 . 5 5 0.1 2 0 - 1 0 0 

M n 2 5 7 . 6 1 0.1 2 0 - 1 0 0 

M o 2 0 2 . 0 3 0.1 2 0 - 1 0 0 

V 3 1 0 . 2 3 0 .5 2 0 - 1 0 0 

Sr 2 1 3 . 6 2 0.1 2 0 - 1 0 0 

Ρ 4 0 7 . 7 7 4 .5 2 0 - 1 0 0 

C a 3 1 5 . 8 9 2 .5 3 0 - 1 0 0 0 

N a 5 8 9 . 5 9 5 .0 3 0 - 1 0 0 0 

M g 2 7 9 . 0 8 3 .0 4 0 - 1 0 0 0 

Κ 7 6 6 . 4 9 8 .0 4 0 - 1 0 0 0 

Fe 2 5 9 . 9 4 1.5 5 0 - 2 0 0 0 

AI 3 0 8 . 2 2 5 .0 6 0 - 2 0 0 0 

Source: Ref. 1. 
"Extrapolated to indicate minimum concentrations in clay materials using dissolution technique described 

in this method. 
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Calibration 

Prepare calibration curves for the elements using the same instrument conditions 

as for the samples . Use combined solution s tandards for groups of elements as 

shown in Table 6.10. The concentrat ion ranges are contained in the same table. 
Reference clay s tandards can also be used for calibration. N o correction factor 

for viscosity differences is required. 

G . DETERMINATION OF ARSENIC, SELENIUM, CHROMIUM, COBALT, AND NICKEL IN 

GEOCHEMICAL SAMPLES BY FURNACE ATOMIC ABSORPTION (9) 

Comment on the Methods 

Zeeman background correct ion was essential for the best results using furnace 
AAS for the analysis of five U . S . Geological Survey (USGS) s tandards GXR. If 
a deuter ium arc is used, a severe overcompensat ion for selenium is obtained be-
cause of an iron spectral interference. Also, with arsenic at the 193.7 nm resonance 
a severe interference occurs in the presence of aluminum if the deuterium arc is 
employed for background correction. This interference, however, can be overcome 
if the 197.2 nm (twice less sensitive) line is used. Thus the deuter ium arc back-
ground correct ion could be used except for selenium. 

The samples are dissolved with hydrofluoric and perchloric acids in a 5 : 1 ratio. 
The present authors recommend very strongly that nitric acid be used whenever 
perchloric acid is employed. Thus 5 ml of nitric acid has been added as a modi-
fication to the procedure . 

Matrix modifiers are employed. These are 20 μg Ni , 100 μg Ni , 50 μg M g ( N 0 3) 2 

• 6 H 20 , and 50 μg M g ( N 0 3) 2 · 6 H 20 for As , Se , Cr, and Co , respectively. None 
is needed for Ni . A L 'vov platform is also employed. Results obtained on five 
U S G S standard samples GXR were in satisfactory agreement with the accepted 
values. 

Reagents 

Standard solutions are prepared from 1000 mg/liter s tandards (Alfa Products , 
Ventron) by dilution with deionized water . The nickel matrix modifier solution is 
prepared by dissolving pure nickel cups (Perkin-Elmer part N o . 303-0813) in 5.6% 
heated nitric acid (Ultrex). Magnesium nitrate solution is prepared from reagent 
grade M g ( N 0 3) 2 · 6 H 20 (Baker) . 

Water from a Continental water system was purified in a Millipore deionizer 
consisting of Mi l l i -R0 4 and Milli-Q sys tems. The geological samples (GXR) were 
obtained from the U . S . Geological Survey. 

Equipment 

Exper iments were performed on a Perkin-Elmer Zeeman/5000 equipped with an 
HGA-500 and with an AS-40 autosampler . To compare Zeeman and cont inuum 
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T a b l e 6 .11 

Z e e m a n Graphi te Furnace Condit ions 

Element Modifier Char temperature (°C) Atomizat ion temperature (°C) 

As 2 0 μ 9 Ni 1 4 0 0 2 5 0 0 

S e 1 0 0 μg Ni 1 4 0 0 2 1 0 0 

Cr 5 0 μg M g ( N 0 3) 2- 6 H 20 1 3 0 0 2 5 0 0 

C o 5 0 M g ( N 0 3) 2- 6 H 20 1 3 0 0 2 4 0 0 

Ni none 1 2 0 0 2 5 0 0 

Reprinted with permission from Ref. 9. Copyright 1984, Pergamon Press, Ltd. 

source background correct ions , some measurements were done on a model 4000 
spect rophotometer equipped with an HGA-500 graphite furnace and an AS-40 
autosampler . Peak absorbances and integrated absorbances were calculated on a 
Data System 10 and graphics were plotted on a Hewlet t -Packard 7225A plotter. 
Pyrolytically coated graphite tubes (Perkin-Elmer part N o . B0109-322) with solid 
pyrolytic graphite platforms (Perkin-Elmer part N o . B0121-091) were used. 

Procedure 

Dissolve 0.5 g of the powdered GXR sample in a 6 ml solution (5 : 5 : 1) of nitric, 
hydrofluoric, and perchloric acids. Evapora te each sample to dryness and repeat 
the process two more t imes. Treat each sample with 3 ml of perchloric acid only 
and again evaporate to dryness . Dissolve the residue in 100 ml of 1% nitric acid. 
(Part of the calcium and aluminum fluorides remained undissolved in the final 
solution, but that does not affect the determination.) Coprecipitation does not 
occur and solutions with the sediments stored in plastic bottles are stable for at 
least 7 months . 

All analyses reported here use dilutions in water of the original 0.5 g in 100 ml 
rock solutions that vary up to 100-fold to keep the resulting absorbances less than 
about 0.3Λ. Automatically pipet 10 μΐ of the diluted sample or standard solutions 
and 5 μΐ of the matrix modifer (As, Se , Cr, Co) onto the platform using the AS-
40 autosampler . 

Use the temperature conditions and modifiers given in Table 6.11. After 100 to 
150 firings, replace the tube and platform. Clean the contact rings and windows 
to remove accumulated salt approximately once a week. 

III. EXTRACTABLE METALS 

A. DETERMINATION OF ACID-EXTRACTABLE METALS IN ROCKS AND SOILS BY FLAME ATOMIC 

ABSORPTION (10) 

Elements Determined 

Cu, Ni , Zn, Pb, Cr, Μη, Co , Fe , Cd, Ag 
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Comment on the Method 

"Acid-ext rac table m e t a l s " are defined as those loosely bound, absorbed, or pre-
cipitated on grain surfaces. This is a reliable method for the determination of 
relative metal contents when a number of samples are compared . The results do 
not represent total metal. The extraction efficiency varies from 60 to 95% depending 
on the metal and type of sample. If the concentrat ion of a metal is close to its 
detect ion limit, background correct ion is essential . When silver is measured its 
concentrat ion must be over 1 ppm and no hydrochloric acid should be used. 

Equipment 

A flame atomic absorpt ion spec t rometer equipped with a background correction 
unit was used. 

Reagents and Appara tus 

• 15 ml test tubes with a graduation mark at 10 ml 

• Plastic-coated wire test tube holder for 48 tubes 

• Water bath large enough to contain the test tube holder 

Procedure 

Weigh 0.25 g samples into 15 ml test tubes . Place the test tubes in the holder. 
Add 2 ml of nitric acid. After the reaction subsides , heat the test tubes in the 
water bath maintained at 85°C for 30 min. Then add 1 ml of hydrochloric acid 
(except if silver is required). Heat for 30 min. Cool the samples , and dilute them 
to 10 ml with water . Mix the contents by inverting the rack several t imes (with 
the tubes covered). Allow the solids to settle for several hours. Use the supernatant 
liquids for atomic absorpt ion analysis . 

Background correct ions must be used when the concentra t ions of Co , Zn, Ni, 
Cd, Ag, and Pb are near the detect ion limits. Otherwise , only Co and Ag require 
background correct ion. If metal concentra t ions of samples are higher than the 
working ranges, dilute the samples or use less sensitive absorpt ion lines. 

Detect ion Limits 

Detect ion limits Detect ion limits 

E lement ( μ 9 / 9 ) E lement ( μ 9 / 9 ) 

C u 5 Pb 10 

Ni 10 C o 10 

Μ η 2 M n 10 

C d 2 Ag 10 

F e 5 Cr 10 
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B. PARTIAL EXTRACTION OF SOILS AND SEDIMENTS USING HOT 0.5 M HYDROCHLORIC ACID 

(FLAME ATOMIC ABSORPTION) 

Elements Determined 

Cu, Zn 

Comment on the Method 

As noted earlier in this chapter, strong acid attacks with concentrated acid mixtures 
sometimes fail to outline anomalies. This is particularly true when the metal content 
of country rocks varies greatly in an area and when the magnitude of the true 
anomaly is relatively small. A method which has received some acceptance in 
such cases is a leach using hot dilute (0.5 M) hydrochloric acid. The acid is added 
to a weighed sample in a test tube and heated near boiling for 20 min. Thus the 
method is also relatively rapid. The method has been tested for copper and zinc. 

Equipment 

Any flame atomic absorption unit, e.g. , a Perkin-Elmer model 603, equipped with 
a high-solids burner and an acid-resistant nebulizer, is suitable. Test tubes are 
marked at the 15 ml mark and an aluminum block is drilled with holes large enough 
to hold the test tubes . A capacity of about 50 test tubes per run is desirable. 

Reagents 

Prepare sufficient 0.5 M hydrochloric acid from concentra ted reagent grade (12 
M) hydrochloric acid for the number of samples to be run. Four milliliters of 0.5 
M hydrochloric acid is needed per sample. 

Procedure 

Weigh 0.5 g soil or sediment sample into each test tube. (This weight can be 
adjusted if necessary to suit the metal contents of the samples.) Add 4 ml of 0.5 
M hydrochloric acid to each test tube . Place the test tubes in the aluminum block. 
Heat up gently to near boiling. Keep the solutions near boiling for 20 min. Cool 
and dilute to 15 ml with water . Cover each test tube with parafilm and invert it 
several t imes to mix the contents well. Clean and dry another set of test tubes . 
Filter the samples into the dry test tubes using dry Whatman N o . 40 filter paper 
or the equivalent. (Alternatively, the samples can be set aside to settle and the 
supernatant liquids isolated by décantat ion.) 

Run the samples for copper and zinc by atomic absorption or ICP emission 
spectrometry. Use the manufacturer ' s recommended condit ions. 

C. DETERMINATION OF EDTA-EXTRACTABLE COPPER AND ZINC IN SOILS BY FLAME ATOMIC 
ABSORPTION 

Elements Determined 

Cu, Zn 
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Comment on the Method 

Extract ions of soils with chelating agents such as E D T A are used to est imate the 
more loosely bound metals . For some types of soils, particularly when the mag-
nitude of the anomaly is small compared to the variation in strong acid-extractable 
metals, use of such extractants is advisable. Ten gram samples of soil are extracted 
with a neutral solution of 0.05 M E D T A . The metals in the extracts are determined 
by means of atomic absorpt ion spect rometry . Calibration s tandards must be made 
up to contain 0.05 M E D T A . Detect ion limits for copper and zinc are about 2 ppm 
in the soil in each case . 

Appara tus 

Any modern atomic absorpt ion spect rometer can be employed. It should be 
equipped with an acid-resistant nebulizer and high-solids burner . A blank solution 
of 0.05 M E D T A should be used initially to clean out the burner nebulizer system 
(by aspiration) and then be tween samples and s tandards . The instrumental pa-
rameters recommended by the manufacturer should be used. All filter papers , 
samples , and sample bott les must be prewashed with 0.05 M E D T A . 

Reagents 

Prepare a 0.05 M solution of reagent grade E D T A in water . Neutral ize to pH 7.0 
with purified ammonia . 

Prepare calibration s tandards from 1000 μg/ml stock pure metal solutions by 
serial dilution in 0.05 M E D T A . The dilute s tandards should be prepared fresh 
daily. 

Procedure 

Weigh 10 g of soil samples ground to 100 mesh or finer into clean 100 ml high-
density linear polyethylene bott les . Add 50 ml of 0.05 M E D T A solution to each 
bott le . Shake mechanically for 1 h. Filter sample solutions through dry 0.05 M 
EDTA-prewashed Whatman N o . 40 filter paper into clean (0.05 M EDTA-washed) 
dry bott les . Run the samples on the atomic absorption instrument using the con-
ditions recommended by the manufacturer . Aspirate blank 0.05 M E D T A for a 
short t ime after each sample or s tandard. 

IV. SELECTIVE EXTRACTANTS 

A. SELECTIVE EXTRACTANTS FOR SOILS AND SEDIMENTS 

Trace elements in soils and sediments are associated with various components of 
these samples . It may be possible to choose a selective e x t r a d a n t which will 
at tack a specific component of the soil and release the trace elements therein. In 
this way a bet ter contrast be tween background and anomalous samples might be 
obtained. At this t ime there is no unanimity of support for this view. Perhaps the 
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main problem is that the selective extractants proposed to date are not as specific 
as would be desirable. That is, although a selective extractant at tacks mainly one 
specific soil component, it may in addition attack other components to some degree. 

Trace elements are fixed in soils and sediments as follows: 

1. Sorption and coprecipitation by hydrous iron and manganese oxides 

2. Sorption by clay minerals 

3. Precipitation with organic mat ter 

4. Processes involving hydrolytic reactions and both complexed and dissolved 
ions 

5. Processes related to variations in physical and chemical nature of the sediment 

The distribution of t race elements among these components varies with the 
identity of the element , the soil components present in a given sample, and the 
chemical environment of the samples . 

1. Hydrous Oxides 

Under oxidizing conditions both iron and manganese oxides are excellent scav-
engers of trace e lements . The mechanisms of scavenging are coprecipitat ion, sur-
face complex formation, ion exchange, and penetration of the crystal lattice. Under 
reducing condit ions the hydrous oxides will redissolve. Considering zinc and cop-
per, copper is only weakly scavenged by hydrous oxides (also favors iron over 
manganese oxide), whereas zinc is strongly scavenged. 

2. Clay Minerals 

The relative importance of clay minerals in t race element accumulat ion is not well 
understood. Factors which affect the selectivity of clays for different trace element 
cations are valence, hydrated ion radius, electronegativity, and free energy of 
formation. The cat ion-exchange capability of clays appears to be low compared 
to that of humic subs tances , which often coat clay minerals. 

3. Organic Matter 
The most important organic species as far as t race elements are concerned are 
the humic substances (humic and fulvic acids). These consti tute a spectrum of 
compounds with a range of physical and chemical propert ies . They can exist as 
anionic species in water . Neutral ization of the negative charge by reaction with 
a trace element cation or metal oxide colloids or by adsorption onto clay particles 
occurs. Interactions between humic substances and metal ions have been described 
as ion exchange, surface adsorpt ion, and chelation. Both zinc and copper can 
strongly react with humic substances . 

4. Choice of a Selective Extractant 
A large variety of selective extractants have been proposed for geochemical ex-
ploration purposes . These include hydroxylamine hydrochlor ide, ammonium ox-
alate, sodium dithionite-sodium citrate, sodium pyrophosphate, and acetylacetone. 
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Lye (11) critically evaluated these ext rac tants on lake sediment samples for the 
recovery of zinc and copper from various componen t s . He found that hydrox-
ylamine hydrochloride was bet ter than pyrophosphate for the selective dissolution 
of hydrous manganese oxide; the latter seemed to dissolve some organically bound 
metal . Also, hydroxylamine dissolved relatively little hydrous iron oxide. 

Oxalate extracts contain copper and zinc trapped in most of the clay components. 
Thus the oxalate extract ion is not very selective. Likewise , dithionite was found 
to be poorly selective. 

Acetylacetone and pyrophosphate were found to extract t race elements from 
organic matter . Acetylacetone proved to be more specific than pyrophosphate for 
organic mat ter because it decomposed less of the hydrous manganese oxide frac-
tion. Both of these extractants were found to dissolve hydrous iron oxide. 

The authors emphasize that the results obtained by following the methods should 
be interpreted with caution. 

B. DETERMINATION OF COPPER AND ZINC IN HYDROUS MANGANESE OXIDE BY FLAME ATOMIC 

ABSORPTION 

Reagents 

All chemicals were of reagent grade quality. 

• Hydroxylamine hydrochlor ide , 0.1 M: Dissolve 6.95 g in distilled water . Add 
10 ml of 1 M nitric acid. Dilute to approximately 900 ml. Adjust the pH to 2 
and dilute to 1 liter. 

• Acetylacetone , 5%: Add 50 ml of the concentra te to distilled water . Mix and 
dilute to 1 liter. Mix again. 

• Standard metal solutions, 1000 μg/ml: Prepare each by dissolving 1 g metal in 
a minimum of nitric acid and then dilute to 1 liter. Final acid content should be 
1%. 

Equipment 

A Perkin-Elmer model 603 atomic absorpt ion spect rometer was used. Deuterium 
arc background correct ion was available. A single-slot air/acetylene high-solids 
burner was employed. Ins t rument settings were as follows: 

Element W a v e l e n g t h (nm) Slit L a m p current (mA) 

C u 3 2 4 . 7 0 .7 5 

Z n 2 1 3 . 9 0 .7 7 

Procedure 

Weigh 0.5 g of sample into a 50 ml plastic bottle. Add 25 ml of 0.1 M hydroxlyamine 
hydrochloride solution. Agitate on a mechanical shaker for 20 min. Filter the sam-
ples. Run on the atomic absorption unit using the conditions given in the Equipment 
section. 
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C. DETERMINATION OF COPPER AND ZINC IN ORGANIC MATTER BY FLAME ATOMIC 

ABSORPTION 

Weigh 1.0 g of sample into a 50 ml plastic bott le. Add 25 ml of 5% acetylacetone. 
Agitate on a mechanical shaker occasionally for 6 days . Transfer to a 50 ml cen-
trifuge tube and centrifuge at 20,000 x g for 30 min. Transfer the supernatant 
liquid to a 50 ml plastic bott le. Wash the original bottle with 2 ml of extractant 
and transfer the liquid to the centrifuge tube with the original sample. Set aside 
these tubes containing residues and washings for 15 days . Shake occasionally 
during this period. Centrifuge again as above and filter the supernatant liquids 
thus obtained through a 0.45 μηι membrane filter into the appropriate bottle (the 
one containing the original centrifugate). If a brick red precipitate is obtained in 
any sample, repeat the procedure using a smaller sample-to-extractant ratio. Run 
the solutions on the atomic absorption unit using the condit ions given in the 
Equipment section. 

D. DETERMINATION OF COPPER, LEAD, AND ZINC IN STREAM SEDIMENTS BY MEANS OF FIVE 

SELECTIVE EXTRACTANTS AND FLAME ATOMIC ABSORPTION (12) 

Comments on the Method 

Stream sediments are fractionated into eight size categories in the range 850 μπι 
to < 1 mm. Each fraction is extracted with five selective extractants in a sequential 
procedure . These are (in order of extraction) 0.5 M MgCl 2 at pH 7—exchangeable 
metals , 1 M N a O A c adjusted to pH 5.0—metals bound to carbonates , 0.04 M 
N H 2O H · HCl in 25% (v/v) HOAc—meta l s bound to iron and manganese oxides, 
30% H 2 0 2 adjusted to pH 2 with H N O , at 85°C followed by room temperature 
leach with 3.2 M N H 4O A c in 20% (v/v) H N 0 3— m e t a l s bound to organic matter , 
and 5 : 1 H F : HC10 4—residual metals . (The present authors recommend that ex-
cess nitric acid be present during any perchloric acid t reatment . ) Iron and man-
ganese are included because of their importance in oxide fractions. This work 
suggests that for the samples tested, two stream beds in the Gaspé Quebec region, 
an extraction with N H 2O H · HCl (hydroxylamine hydrochloride) gives high anom-
aly-to-background ratios. Grain size was not an important parameter in using this 
extractant . 

Reagents 

• Magnesium chloride: Prepare 0.5 M MgCl 2 solution and adjust the pH to 7. 

• Sodium acetate: Prepare 1 M N a O A c and adjust the pH to 5.0 with acetic acid. 

• Hydroxylamine hydrochloride: Prepare an 0.04 M N H 2O H · HCl solution in 
25% (v/v) acetic acid. 

• Hydrogen peroxide: Prepare a 30% solution and adjust the pH to 2 with nitric 
acid. 

• Ammonium acetate: Prepare a 3.2 M solution in 20% (v/v) nitric acid. 
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Equipment 

A Varian Techtron model 575-ABQ atomic absorption spectrometer was used 
with the manufacturer ' s recommended condit ions. 

Procedure 

Sampling and preservation 

Collect bot tom sediment samples (1 kg) with hand gloves at each of the sites. 
Keep the samples at 4°C during t ransport to the laboratory, and then freeze them 
until needed for processing. 

Trace metal analysis 

Each subsample is subjected to a sequential extract ion procedure designed to 
partition the particulate trace metals into the following five fractions: 

Fract ion 1: exchangeable metals . Extract the sediment sample for 10 min with 
0.5 M M g C l 2. 

Fract ion 2: metals bound to carbonates . Leach the residue for 5 h with 1 M 
sodium acetate (NaOAc) . 

Fract ion 3: metals bound to iron and manganese oxides . Extract the residue for 
6 h at 96°C with 0.04 M N H 2O H · HCl in 25% (v/v) H O A c . 

Fract ion 4: metals bound to organic matter . Extract the residue at 85°C for 5 
h with 30% H 2 0 2 and then at room tempera ture with 3.2 M N H 4O A c in 20% (v/ 
v) H N 0 3 . 

Fract ion 5: residual metal . Digest the residue with a 5 : 1 mixture of hydrofluoric 
and perchloric acids. (The present authors recommend addition of an excess of 
nitric acid for safety reasons.) 

E. DETERMINATION OF COPPER, ZINC, IRON, MANGANESE, AND MOLYBDENUM SCAVENGED BY 

SOIL AND SEDIMENTAL ORGANIC MATTER (FLAME ATOMIC ABSORPTION) ( 1 3 ) 

Comments on the Method 

Alkaline sodium hypochlori te is used to oxidize and dissolve organic matter (and 
sulfide minerals) in soils and lake and stream sediments . The copper , zinc, iron, 
manganese , and molybdenum thus released are determined by flame atomic ab-
sorption spect roscopy. A nitrous oxide/acetylene flame is required for molyb-
denum. Metals which are precipitated by the alkaline condit ions are redissolved 
by a pH 3.0 ± 0.3 leach. 

The only t reatment prior to the leaching step is drying at 100°C followed by 
sieving through an 80 mesh sieve. The precision obtained on replicate determi-
nations was ± 2 5 % at the 9 5 % confidence level. 

Reagents 

• Sodium hypochlori te , 5% reagent grade: Adjust the pH to 9.5 by dropwise ad-
dition of 6 M hydrochloric acid. 
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• Acidic leach solution, pH 3.0: Adjust the pH of distilled water to 3.0 ± 0.3 by 
dropwise addition of 1.5 M hydrochloric acid. 

• Molybdenum calibration s tandards: These must be made to contain aluminum 
in an amount similar to that added to the samples . 

Equipment 

Atomic absorption spect rometer equipped with air/acetylene and nitrous oxide/ 
acetylene burners . Use the manufacturer ' s recommended condit ions. 

Procedure 

Dry samples in an oven at 110°C. Then sieve (or pulverize for lake sediments) at 
80 mesh. Place a 1.0 g split of - 8 0 mesh material in a test tube (20 by 155 mm) 
and add 10 ml of reagent grade sodium hypochlori te , freshly adjusted to pH 
9.5 with 6 M hydrochloric acid to oxidize organic matter . Homogenize the test 
tube contents at 2 h intervals for 10 h and then place in a water bath for 3 h to decom-
pose excess hypochlori te . [Care must be exercised to avoid excessive tempera-
tures (>80°C) because some e lements , hydrolyzed under the alkaline conditions 
of the extract ion, are susceptible to dehydrat ion react ions. In later experi-
ments the heating step was eliminated without altering the effectiveness of the 
extraction.] 

Cool the sample to room tempera ture , centrifuge, and decant the supernatant 
liquid into a clean test tube. Repeat the procedure with an additional 5 ml of 
hypochlorite solution, and combine the supernatant with that from the first ex-
traction. (Additional sodium hypochlori te may be required if the extraction con-
tinues to give brown, strongly colored solutions. In general, although many samples 
require up to three extract ions to decompose the organic matter fully, more than 
95% of the hypochlorite-leachable metal is dissolved during the first t reatment . ) 
Wash the residue from the extract ion with sufficient distilled water so that, when 
decanted and combined with the solution from previous extract ions, the final vol-
ume is 30 ml. 

Metal hydroxide precipitates and basic salts formed in the alkaline solution are 
redissolved by adding 10 ml of distilled water to the sample residue and adjusting 
the pH to 3.0 ± 0.3 by dropwise addition of 1.5 M hydrochloric acid delivered 
from a buret . 

Analyze the samples by standard atomic absorption procedures with an air/ 
acetylene flame for copper, zinc, iron, and manganese. Determine the molybdenum 
content of the hypochlorite extracts also by atomic absorption spectrophotometry, 
using a nitrous oxide/acetylene flame. [Addition of aluminum (0.5 ml of 2.4% alu-
minum trichloride hexahydra te , w/v, to a 5 ml aliquot) as a releasing agent is 
necessary to suppress interferences in this determination. Precipitation of aluminum 
hydroxide is avoided by acidification of samples with 0.5 ml of 1.5 M hydrochloric 
acid.] 
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F. DETERMINATION OF SECONDARY IRON AND MANGANESE OXIDES AND THEIR ASSOCIATED 

METALS IN SOILS AND STREAM SEDIMENTS BY MEANS OF OXALIC ACID ( I C P - A E S ) ( 1 4 ) 

Elements Determined 

AI, Fe , Mg, Ca, Ti, Mn, Ag, As , Ba, Be , Bi, Cd, Ce , Co , Cr, Cu, La , Mo, N b , 
Ni , Pb , P, Sb, Sn, Sr, V, W, Y, Zn 

Comment on the Method 

Oxalic acid leaching of soils and s t ream sediments is used to dissolve secondary 
iron and manganese oxides and their associated metals . The oxides occur as coat-
ings on mineral surfaces, as fine particles, and as aggregates of colloidal dimensions. 
When they are associated with an ore body, the oxides are often enriched with 
trace elements as a result of surface and ground water movement . Amorphous 
aluminum and silicon oxides may also be important scavengers . 

Equipment 

• Applied Research Labora tor ies fixed-slit, 1 m polychromator quantometer with 
a spectral array of 32 e lements 

• Minicomputer D E C 1104 (dual floppy disk) 

• Babington-type nebulizer 

Reagents and Appara tus 

• Oxalic acid, 5% 

• Hydrochlor ic acid, 20% 

• Hydrogen peroxide, 50% 

• Whatman N o . 44 filter paper 

Procedure 

Weigh a 1.00 g sample into a 150 ml beaker . Add 25 ml of 5% oxalic acid. Bring 
the contents to a boil on a hot plate , and boil for 30 min. Filter the solution through 
a Whatman N o . 44 filter paper into a 150 ml beaker . Wash the residue on the 
paper with 25 ml distilled water. Add 5 ml of 50% hydrogen peroxide to the filtrate. 
Evaporate the filtrate to dryness. Add 20 ml of 20% hydrochloric acid to the residue 
and heat to dissolve the salts. Filter again through a Whatman N o . 44 filter paper . 

The spectral lines and detect ion limits and the operating parameters for the ICP 
are listed in Tables 6.12 and 6.13, respect ively. 

G . DETERMINATION OF COPPER AND NICKEL SULFIDES BY FLAME ATOMIC ABSORPTION 

Comment on the Method 

A number of methods have been proposed for the dissolution of sulfide minerals 
as a specific class of compounds . They generally rely on the oxidation of sulfide 
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T a b l e 6 . 1 2 

Spectral Array, Detection Limits, and Lower Limits of Determinat ion for Soil Profile and 

S t ream Sediments 

Lower limit of 

R a n g e of lower limit determinat ion of 

E lement 

W a v e l e n g t h 

(nm) 

L Q D
a 

^ g / m l ) 

of de terminat ion
0 

( μ 9 / 9 ) 

routine m e t h o d
0 

(μθ /g ) 

AI 3 9 6 . 1 0 . 0 5 8 1 . 1 6 - 1 . 7 4 N D
d 

Fe 2 5 9 . 9 0 . 0 2 8 0 . 5 6 - 0 . 8 4 1 0 0 0 

M g 2 7 9 . 0 0 . 0 8 0 1 . 6 - 2 . 4 5 0 0 

C a 4 2 2 . 7 0 . 0 4 0 0 . 8 - 1 . 2 1 0 0 0 

Ti 3 3 4 . 9 0 . 0 0 7 0 . 1 4 - 0 . 2 1 2 0 

Μ η 2 5 7 . 6 0 . 0 0 3 0 . 0 6 - 0 . 0 9 2 0 

Ag 3 2 8 . 0 0 . 0 1 5 0 . 3 0 - 0 . 4 5 1 

As 1 9 3 . 7 0 . 4 6 0 9 . 2 - 1 3 . 8 5 0 0 

Au 2 4 2 . 8 0 . 0 5 0 1 . 0 - 1 . 5 2 0 

Β 2 4 9 . 7 0 . 0 1 0 0 . 2 - 0 . 3 2 0 

Ba 4 5 5 . 4 0 . 0 0 1 0 . 0 2 - 0 . 0 3 5 0 

Be 3 1 3 . 0 0 . 0 0 0 4 0 . 0 0 8 - 0 . 0 1 2 2 

Bi 3 0 6 . 7 0 . 5 1 0 - 2 0 2 0 

C d 2 2 6 . 5 0 . 0 0 5 0 . 1 - 0 . 1 5 5 0 

C o 3 4 5 . 3 0 . 2 0 0 4 - 6 1 0 

Cr 2 8 3 . 5 0 . 0 1 5 0 . 3 - 0 . 4 5 2 0 

C u 3 2 4 . 7 0 . 0 2 0 0 . 4 - 0 . 6 1 0 

La 3 9 8 . 8 0 . 0 1 6 0 . 3 2 - 0 . 4 8 5 0 

M o 2 8 7 . 1 0 . 0 3 8 0 . 7 6 - 1 . 1 4 1 0 

Nb 3 0 9 . 4 0 . 0 3 0 0 . 6 - 0 . 9 5 0 

Ni 2 3 1 . 6 0 . 0 4 0 0 . 8 - 1 . 2 1 0 

Pb 2 2 0 . 3 0 . 1 5 0 3 - 4 . 5 2 0 

S b 2 1 7 . 5 0 . 2 7 0 5 . 4 - 8 . 1 2 0 0 

S n 1 8 9 . 9 0 . 2 0 0 4 - 6 2 0 

Sr 4 0 7 . 7 0 . 0 0 0 4 0 . 0 0 8 - 0 . 0 1 2 2 0 0 

V 3 1 1 . 0 0 . 0 1 8 0 . 3 6 - 0 . 4 5 2 0 

W 2 3 9 . 7 0 . 2 6 0 5 . 2 - 7 . 8 1 0 0 

Y 3 7 1 . 0 0 . 0 0 4 0 . 0 8 - 0 . 1 2 2 0 

Z n 2 0 2 . 5 0 . 0 1 0 0 . 2 - 0 . 3 5 0 0 

C e 4 1 8 . 6 0 . 0 9 0 1 . 8 - 2 . 7 N D 

Ρ 2 1 3 . 6 0 . 1 4 0 2 . 8 - 4 . 2 N D 

G e 3 0 3 . 9 0 . 3 7 0 7 . 4 - 1 1 . 1 N D 

Source: Ref. 14. a
Lowest quantitative determinable concentration is defined as the concentration of the element that 

will give a net signal equal to approximately 10 times the standard deviation of the background. ö
Lower limit of determination (LQD χ dilution factor) varies according to dilution factor. c
dc arc method. d
 Not determined. 
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T a b l e 6 . 1 3 

Operat ing Paramete rs 

Incident power 

P l a s m a g a s 

P l a s m a g a s flow rate 

Coolant gas flow rate 

Carr ier g a s flow rate 

Solution uptake rate 

Observat ion height 

Integration t ime 

1.6 k W 

Argon 

1.5 liters/min 

10 .5 liters/min 

0 . 6 - 0 . 7 liter/min 

4 . 7 ml/min 

15 m m a b o v e coil 

3 - 1 0 s period 

Source: Ref. 14. 

to release and dissolve the associated metals. Comparisons of 10 different chemical 
t rea tments of nine sulfide minerals have been reported (15). The hydrogen per-
oxide-ammonium citrate treatment described here is less destructive to the silicate 
minerals than t rea tments involving inorganic acids. Ammonium citrate acts as a 
buffer to control the acidity of the solution so that at tack on other water-insoluble 
forms of the metals is minimized. A closely related method based on hydrogen 
peroxide-ascorbic acid proved to be moderately effective in dissolving sulfide 
minerals with the except ion of stibnite and orpiment . A summary of the results 
of o ther sulfide dissolution methods is given at the end of the Procedure . 

Reagents and Appara tus 

• Hydrogen peroxide, 30%. 

• Ammonium citrate, 10%. 

• Reactant solution: Mix 65 ml of 10% ammonium citrate with 35 ml of 30% hy-
drogen peroxide. 

• Plastic bot t les , 50 ml. 

• Test tube , 25 ml, with a graduation mark at 20 ml. 

• Mechanical shaker which can accommodate a number of 50 ml bott les . 

Procedure 

Weigh a 0.1 g sample into a 50 ml plastic bott le. Add 10 ml of reactant solution. 
Shake the solution for 2 h. Transfer the sample to a 25 ml test tube . Add water 
to the 20 ml mark. Mix the conten ts , and then set the test tube aside for several 
hours to allow the sediment to sett le. 

Prepare dilute s tandards from the stock solutions. Use reactant solution for the 
final dilutions so that standards and samples have the same reactant concentrations. 

Detect ion Limits 

Copper , 25 μg/g; nickel, 25 μg/g. 
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Comparisons of Treatments of Sulfide Minerals 

Descriptions of the procedures of t rea tments of sulfide minerals are shown in 
Table 6.14. Results of these t rea tments are contained in Table 6.15. 

H. DETERMINATION OF ORGANICALLY BOUND GOLD BY FLAMELESS ATOMIC ABSORPTION ( 1 6 ) 

Comments on the Method 

Organically bound gold is selectively extracted from soil and stream and lake 
sediment samples by means of two extract ions with a 5 % solution of sodium hy-
pochlorite. Only a minimal amount of gold in other forms is dissolved by the 
proposed procedure for three samples tested (precipitated gold, Maclnnis Lake 
Rock, and PTC-1). The present authors must stress the caution of Grégoire (36) 
that, depending on the state of subdivision, the level of at tack of other gold may 
be different from that recorded in this paper . We find that appreciable levels of 
gold can be extracted with relatively mild oxidizing agents , depending on grain 
size and chemical form of gold. 

Grégoire also demonst ra ted that adsorption of extracted gold onto inorganic 
components of the sample can be significant. In this work up to 30% of the or-
ganically bound gold could be lost. The precision of the method is bet ter than 
15%. 

T a b l e 6 .14 

Trea tment of Sulfide Minerals 

T r e a t m e n t
3 

Procedure 

H 20 2- a s c o r b i c acid Reac t with a solution of 10 ml 3 0 % H 20 2 and 2 5 ml 2 % 

ascorbic acid overnight 

K C I 0 3 + HCl fol lowed by 4 M 5 0 0 m g K C 1 0 3 + 10 ml cone. HC l for 3 0 min. Dilute with 10 

ΗΝΟ3 ( 1 0 min) ml H 20 . S e p a r a t e residue, and boil 10 min with 4 Μ H N 0 3 

KCIO3 + HCl fol lowed by 4 M S a m e as a b o v e with a 2 0 min boil in 4 Μ H N 0 3 

HNO3 ( 2 0 min) 
KCIO3 + HCl fol lowed by 4 M S a m e as above with 4 Μ H N 0 3 boiled dry. W a s h residue with 

HNO3 (boiled dry) 10 ml H 20 

4 / W H N O 3 ( 1 0 min) Boil for 10 min in 4 Μ H N 0 3 

4 M HNO3 (boil dry) S a m e as a b o v e with 4 Μ H N 0 3 boiled dry. W a s h residue with 

10 ml H 20 

A q u a regia Mix with 12 .5 ml a q u a regia and heat to dryness. W a s h 

residue with 5 ml cone. H C l and 5 ml H 20 

KCIO3 + H C l 5 0 0 m g K C I 0 3 + 10 ml cone. H C l . Reac t 3 0 min. Dilute with 

10 ml H 20 

KCIO3 + H C l (twice) S a m e as a b o v e with a second t reatment 

Oxal ic acid Mix with 10 ml 3 % oxalic acid 10 min. Dilute with 10 ml H 20 

Source: Ref. 15. a
Ground sulfide minerals were mixed in a 1 : 9 ratio with clay loam soil. A 500 mg sample of mixture was used. 
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T a b l e 6 . 1 5 

Dissolution of Sulf ide Minera ls: Result of T r e a t m e n t
3 

KCIO3 + H C l fol lowed by 

HNO3 4 Μ Η Ν 0 3 K C I 0 3 + HCl 

H 20 2-

ascorbic 10 min 2 0 min Boiled 10 min Boiled A q u a Oxalic 

Minera l acid boil boil until dry boil until dry regia O n c e T w i c e acid 

G a l e n a M V V V Ν Ν M ν V Ν 
Chalcopyri te M E V V Μ M Ε Μ V Ν 
Cinnabar M V V ν Μ M M Ε V Ν 
Molybdeni te M M V V Μ V Ε Ν Ν Ν 
Orpiment Ν V V V Ε V V Ε V Ν 
Pyrite M V V V V Ε Ε Μ Ε Ν 
Stibnite Ν V V ν Μ V Ε ν V Ν 
Sphaler i te M V V V Ε M Ε V V Ν 
Tetrahedr i te M V V V Μ M Μ V V Ν 

Source: Ref. 15. a
N , Not effective ( 0 - 4 0 % dissolution); M, moderately effective ( 4 1 - 7 0 % dissolution); E, effective (71 -86% dissolution); 

V, very effective (86 -100% dissolution). 

Reagents 

All reagents used were of reagent grade. The 5% sodium hypochlori te solution 
(J. T. Baker , p H 11.5) was used without prior adjustment of p H . Gold standard 
solutions were prepared immediately prior to use by dilution of stock 1000 ppm 
gold(III) chloride solution (Aldrich Chemical Co.) with distilled water . 

Equipment 

All gold determinat ions were made on a Perkin-Elmer model 5000 atomic ab-
sorption spec t rophotometer equipped with a model 500 graphite furnace. 

Procedure 

Treat 10 g of sample twice with separate 50 ml aliquot s of 5 % sodium hypochlorite 
solution. Allow the samples to remain in contact with the solution for 24 h. Warm 
the resulting mixture on a hot plate for 3 h and centrifuge at 2000 rpm for 10 min. 
Wash the residue twice with distilled water . Combine all leach solutions. Add 20 
ml of 12 M hydrochloric acid to destroy any remaining hypochlori te . Evapora te 
to dryness . (Be careful not to bake the residue.) Dissolve the residue in 3 M hy-
drochloric acid. Then dilute with 3 ml hydrochloric acid so that the final volume 
of solution is 50 ml. 

Extract this sample solution with 5 ml of methyl isobutyl ketone (MIBK) in a 
125 ml separatory funnel. This is done by shaking the mixture for 10 min using a 
mechanical shaker. Discard the aqueous layer. Add 10 ml of 0.1 M hydrochloric 
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acid (saturated with MIBK) to backwash any coextracted excess iron. Calibrating 
solutions are subjected to the same procedure . 

Place 10 μΐ of the MIBK into the graphite furnace. Operate the furnace using 
the following parameters : dry, 100°C for 20 s; ash, 550°C for 20 s; a tomize, 2400°C 
for 5 s. Do triplicate analyses of each extract . The 242.8 nm gold line is employed 
together with the manufacturer ' s recommended condit ions for the spectrometer . 

V. METHODS FOR MERCURY AND HYDRIDE ELEMENTS 

A. DETERMINATION OF MERCURY IN SOILS AND ROCKS BY COLD VAPOR ATOMIC ABSORPTION 

( 1 7 ) 

Comment on the Method 

The sample is prepared by means of acid digestion and wet oxidation. The mercury 
is reduced and is then partit ioned be tween the liquid phase and a fixed volume 
of air which is blown through an absorption cell. In this manner , frothing is not 
a problem, and sharper peak absorbances for mercury are obtained. The method 
has been validated by comparat ive analyses of a range of soils and rocks . For 1 
g samples, the analytical range is 0.01-0.5 ppm. 

Equipment 

Atomic absorption spect rophotometer with a mercury vapor cell mounted in place 
of the burner . The special appara tus required is shown in Fig. 6.2. The sample 
vessel is the long-necked, 100 ml ground-glass-stoppered Kjeldahl flask (total vol-
ume including the long neck, about 200 ml) in which the acid digestion and wet 
oxidation are carried out . The flask is connected to the air train by flexible silicone 
rubber tubing fitted with Möhr spring clips to isolate the sample and the fixed 
volume of air with which mercury is parti t ioned by manual shaking of the flask 
and contents . An empty U-tube is used as a safety t rap but no drier is necessary. 
Sample solutions prepared by the oxygen flask combust ion method are decanted 
into the alternative vessel , a conical flask whose flat bot tom makes it convenient 
for carrying out the partitioning operat ion by magnetic stirring. Isolation of the 
contents is achieved in this case by nylon s topcocks . 

Standard Solutions 

From a 1000 mg/ml mercury stock solution of mercury(II) chloride in 0.5 M sulfuric 
acid, a 10 mg/ml mercury solution in 0.5 M sulfuric acid stable for at least 1 month 
is prepared. Solutions containing 0.05, 0 .1 , 0.2, 0 .3 , and 0.5 μg Hg/ml are prepared 
daily by repeated dilution of the 10 mg/ml solution with 0.5 M sulfuric acid. Stan-
dard samples, analyzed with each set of analysis samples , are prepared by adding 
1 ml of these solutions to Kjeldahl flasks with 10 ml aliquots of the nitric-sulfuric 
acid mixture and 20 ml of water and digesting in the same manner as the samples , 
using the same volume of potassium permanganate and hydroxylammonium chlo-
ride. Errors arising from volume differences and traces of mercury in the reagents 
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are thus compensated. No loss of mercury occurred in the digestion of the standard 
solutions and the determined mercury contents did not differ from those in un-
digested standard solutions. 

Method 

Equipment cleaning 

Pyrex glassware is washed in tap water , followed by 6 M hydrochloric acid, 8 M 
nitric acid, and several rinses in glass-distilled water . Ground-glass-stoppered 
Kjeldahl flasks are rinsed in tap water , brushed clean using Teepol , then rinsed 
thoroughly in tap water before being washed with acid and distilled water as above. 
Kjeldahl flasks in regular use are soaked once a week, or whenever stains develop, 
in a solution of Decon 90 (Decon Laborator ies Ltd . , Ports lade, Brighton, UK) , 
rinsed in tap water , and washed in acid and distilled water as above . 

Sample preparation 

Place the required weight of finely ground (<150 μπι) air-dried (<30°C) soil or 
peat in a 100 ml Kjeldahl flask. Add 10 ml of a mixture of redistilled nitric acid 
and concentrated sulfuric acid (1 + 1) and swirl the contents to wet the sample 
thoroughly. The weight taken depends on the expected mercury content and the 
amount of oxidizable matter. It is generally 0.5-2.0 g, the sample size being limited 
by the oxidizing ability of the 40 ml of permanganate solution that the flask can 
conveniently hold; with peat, for example, 0.5 g is the maximum. Digest the sample 
unstoppered for 2 h in a water bath at 60°C, with swirling at intervals, only the 
bulb of the flask being immersed so that its long neck acts as an air condenser . 
Times of digestion from 1 to 3 h do not alter the recovery of mercury . Cool the 
flask, add 20 ml of glass-distilled water , cool the flask again, and add 5 ml aliquots 
of 6% potassium permanganate solution until the purple color is retained for at 
least 1 h. By grouping samples of similar organic content for analysis , the same 
volume of potassium permanganate solution can be used for each sample of a set. 
Leave the sample glass-stoppered at room tempera ture overnight. Add 20% (w/ 
v) hydroxylammonium chloride slowly until the brown hydrated manganese oxides 
and the excess of potassium permanganate are reduced, giving a clear solution 
with a residue of insoluble material . Leave the unstoppered flask for 1 h to allow 
the evolved gases to be liberated; no loss of mercury is observed at this stage. 
Use this solution for the determination of mercury . 

Procedure 

Clean the apparatus before use and between samples by at taching a Kjeldahl flask, 
containing 10-20 ml of distilled water , to the air train. Attach the clips and shake 
the flask manually. After repeating with a fresh aliquot of distilled water , remove 
the clips, open the two-way tap , and pass air at 10 liters/min through the flask 
and measuring system until no absorption is obtained. Reduce the air flow to 3 
liters/min, set the two-way tap to vent , and replace the clips. 

Measure the mercury content of a sample by adding 5 ml of 20% SnCl 2 · 2 H 20 
in 6 M hydrochloric acid to the sample solution prepared as described above in 
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T a b l e 6 . 1 6 

Interferences in the Determinat ion of Mercury 

A d d e d Quanti ty Ef fect
3 

Aluminum chloride 0 .5 g N o n e 

Ca lc ium carbonate 0 .5 g N o n e 

Iron(ll) sulfate 0 .5 g N o n e 

M a g n e s i u m oxide 0 .5 g N o n e 

Ca lc ium phosphate 0 .5 g < 1 0 % depression 

Copper (as sulfate) 2 5 0 μ g N o n e 

Silver (as nitrate) 1 0 0 μ g N o n e 

Sulfur 1 0 0 0 μ g N o n e 

Se len ium (as acid) 4 0 0 μ g 9 0 % d e p r e s s i o n
0 

8 % d e p r e s s i o n
0 

Selen ium (as acid) 4 0 μ g 

9 0 % d e p r e s s i o n
0 

8 % d e p r e s s i o n
0 

Selen ium (as acid) 4 μ g N o n e 

Iodine (as Kl) 1 0 0 μ g 1 0 % depression 

Source: Ref. 17. a
0.1 of mercury. b
0.2 μQ of mercury. 

a Kjeldahl or conical flask, which is immediately fitted to the appara tus to prevent 
loss of mercury . After agitation for 2 min (manual shaking for Kjeldahl, magnetic 
stirring for conical flask), remove the clips (or open the s topcocks) and blow air 
through at 3 liters/min. Measure the absorption at 253.7 nm with an atomic ab-
sorption spec t rophotometer of conventional design fitted with a pen recorder with 
a chart speed of 2.5 mm/min. Linear calibration curves of absorbance versus mer-
cury content are obtained up to about 0.3 μg, with slight curvature from 0.3 to 

F i g u r e 6 .3 . Interference by gold ( · ) , plat inum ( A ) a n d pal ladium (•) on the determinat ion of 0 . 2 5 μg (full line) and 

0.1 μg (dashed line) of mercury (17 ) . 
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T a b l e 6 .17 

Reproducibility of Comple te Analytical Procedure Based on Acid Digestion and 

W e t Ox idat ion
3 

S a m p l e 

S a m p l e weight 

(g) 

A v e r a g e Hg f o u n d
0 

( μ 9 ) (μ-9) 

s 

Soil 1 

Soil 2 

Soil 3 

Peat 1 

1 .000 

1 .000 

1 .000 

0 . 5 0 0 

0 . 0 7 3 

0 . 1 3 4 

0 . 1 8 4 

0 . 0 8 2 

± 0 . 0 0 5 

± 0 . 0 0 8 

± 0 . 0 1 2 

± 0 . 0 0 4 

± 7 

± 6 

± 7 

± 5 

Source: Ref. 17. a
s, Reproductibilty; sr, coefficient of variation. 6
 Average of 10 determinations. 

0.5 μg. For a 1 g sample, the analytical range of 0.01-0.5 μg of mercury corresponds 
to 0.01-0.5 ppm mercury in the soil. 

Interferences 

The effects of several e lements on the determinat ion of mercury are listed in Table 
6.16. Interferences of gold, platinum, and palladium on mercury are shown in Fig. 
6.3. Molecular absorption and light-scattering interference effects were not sig-
nificant in the studies of three soils and three rocks . 

Reproducibility 

The reproducibility and coefficients of variation are shown in Table 6.17. 

B. DETERMINATION OF MERCURY IN ROCKS, SOILS, AND SEDIMENTS BY FLAME AND 

FLAMELESS ATOMIC ABSORPTION ( 1 8 ) 

Comments on the Method 

This is an alternative to the cold vapor atomic absorption method. It is rapid, 
sensitive, and free of interference from major and trace elements found in geological 
procedures . Mercury is extracted from an acid digestate of the sample into methyl 
isobutyl ketone as the te t ra iodomercurate . The mercury is determined by either 
the flame or carbon rod atomization method. Silver is used as a matrix modifier 
in the carbon rod atomizer. Eight standard reference materials have been analyzed 
satisfactorily. 

Equipment 

• Varian AA-6 atomic absorption spect rometer 

• Varian model 63 carbon rod atomizer 
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• Varian model 53 automatic sample dispenser 

• Deuter ium lamp background corrector 

Preparat ion of Sample 

Weigh a 1.00 g sample (less than 100 mesh) into a 25 x 200 mm culture tube. 
Add 2 ml of concentra ted nitric acid and 5 ml of concentra ted hydrochloric acid. 
Heat the tube in a boiling-water bath for 20 min, and agitate the contents occa-
sionally. Remove the tube , and adjust the volume to 20 ml with water . Cool the 
sample and then add 20 ml concentra ted ammonium hydroxide. Mix the sample, 
and cool it again. Add 1.0 ml of 20% potassium iodide solution and mix. Next 
add 0.2 ml of 0.01 M silver nitrate solution (freshly prepared from a 1.0 M stock 
solution) and mix. Add 2 ml of methyl isobutyl ke tone , s topper the tube, and 
shake the contents for 1 min. Centrifuge to separate the organic layer. 

Determine the mercury in the organic layer by ei ther the flame or carbon rod 
method. Measure peak heights. Inject volumes of 5 or 10 μΐ of solution from the 
automatic sample dispenser for the carbon rod atomizer . The operating conditions 
for the instrument are given in Table 6.18. 

Calibration 

Prepare some mercury-free solids from medium-textured soil or sediment ground 
to the same fineness as the sample. Heat the solids at 800°C for 4 h in a muffle 
furnace to drive off any mercury . Weigh 1.00 g samples into culture tubes . Add 
measured volumes of 10 or 100 μg/ml mercury solutions for carbon rod or flame 
atomizat ion, respectively. Carry the s tandards through the procedure described 
above for the samples . The calibration curves are linear. 

Use carbon rod atomizat ion for mercury contents of 0.05-10 ppm in the sample. 
The carbon rod can be fired 200 t imes. For mercury concentra t ions of 1-200 ppm, 
use flame atomization. 

T a b l e 6 . 1 8 

Instrument Operat ing Condit ions 

Source Mercury hol low-cathode lamp 

W a v e l e n g t h 2 5 3 . 7 n m 

L a m p current 2 .5 m A 

Slit width 0 .5 n m 

F l a m e atomizer Fuel lean air /acetylene 

C a r b o n rod atomizer 

Dry 1 0 0 ° C , 2 5 s 

Ash 1 5 0 ° C , 5 s 

A tomize 1 2 0 0 ° C 

Nitrogen flow meter 8 .0 

Source: Ref. 18. 
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Sensitivity 

• Carbon rod atomizer , 2.2 x 10~
10
 g mercury (for 1% absorption) 

• Flame atomizer , 0.73 μg/ml mercury (for 1% absorption) 

C. DETERMINATION OF ARSENIC IN GEOLOGICAL AND ENVIRONMENTAL SAMPLES BY HYDRIDE 

GENERATION (ATOMIC ABSORPTION) ( 1 9 ) 

Comment on the Method 

This is a rapid, sensitive, and accurate method which requires only a small amount 
of hydride generation appara tus . The fusion procedure decomposes most siliceous 
materials. It is also suitable for samples containing only small proportions of silicate 
and those containing large amounts of material forming sulfate precipitates. Results 
of analyses of s tandard reference materials have been in good agreement with 
accepted values. The precision is ± 5 % . 

Equipment 

• Commercial atomic absorption spectrometer, e.g., Perkin-Elmer model 603 with 
automatic background correct ion. 

• Strip chart recorder . 

• Absorption cell made of silica with dimensions 10 cm x 10 mm inner diameter 
(i.d.). It is heated by means of Chromel C resistance wire (0.7 ohm/30 cm). The 
windings must be close to but not touching each other . A thickness of 0.8 cm 
asbestos insulation is applied over the windings. The furnace is heated to 700-
800°C by variac control . 

• Silica tube 10 cm x 5 mm (i.d.) joined at right angles to the center of the atomizer. 
Nitrogen and hydrogen gas supplies are connected to the silica tube by poly-
ethylene tubing. The absorption cell is fastened to the burner mount of the spec-
t rometer and centered in the optical path . 

• Arsine generator . This is a 50 ml plastic syringe fitted with a N o . 20 stainless 
steel needle. Each syringe lasts for 100-200 injections. 

• Sample digestion block made of aluminum (7.6 cm thick) with holes (2.54 cm 
in diameter , 6.2 cm deep) to hold 50 ml Pyrex Folin digestion tubes (calibrated). 

• Nickel crucibles. These must be cleaned with steel wool rather than with acids. 
If acid cleaning is necessary , a blank fusion should be made before another 
sample is analyzed. 

Instrument Conditions 

The parameters are those recommended by the manufacturer . An arsenic elec-
trodeless discharge lamp is the preferred source of the 193.7 nm line, but a hollow-
cathode lamp can also be used. 

The flows of nitrogen and hydrogen are 225 and 75 ml/min, respectively. 
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Solutions 

• Sodium borohydr ide , 2 % (w/v): Dissolve 2 g of the borohydride salt in 100 ml 
of water containing one pellet of potassium hydroxide. Filter the solution through 
a 0.45 μπι porosity membrane . The sodium borohydride must be purchased in 
glass containers because metal containers contaminate the product . 

• Hydrochlor ic acid: Must contain as small an amount of arsenic as possible. 
During this s tudy, Fisher reagent grade acid proved to be the best . 

• Arsenic standard solutions: Dissolve 1.320 g of primary standard arsenious oxide 
in 25 ml of 20% (w/v) potassium hydroxide solution. Neutral ize the solution to 
a Phenolphthalein end point with 20% (v/v) sulfuric acid. Transfer the solution 
to a 1 liter volumetric flask. Add more sulfuric acid to produce a final acid con-
centrat ion of 1%. Then dilute to the mark with water . This solution contains 
1000 μg/ml arsenic . 

Prepare a stable stock solution of As(V). Transfer 100 ml of 1000 μg/ml ar-
senic(III) solution prepared as above to a 1 liter volumetric flask. Add 10 ml nitric 
acid, 2 ml sulfuric acid, and 2 g potassium persulfate. Heat the sample until white 
fumes are evolved. Cool and dilute to the mark with water . This stock solution 
(100 μg/ml) is stable for at least 3 months . 

Working solutions of 1, 2, 5, 10, 20, 50, 75, and 100 μg/liter are prepared to 
contain 10% hydrochloric acid. They are stable for at least 1 month . 

Preparat ion of Samples 

Fusion method 

Use this method for total arsenic in samples which contain appreciable siliceous 
matter . Place a 0.1-0.2 g sample in a 30 ml nickel crucible. For samples containing 
appreciable organic matter , add an equal weight of magnesium oxide. Add 1 or 2 
drops of e thanol , mix to a slurry with several drops of water , and swirl to ho-
mogenize the mixture. Add about 1 g of potassium hydroxide pellets (or about 10 
pellets) for each 0.1 g of sample. Dry the mixture at 100°C. Fuse the sample in a 
muffle furnace at 550°C for 15 min. Cool the sample and leach it with small volumes 
of water . Combine the .extracts in a 50 ml volumetric flask. Remove any solids 
adhering to the crucible with a rubber policeman. Transfer the entire sample to 
the flask. Add 11 M hydrochloric acid to the flask to make the final acid concen-
tration 10% (v/v). Dilute to volume with water and mix. Allow any solids to settle 
before generating the hydride. Filter any turbid samples . 

Acid digestion method 

Use this method for organic samples which do not contain appreciable siliceous 
matter and for the determinat ion of mineral acid-extractable arsenic in other sam-
ples. Several samples can be digested simultaneously. Transfer 0.1-0.2 g to a 50 
ml digestion tube. The tube must be graduated at 25 and 50 ml volumes. Place 
the tube in the aluminum block and add 3 ml of 18 M sulfuric acid. Heat the block 
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on a hot plate at 350°C. Add 0.5 ml volumes of 30% hydrogen peroxide from time 
to time until the liquid is clear. Cool the sample and add 5 ml of 11 M hydrochloric 
acid. Dilute to the 50 ml mark with water . 

Hydride Generat ion 

Draw a 5 ml volume of sample or s tandard solution containing 1-500 μg of arsenic 
into the syringe. Exclude air from the syringe. Dip the needle into 2% sodium 
borohydride solution and withdraw the plunger in one quick motion to the 50 ml 
mark. This allows approximately 1.5 ml of sodium borohydride solution to enter 
the syringe. Invert the syringe, and seal and hold the needle opening with a t issue. 
Shake the syringe for 20 s and then insert the needle through the plastic tubing 
at a point 5-8 cm from the end of the glass tube on the atomizer . Slant the syringe 
to prevent any solution from entering the atomizer . Place a 3.18 cm length of 
thick-walled rubber tubing (4.85 cm in diameter) on the ribs of the plunger to 
prevent the plunger from returning to the zero position. In this way, the sample 
is injected at a uniform rate without concern for solution entering the furnace. 
Monitor the arsenic peak on the recorder . Remove the needle. Discard the spent 
solution and rinse the syringe with 10% hydrochloric acid. 

Interferences 

Potential interferences and the concentrat ions at which they cause problems are 
listed in Table 6.19. 

D. DETERMINATION OF ARSENIC IN SOILS, ROCKS, GOSSANS, AND ORES BY COLORIMETRY (20) 

Comments on the Method 

An HF-aqua regia decomposi t ion is used. The arsenic is evolved from solutions 
containing potential interferents as the covalent hydride. Zinc pellets are used as 
a reductant in the formation of A s H 3 . Arsine is reacted with silver diethyldithio-
carbamate in the presence of quinoline to form a color. Between 1 and 800 ppm 
arsenic can be determined by the procedure . N o appreciable interference was 
noted for 20% Na , K, Mg, Ca, Al, and F e , 2% Ti, V, Cr, Μη, Co , Ni , Cu, Pb, 
Ba, Sr, P, Mo, Bi, and U, and 0.2% Ag and Au. The greatest weakness of the 
method is that no results are reported for actual samples . 

Reagents 

• Fe/KI solution: 14 g ferrous ammonium sulfate hexahydra te plus 20 g potassium 
iodide dissolved in 400 ml of approximately 3 % sulfuric acid. Add a trace of 
ascorbic acid to prevent oxidation. 

• SnCl 2 solution: Prepare a 5% solution of SnCl 2 · 2 H 20 in 50% hydrochloric acid 
by dissolving the salt in hot concentra ted hydrochloric acid first and then adding 
an equal volume of water . Store in presence of tin metal . 

• Zinc, Arsenic-free grade pellets, Merck. 
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T a b l e 6 . 1 9 

Interferences in As Determinat ion 

Solution concentrat ion Concentrat ion equivalent for 

Cat ion of cation ^ g / m l ) 1 g s a m p l e in 1 0 0 ml solution 

C a
2+ 

4 0 0 0 4 0 % 

A l
3 + 

4 0 0 0 4 0 % 

M g
2+ 

4 0 0 0 4 0 % 

N a
+ 

1 0 0 0 1 0 % 

K
+ 

1 0 0 0 1 0 % 

Li
 + 

1 0 0 0 1 0 % 

F e
2+ 

7 5 0
a 

7 . 5 % 

P b
2+ 

2 0 0
a 

2 % 

Z n
2+ 

2 0 0 2 % 

M n
2+ 

2 0 0 2 % 

B a
2+ 

2 0 0 2 % 

C r
3
" 1 0 0

a 
1 % 

C o
2+ 

1 0 0
a 

1 % 

C d
2 + 

1 0 0
a 

1 % 

C u
2+ 

1 0
a 

1 0 0 0 ppm 

N i
2+ 

6
a
 * 6 0 0 ppm 

A g
+ 

G e
4+ 

5 5 0 0 ppm A g
+ 

G e
4+ 

1
a 

1 0 0 ppm 

S b
3+ 

0 . 0 6
a 

6 ppm 

S n
2+ 

0 . 0 8
a 

8 0 ppm 

B i
3+ 

0 .6 6 0 ppm 

S e
2+ 

0 . 0 4
a 

4 ppm 

T e
2+ 

0 . 3
a 

3 0 p p m 

Source: Ref. 19. 

threshold values. 

• HC1/EDTA solution: Dissolve 1.5% E D T A disodium salt in hot distilled water 
and then add hydrochloric acid to bring acidity to 10%. Prepare fresh daily as 
E D T A crystallizes out on standing. 

• Arsine reagent solution: Dissolve, with warming, 1.000 g of silver diethyldi-
thiocarbamate (Merck) in 200 ml chloroform + 100 ml quinoline. Store under 
refrigeration and keep away from light. 

N O T E : The reagent solution should be pale yellow in color; avoid the use of old stocks 
of quinoline (brown) or silver diethyldi thiocarbamate (dark yellow powder) . 

Silver diethyldi thiocarbamate (AgDDC) can be readily prepared in pure form 
as follows: Dissolve silver nitrate and sodium diethyldi thiocarbamate in water in 
separate beakers . Add an excess of sodium diethyldi thiocarbamate to the silver 
nitrate solution and filter off the creamy yellow precipitate using a Büchner funnel. 
Wash with distilled water and dry in a des icca tor—keep away from strong light. 
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Purify as follows: Dissolve to make a saturated solution in hot chloroform; then 
filter through siliconized (phase-separating) filter paper to remove solids and water. 
Add an excess of ethyl alcohol to the cold filtrate, allow the compound to crystallize 
out , filter through a Büchner funnel, and suck dry. The product is a pale yellow 
crystalline solid with a soapy feel and is similar in appearance to the sodium salt. 
It should be stored in the dark. 

Equipment 

Any modern spect rophotometer may be used. The wavelength for maximum ab-
sorption is 545 nm. 

The arsine generator is shown in Fig. 6.4. 

Procedure 

Heat 0.200 g of finely powdered sample with 4 ml of a solution of 2 parts hydro-
fluoric acid (40%) and 1 part aqua regia in a Teflon dish for 30 min or until the 
sample is completely decomposed . Evapora te the solution to dryness . Take up 
the residue in 10 ml of 10% HCl by warming. Place a 1 to 5 ml aliquot in the arsine 
generator and proceed as described below. 

Add 1 ml of the appropriate As
5 4

" s tandard in 10% H O to a test tube. Add 2 
ml of Fe/KI solution and warm, followed by 2 ml of SnCl 2 solution while hot. 
Allow to cool, and add 5 ml of 1.5% E D T A in 10% HCl . Add four zinc pellets 

F i g u r e 6 .4 . Arsine generator /absorber apparatus (20 ) . 
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and absorb arsine generated in 3 ml of AgDDC solution (see Fig. 4). Determine 
absorbance of the solution in reagent tube at 545 nm after 45 min gas evolution. 
Use standard A s

5 +
 solutions containing 0-15 μg As for calibration. 

For routine determinat ions on geochemical samples , take 1-5 ml aliquots of the 
sample digest ( x 50 dilution factor) previously described and follow with additions 
of Fe /KI , SnCl 2, and E D T A solutions. 

Opt imum working ranges are 1-160 ppm As in the sample for a 5 ml aliquot 
and 5-800 ppm for a 1 ml aliquot. 

DETERMINATION OF ARSENIC, ANTIMONY, AND BISMUTH IN SOILS AND SEDIMENTS BY 

HYDRIDE GENERATION ( I C P - A E S ) (21, 22) 

Comment on the Method 

Traces of arsenic, antimony, and bismuth are determined simultaneously by volatile 
hydride generation and I C P - A E S . Samples are a t tacked with hydrochloric acid 
at 150°C in sealed tubes . The detect ion limits for the three e lements are about 0.1 
μg per gram. The results of analyses of four samples of s tandard soils were very 
close to recommended values, but generally slightly lower. Selenium and tellurium 
could not be dissolved in this procedure. Bismuth was not recovered quantitatively 
from organic-rich samples . 

Equipment and Reagents 

• Applied Research Laboratories 29000B quantometer connected to a Radyne R50 
plasma generator and a continuous-flow hydride generator. A schematic diagram 
of the system is shown in Fig. 6.5. Radiation from the torch was focused on the 

F i g u r e 6 .5 . Schemat ic d iagram of the hydride r e d u c t i o n - I C P spectrometry system (21 ) . 

LULU 
ΝαΒΗ Sample 

4 

Gas- l iqu id separator 
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entrance slit by means of a silica lens about 70 mm from the slit. The output of 
the time-integrated signals was through a digital vol tmeter to an IBM typewriter 
and 545 card punch. 

• Watson-Marlow M R H E 200 flow-inducer peristaltic pump. The connections were 
made with 0.5 and 0.8 mm i.d. tubing. This system produced pulsations at 6.5 
Hz , but the resulting flicks of the plasma caused no problem since an integration 
time of 20 s was used. 

• Reaction and separation chamber . This chamber is illustrated in Fig. 6.6. 

• Reaction tubes . The test tubes were 160 by 16 mm Pyrex with screw caps . The 
caps were fitted with liners specially made from a layer of silicone rubber (Esco 
type SR70, 3.2 mm thickness) . The rubber was covered with a fluorocarbon film 
(Teflon F E P Type A, 0.36 mm thickness) . 

• Heating block. The aluminum block was drilled to hold the tubes to a depth of 
about 65 mm. The caps and tops of the tubes were cooled during digestion by 
means of a current of air from a blower. 

• Sodium te t rahydroborate in 0.1 M sodium hydroxide, 1% (w/v). The reagent 
could be pumped with no outgassing of hydrogen. The half-life at 20°C was 
greater than 100 h. 

Transfer 0.25 g sample and 5 ml of hydrochloric acid to a test tube . If the sample 
contains appreciable carbonates , add the acid slowly, and then set the tube aside 
until the evolution of gas ceases . Cap the tubes , and place them in the heating 
block at 150°C for 2 h. Remove them, and then cool them rapidly in cold water . 

Procedure 

: * To p l a s m a 

W a s t e 

l i q u i d 

F i g u r e 6 .6 . React ion and separat ion c h a m b e r (21). 
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T a b l e 6 . 2 0 

Operat ing Condit ions 

P l a s m a 

Torch 

Power forward 

Viewing height 

P l a s m a support g a s flow rate 

Coolant g a s flow rate 

Integration t ime 

Preintegration 

Reduct ion 

S a m p l e acidity 

S a m p l e flow rate 

R e a g e n t concentrat ion 

R e a g e n t flow rate 

Carr ier g a s flow rate 

Arsenic wave length 

Ant imony wave length 

Bismuth wave length 

Fassel type 

2 .7 k W 

10 m m a b o v e load coil 

0 .8 liter/min argon 

17 liters/min argon 

2 0 s 

1 5 s 

5 M hydrochloric acid 

9 .2 ml/min 

1 % (w/v) sodim tetrahydroborate in 0.1 M 

sodium hydroxide solution 

4 . 5 ml /min 

0 .8 liter/min argon 

2 2 8 . 8 1 n m 

2 3 1 . 1 5 n m 

3 0 6 . 7 7 n m 

Source: Ref. 2 1 . 

Remove the caps . Add 5 ml of 0.2% (w/v) potassium iodide. Mix the contents 
by shaking the tube. Allow the solids to settle for 4 h. Use the solution for the 
measurements . 

Analyze the sample with the operat ing condit ions shown in Table 6.20. Use a 
calibrating solution containing 100 ng/ml arsenic(III) , ant imony(III) , and bis-
muth(III) in 1 : 1 hydrochloric acid. Subtract a blank. The calibrations are linear 
with concentrat ion up to 800 ng/ml arsenic , 1500 ng/ml ant imony, and 500 ng/ml 
bismuth. Check the calibration after each batch of 10 samples . 

T a b l e 6 .21 

Results for the C a n a d i a n Certif ied Mater ia ls Project S tandard Soils C o m p a r e d with the 

R e c o m m e n d e d Va lues 

S a m p l e
3 

Result As (mg/kg) S b (mg/kg) Bi (mg/kg) 

S O - 1 Found 1.94 0 . 1 2 0 .24 

R e c o m m e n d e d 1.9 ± 0 .3 0 .2 0 .5 

S O - 2 Found 0 . 7 7 0.1 0 . 0 3 

R e c o m m e n d e d 1.2 ± 0 .2 0.1 0.1 

S O - 3 Found 2 . 3 2 0 . 2 2 0 . 0 3 

R e c o m m e n d e d 2 .6 ± 0.1 0 .3 0.1 

S O - 4 Found 6 . 4 5 ± 0 . 0 7 0 . 2 5 ± 0 . 0 3 0 . 1 9 ± 0 . 0 2 

R e c o m m e n d e d 7.1 ± 0 .7 0 .7 0.1 

Source: Ref. 22. a
S O - 1 , SO-2, and SO-3 are single determinations; SO-4 is the mean and standard deviation of 

eight determinations on separate portions of the material. 
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T a b l e 6 . 2 2 

Results Obta ined by the Method for S o m e U S G S Standard Rocks 

C o m p a r e d with Accepted Va lues 

S a m p l e Result As (mg/kg) S b (mg/kg) Bi (mg/kg) 

W - 1 Found 0 .89 1.18 < 0 . 0 4 

Accepted 1.9 1.0 0 . 0 4 6 

G-1 Found 0 . 5 0 0 .55 0 . 1 2 

Accepted 0 .5 0 .31 0 . 0 6 5 

G - 2 Found 0 . 2 2 0 . 1 2 0 . 1 2 

Accepted 0 .25 0.1 0 . 0 4 3 

G S P - 1 Found 0 . 1 2 3 . 2 0 0 . 1 8 

Accepted 0 .09 3.1 0 . 0 3 7 

Source: Ref. 22. 

Comparisons of the Results of Analyses of Standards 

Results of analyses of four s tandard soil samples from the Canadian Certified 
Materials Project and four U S G S standard rocks are contained in Tables 6.21 and 
6.22. The practical detection limit for all three elements is about 0.1 μg/g. Ap-
proximately 200 samples can be analyzed by one person in a 2 day cycle. 

F. DETERMINATION OF ANTIMONY IN GEOLOGICAL MATERIALS BY HYDRIDE GENERATION 

(ATOMIC ABSORPTION) ( 2 3 ) 

Comment on the Method 

The sample is decomposed in aqua regia. Ant imony hydride is generated and mea-
sured in a heated quar tz tube. The method is free of interference from iron, cobalt , 
nickel, copper , and silver at levels of 100 times that of ant imony. The detection 
limit is 80 μg/g, and up to 50 samples per day can be analyzed. The results of 
analyses of 15 standard reference materials were in good agreement with other 
accepted values. The same method can be used for the determination of arsenic. 

Equipment 

• Perkin-Elmer model 303 atomic absorption spectrometer with background cor-
rection. 

• Coleman model 56 strip chart recorder . 

• Antimony electrodeless discharge lamp. 

• Hydride generation cell and atomizer shown in Fig. 6.7. The generator (cell A) 
is an 18 x 116 mm plastic test tube . A hole drilled 30 mm above the base ac-
commodates the tip of an Eppendorf pipet containing the sample. Nitrogen 
sweeps the hydride through a Tygon tubing connect ion to the quar tz cell. The 
atomizer is mounted 25 mm above a triple-slot air/acetylene burner. The nitrogen 

178 
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s i l i c a t u b e 

-> light 

n i t r o g e n C 

b u r n e r -

t 
n i t r o g e n C 

a i r c o o l a n t 

p l a s t i c s t o p p e r -

( t i g h t f , t ) 

c e l l A -

- T y g o n t u b i n g 

E p p e n d o r f t i p 

- s o d i u m b o r o h y d r i d e 
s o l u t i o n 

F i g u r e 6 .7 . Hydride generator and atomizing cell ( 23 ) . 

flowing at ei ther end of the a tomizer prevents the combust ion of hydrogen. The 
atomizer is heated by the flame to decompose the hydride. 

The instrument condit ions include the following: nitrogen flow rate through the 
generator cell, 2.0 liters/min; wavelength, 217.6 nm; spectral bandpass , 0.2 nm. 

Procedure 

Weigh a 0.25 g sample into a calibrated test tube . Add 10 ml of aqua regia. Allow 
the sample to react for 1 Vi h in the fume hood and then for 2 h in a 90°C water 
bath. Mix the contents several t imes during this period. Cool the sample, and 
make up the volume to 10 ml with aqua regia. Mix the conten ts , and allow the 
solids to settle. Transfer an aliquot of 100 μΐ or less of the solution to a 10 ml 
volumetric flask. Dilute to volume with 0.5 M hydrochloric acid. 

Transfer 2 ml of 2% sodium borohydr ide solution to the generator (the solution 
must be prepared for each set of measurements ) . Inject a 500 μΐ sample (diluted 
as described above) . Use the recorder peak height as a measure of the antimony 
concentrat ion. Replace the generator cell by another for the next sample. The 
detection limit is 0.4 μg/ml and the s tandard deviation 3 . 1 % . 
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Calibration 

Standard solutions containing 0 to 50 μg/ml antimony are used for the construction 
of a calibration curve . Make the final dilution in 10% aqua regia and 90% 0.5 M 
hydrochloric acid. The calibration curve is linear over this range. 

Interference 

The signal for ant imony is depressed by large amounts of nickel and silver. The 
interferences can be overcome by addition of E D T A to the final solution. A con-
centration of 0.01 M E D T A is sufficient for 5000 ppb of nickel and 1000 ppb of 
silver. When large quantit ies of nickel are present in the sample, a smaller weight, 
e.g. , 0.1 g, should be taken for analyses . 

G. DETERMINATION OF BISMUTH IN SOILS AND ROCKS BY FLAMELESS ATOMIC ABSORPTION ( 2 4 ) 

Comment on the Method 

Small samples are fused with sodium hydrogen sulfate. Bismuth in the resulting 
solution is complexed with APDC and extracted into methyl isobutyl ke tone . 
Quantit ies as small as 50 ppb of bismuth are determined by means of a graphite 
furnace. Reference samples of rock and soil were analyzed and satisfactory results 
were obtained. 

Equipment 

• Perkin-Elmer model 306 atomic absorpt ion spect rometer with a deuterium 
background corrector 

• Perkin-Elmer model HGA-2100 graphite furnace atomizer 

• Perkin-Elmer model 56 strip chart recorder 

The instrument condit ions are shown in Table 6.23. 

Reagents 

• Ammonium c i t r a t e -EDTA buffer: Dissolve 294 g of sodium citrate dihydrate , 
50 g of the disodium salt of E D T A , and 267 ml of concentra ted ammonium 
hydroxide in water . Dilute to 1 liter. 

T a b l e 6 .23 

Instrument Condit ions 

Wave length 2 3 3 . 7 n m 

Slit width 0 .2 n m 

Lamp Perkin-Elmer intensitron bismuth hollow cathode 

Furnace 

Dry 1 2 5 ° C , 10 s 

Char 4 0 0 ° C , 2 0 s 

Atomize 2 0 0 0 ° C , 8 s 

Argon flow rate 4 0 ml/min 
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• Ammonium 1-pyrrolidinedithiocarbamate (APDC), 1% (w/v) in water . 

• Bismuth s tandard solutions: Prepare s tandard solutions containing 10, 0 . 1 , and 
0.01 μg/ml from a 1000 μg/ml solution. The two most dilute solutions must be 
prepared daily and the 10 μg/ml solution weekly. They should contain a small 
amount of nitric acid. 

Procedure 

Weigh 0.2 g of finely powdered sample into a Pyrex culture tube (18 χ 150 mm). 
Add 1 g of fused sodium hydrogen sulfate. Fuse the sample for 2 or 3 min to 
evolve dense white fumes. Cool the sample, and then dissolve the melt in 1 ml 
of hydrochloric acid and 6 ml of water. Warm the sample. Filter the mixture through 
a N o . 4 1 , 9 cm diameter paper . Collect the filtrate in a 16 x 150 mm screw-cap 
culture tube. Rinse with 2 ml of hot water . 

Add 5 ml of E D T A buffer, 1 ml of concentra ted ammonium hydroxide, 1 ml of 
APDC reagent, and then 1 ml of methyl isobutyl ketone (MIBK) . Mix after each 
addition. Cap the tube , and shake it for 5 min on a mechanical shaker. Then 
centrifuge the tube for 1-2 min to separate the layers. Analyze a 10 μΐ aliquot (or 
other suitable volume) in the graphite furnace, using peak heights as a measure 
of concentra t ion. 

Calibration 

Prepare a series of calibration s tandards by transferring the volumes of bismuth 
standard solutions shown in Table 6.24 to screw-cap culture tubes . 

Add 1 ml of concentra ted hydrochloric acid and any water required to bring 
the final volume to 10 ml. Then add, in order , 5 ml of E D T A buffer, 1 ml of 
concentra ted ammonium hydroxide , 1 ml of APDC reagent , and 1 ml of MIBK. 
Mix after each addition. Shake each tube and centrifuge as in the analysis of 
samples . Use 10 μΐ aliquots for the determination of bismuth. 

T a b l e 6 .24 

Bismuth Calibration Standards 

Bismuth standard solution 

(μς/ΓΠΐ) 

V o l u m e 

(ml) 

Bismuth content of calibration standard 

(ng/ml of M I B K ) 

0 .01 0 .5 5 

0 .01 1.0 10 

0 .01 2 .0 2 0 

0.1 0 .5 5 0 

0.1 1.0 1 0 0 

0.1 3 .0 3 0 0 

0.1 5 .0 5 0 0 

0.1 7 .0 7 0 0 

0.1 10 .0 1 0 0 0 
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H. DETERMINATION OF SELENIUM IN GEOLOGICAL MATERIALS BY FLAMELESS ATOMIC 

ABSORPTION ( 2 5 ) 

Comments on the Method 

This is a rapid, sensitive method for selenium in geological materials. Interferences 
have been overcome. After the sample has been dissolved in acid, selenium(IV) 
is extracted into toluene. The toluene solution is analyzed directly for sample 
selenium levels above 0.2 ppm. For selenium levels between 0.05 and 0.2 ppm, 
the selenium is reextracted into dilute hydrochloric acid. The results of analyses 
of standard reference materials GXR-1 to GXR-6 (soil, o re , rock) and glass were 
in good agreement with accepted values. Relative standard deviations ranged from 
4.1 to 8.8%. 

Equipment 

• Varian AA6 atomic absorption spect rometer with a simultaneous background 
corrector 

• Varian model 63 carbon rod atomizer 

• Varian model 53 automatic sample dispenser 

The instrument operating condit ions are shown in Table 6.25. 

Reagents 

• Iron solution, 10% (w/v): Dissolve 10 g of Specpure iron powder in 53 ml of 
concentra ted hydrochloric acid while heating on a hot plate; then add 5 ml of 
50% hydrogen peroxide. Heat to remove the excess of peroxide and dilute to 
100 ml with water . The residual acidity of this solution is approximately 1 M 
as hydrochloric acid. 

• Nickel solution, 0 . 1 % (w/v): Dissolve 0.495 g of N i ( N 0 3) 2 · 6 H 20 in 100 ml of 
water . 

• Nickel-hydrochlor ic acid solution, 0 . 1 % (w/v) nickel in 0.01 M hydrochloric 
acid: Dissolve 4.95 g of N i ( N 0 3) 2 · 6 H 20 in 50 ml of water , add 0.83 ml of 
concentrated hydrochloric acid, and dilute to 1 liter with water . 

T a b l e 6 .25 

Instrument Operat ing Condit ions 

Source Se len ium electrodeless discharge lamp 

Wave length 196 .0 n m 

Power 8 W 

Slit width 1.0 nm 

Dry 1 0 0 ° C , 3 0 s 

Ash 4 0 0 ° C , 4 0 s 

Atomize 2 5 0 0 ° C , 2 s 

Source: Ref. 25. 
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• Selenium stock solution, 1000 μί*/πι1: Dissolve 2.190 g of N a 2S e 0 3 in 50 ml of 
water , add 10 ml of concentra ted hydrochloric acid, and dilute to 1 liter with 
water . 

• Selenium standard solutions, 1 and 10 μg/ml selenium in 1% hydrochloric acid. 

Preparat ion of Sample 

Weigh a 0.5 g sample of rock, soil, or s tream sediment ground to less than 100 
mesh into a 50 ml Teflon beaker . Add 1-2 ml of water and then 10 ml each of 
nitric, perchloric (70%), and hydrofluoric acids. Heat the beaker on a hot plate 
set at 150°C and gradually raise the tempera ture to 220°C over a Wi h period. 
When the liquid volume has been reduced to 1-2 ml, remove the beaker from the 
hot plate. Transfer the sample to a 25 x 150 mm tube by means of two 2.5 ml 
volumes of 3 M hydrochloric acid. Prepare selenium working s tandards by trans-
ferring 0, 0 .1 , 0.5, 1, 3 , 5, and 10 μg of selenium from the s tandard selenium 
solutions into similar test tubes . Add to each standard 5 ml of 3 M hydrochloric 
acid. Place sample and s tandards in an aluminum heating block at 100°C for 5 
min. Cool the tubes to room tempera ture . Add 10 μΐ of iron solution and mix. 
Add 10 ml of concentra ted hydrochloric acid and mix again. 

Extract ion of Sample 

Add 2 ml of toluene to the test tube . Shake the tube for 5 min and then centrifuge. 
Pipet 1 ml of the toluene extract into a 16 x 150 mm tube , and cap the tube. 
Remove the remainder of the toluene with an Eppendorf pipet and discard it. Add 
2 ml of toluene to the sample, and repeat the extract ion. Again, remove 1 ml of 
the toluene layer, combine it with the first extract , and mix. Use 5 or 2 μΐ aliquots 
for selenium analyses . Pipet a 5 μΐ volume of nickel solution into the atomizer 
immediately prior to the injection of the toluene extract . A linear relationship 
between absorbance and amount of selenium exists for 0-5 μg of selenium in 5 
μΐ aliquots and 3-10 μg of selenium in 2 μΐ al iquots. These amounts correspond 
to 0.2-20 ppm in the sample. For selenium levels be tween 20 and 200 ppm make 
a 1 : 9 dilution of the organic layer. 

Back-Extract ion of Samples 

For selenium contents be tween 0.05 and 0.2 ppm, prepare a set of s tandards to 
contain 0.025, 0 .1 , 0.5, 1, 3, and 5 μg of selenium. Treat the sample and s tandards 
in the manner described above until after the first centrifugation. Then transfer 
the entire toluene layer into a 16 x 150 mm screw-capped tube . Add 2 ml of 
toluene to sample and standards. Shake the tubes for 5 min and centrifuge. Remove 
the toluene layer and combine it with the first extract . Pipet 1 ml of nickel-hy-
drochloric acid solution into the combined toluene extract , shake the tube for 5 
min, and centrifuge. Use the aqueous phase for the determination of selenium by 
means of the sample dispenser . Linear relationships exist be tween absorbance 
and amount of selenium over the ranges 0.025-1 μg of selenium in 10 μΐ aliquots 
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and 0.25-5 μg of selenium in 2 μΐ aliquots. These amounts correspond to 0 .05-
10 ppm in the sample. 

Interferences 

There are no interferences from major and trace elements commonly encountered 

in geological materials. Arsenic in concentrat ions above 0.10% in the sample in-

terferes by hindering the extract ion of selenium into toluene. A smaller sample 

size (less than 0.50 g) should be used when the sample contains more than 0 . 1 % 

arsenic. Nitric acid interferes seriously and it must be removed by evaporat ion. 

I. DETERMINATION OF TRACE CONCENTRATIONS OF SELENIUM IN SOILS AND SEDIMENTS BY 

HYDRIDE GENERATION ( I C P - A E S ) ( 2 1 , 2 6 ) 

Comment on the Method 

Selenium is extracted with nitric and perchloric acids. The selenium is separated 
from interferences by coprecipitation with lanthanum hydroxide. The selenium is 
dissolved in hydrochloric acid and evolved as the hydride for measurement by 
means of I C P - A E S . Calibrations are linear from the detection limit of 1 ng/ml to 
about 1000 μg/ml. Results of analyses of s tandard soils and other samples were 
compared with accepted values and the results obtained by means of other meth-
ods . The agreement was good. 

Equipment and Reagents 

The equipment was mostly the same as that described in the method for arsenic, 
ant imony, and bismuth in soils and sediments ; see Section V ,E . However , the 
viewing height was 6 mm above the load coil. See Table 6.26. 

• Heating block of aluminum (Scienco-Western Ltd., Cambridge, UK). This block 
accommodated 252 test tubes (150 by 19 mm) to a depth of 120 mm. 

• MSE centrifuge. It accommodated 20 test tubes (120 by 16 mm) and operated 
at 6000 rpm. 

• Potassium bromide, 400 g in 1 liter of water . 

• Lanthanum nitrate, 50 g in 1 liter of water . 

• Sodium te t rahydrobora te , 10 g in 1 liter of 0.1 M sodium hydroxide. 

Procedure 

Grind the air-dried sample to pass a 200 μπι sieve. Transfer 0.500 g to a 19 by 
150 mm Pyrex test tube . Add 2 ml of nitric acid and some crushed glass. Swirl 
the contents . Place the tube in the heating block. Raise the block temperature to 
100°C. Heat the sample until the evolution of brown fumes ceases . Increase the 
temperature to 170°C. Remove the sample when it appears to be bleached. Do 
not dry it completely. Cool the sample. 

Add 4 drops of 5 M hydrochloric acid. With the help of 5 ml of water , transfer 
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T a b l e 6 . 2 6 

Operat ing Condit ions 

P l a s m a . 

Torch 

Power forward 

Viewing height 

P l a s m a support gas flow rate 

Coolant g a s flow rate 

Integration t ime 

Preinteg ration 

Fassel type 

2 .7 k W 

6 m m a b o v e load coil 

0 .8 liter/min argon 

171 liters/min argon 

2 0 s 

1 5 s 

Reduct ion 

S a m p l e acidity 

S a m p l e flow rate 

R e a g e n t concentrat ion 

5 M hydrochloric acid 

9 .2 ml /min 

1 % (w/v) sodium tetrahydroborate in 0.1 M 

R e a g e n t flow rate 

Carr ier g a s flow rate 

Se len ium wave length 

sodium hydroxide solution 

4 .5 ml /min 

0 .8 liter/min argon 

1 9 6 . 1 0 n m 

Source: Ref. 2 1 . 

the sample into a centrifuge tube . Spin the tube at 4000 rpm for 30 s. Decant the 
liquid into a graduated 10 ml centrifuge tube . 

Add 0.5 ml of lanthanum nitrate solution and 2 ml of ammonia reagent. Swirl 
to mix. Spin the tube at 4000 rpm for 30 s. Discard the liquid. Wash the solids 
with 1 ml of ammonia reagent and 3 ml of water . Centrifuge again and discard 
the liquid. Dissolve the solids in 5 ml of 5 M hydrochloric acid. Add 1 ml of 
potassium bromide solution. Heat in a water bath at 50°C for 50 min. Dilute to 
10 ml with 5 M hydrochloric acid. Ignore the precipitate of ammonium Perchlorate. 

Analyze the sample under the operat ing condit ions shown in Table 6.26. Use 
5 M hydrochloric acid to establish the baseline. Calibrate with a standard containing 
0.1 μg/ml selenium. Repeat the calibration after each group of 10 samples . 

Compar isons with Standards and Other Analyses 

With few except ions the results compare well with o ther values. See Tables 6.27 
and 6.28. 

J . DETERMINATION OF TELLURIUM IN SILICATE ROCKS BY HYDRIDE GENERATION (ATOMIC 
ABSORPTION) ( 2 7 ) 

Comments on the Method 

The method is rapid, sensit ive, and reasonably accurate and precise. Tellurium 
hydride is generated in a simple appara tus . The method allows for variations in 
experimental parameters without adverse effects. The tellurium contents of several 
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T a b l e 6 .27 

Compar ison of M e a n Va lues fag/g) Obta ined Using Hydride G e n e r a t i o n - I C P 

with T h o s e from Other Laboratories 

S a m p l e A D A S
3
 A D A S

3 

Ana lyzed 

by 

C C R M P * m 

A G R G
C 

s η 

S O - 1 0 . 1 0 0 .8 0 .01 7 

S O - 2 0 . 3 0 0 . 3 6 0 . 0 3 6 

S O - 3 0 . 0 5 0 . 1 8 0 . 0 2 7 

S O - 4 0 . 4 0 0 . 5 2 0 . 0 3 7 

S 7 7 8 0 . 2 0 0 . 3 0 0 .04 6 

S 7 7 9 0 . 4 0 0 .43 0 . 0 8 7 

S 7 8 3 0 . 5 0 0 . 2 7 0 . 0 3 5 

S 7 8 4 0 . 9 0 0 . 9 2 0 . 0 7 6 

S 7 8 8 1.10 1.08 0 . 0 8 6 

S 7 8 9 1.20 1.08 0 .09 6 

6 3 / 6 5 0 . 3 0 0 .26 — 1 

9 5 / 1 6 0 . 7 5 0 .63 — 1 

6 3 / 3 8 1.52 1.37 — 1 

Source: Ref. 26. a
Mr. R. J. Hall, Ministry of Agriculture, Fisheries and Food, Newcastle upon Tyne (method: 

fluorimetry). 

"Canadian Certified Reference Material Project (method: fluorimetry). c
Applied Geochemistry Research Group, Imperial College, London (method: this work), m, 

Arithmetic mean value; s, between-batch standard deviation; n, number of observations. 

USGS rocks were measured. Compar isons with other data were possible only for 
two standard rocks . 

Equipment 

Atomic absorption spect rometer and a strip chart recorder . The operating con-
ditions are those recommended by the manufacturer . 

T a b l e 6 .28 

Compar ison of Se len ium Concentrat ions ^ g / g ) in T w o Standard Soils Obta ined 

Using G a s - L i q u i d Chromatography ( G L C ) , H igh-per formance Liquid 

Chromatography ( H P L C ) , Neutron Activation Analysis ( N A A ) , and a n Inductively 

Coupled P l a s m a Source ( ICP) 

I C P
C 

S a m p l e G L C
3 

H P L C
3 

N A A
0 

m s η 

W e a l d loam 0 .22 0 . 1 7 0 . 5 6 0 . 2 2 0 .04 14 

Lower lias 0 .59 0 . 7 0 0 . 7 6 0 .05 0 .05 14 

Source: Ref. 26. a
Dr. G. Nickless, Department of Inorganic Chemistry, University of Bristol. 
^Universities Reactor Centre, Warrington. c
Applied Geochemistry Research Group, Imperial College, London (this work). 

m, Arithmetic mean value; s, between-batch standard deviation; n, number of observations. 
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n i t r o g e n i n l e t -

g a s exit 

25-mr 
g e n e r a t o r f lask 

s i d e - a r m i n l e t 
for p i p e t 

\ 
r e s i s t a n c e w o u n d 

q u a r t z ce l l 

) _ l ight p a t h 
th rough q u a r t z 

w i n d o w s 

5 0 - m l 
test tube spray t r a p 

Figure 6 . 8 . Apparatus for the determinat ion of tellurium (27 ) . 

The appara tus (Fig. 6.8) consists of a 25 ml generating flask with a sidearm 
through which the borohydride solution is injected from an automatic pipet. The 
generated hydrides are swept in the nitrogen s tream (4-4.5 liters/min) through a 
50 ml test tube serving as a spray t rap , to a resis tance-heated quar tz cell mounted 
in an atomic absorption spect rometer . The quar tz spec t rophotometer cell is 2 cm 
in diameter with a 150 cm light path; it is wrapped with 52 turns of N o . 20 Kanthal 
resistance wire. The cell t empera ture is controlled with a variac adjusted slightly 
higher than required for the maximum tellurium sensitivity; this t empera ture , es-
timated from the color of the cell, is about 1000°C. The interunit connect ions are 
made with plastic tubing and are kept as short as possible. Nitrogen inlet and exit 
are as shown. 

Reagents 

• Tellurium standard solution: Prepare a solution containing 100 μg Te/ml from 
tellurium oxide which is dissolved in a minimum of nitric and hydrochloric acids. 
Dilute to volume with 6 M hydrochloric acid. Just before use , prepare a solution 
of 100 ng Te/ml by dilution with 6 M hydrochloric acid. 

• Borohydride solution: Dissolve 5 g of sodium borohydr ide in 100 ml of water 
containing two pellets of sodium hydroxide . The solution must be prepared jus t 
before use . It is stable for several hours . 

Procedure 

Weigh a 0.25 g sample into a Teflon beaker , add 5 ml of hydrofluoric acid, and 
evapora te the contents to dryness at about 180°C. Add 15 ml of hydrofluoric acid, 
5 ml of nitric acid, and 0.5 ml of perchloric acid to the beaker , and evaporate to 
dryness at about 120°C. Add 5 ml of 6 M hydrochloric acid and heat the beaker , 
covered with a watch glass, at about 80°C for 30-60 min to dissolve the residue. 
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T a b l e 6 .29 

Tel lurium in Standard Rocks 

Tel lur ium (ng/g) 

Direct compar ison Other 

Rock Standard addi t ion
3 

with standards values 

B H V O - 1 , basalt 4 .9 ± 1.5 6 .3 ± 0 .7 

G S P - 1 , granodiorite 18 ± 2 19 ± 2 .9 2 0 , 2 1
b 

S D S - 1 , schist 6 .8 ± 4 . 2 5.5 ± 2 .7 

B C R - 1 , basalt 1.1 ± 1.2 0 .0 ± 0 .4 5.5 ± 2 . 2
C 

Source: Ref. 27. a
Least-squares line fitted to 16 points: 4 replicates of 0, 2, 5, and 10 ng added tellurium. Error is 

the calculated error of intercept. 

"Atomic absorption. c
Neutron activation. 

(Rock solutions prepared in this way are quite viscous but essentially clear.) Decant 
the entire rock solution to the hydride-generating flask, and seal the side neck of 
the flask by insertion of an automatic pipet containing 1 ml of the borohydride 
solution. When the recorder has returned to a stable baseline, inject the boro-
hydride and measure the peak height of the transient tellurium absorbance signal 
from the recorder t race. 

Then disconnect the generating flask from the system at the ground-glass joint 
and rinse with water before adding the next sample. 

Standards, prepared by adding 0.01-0.1 ml aliquots of the dilute standard solution 
to 5 ml of 6 M hydrochloric acid in the generating flask, are mixed at random 
through the samples . Sample concentra t ions are obtained by direct comparison 
with the peak heights of the s tandards . 

Interferences 

Up to 100 mg of iron as iron(III) chloride could be tolerated. Over 50 μg of copper 
as copper(II) chloride suppressed the tellurium absorpt ion. 

Accuracy and Precision 

The results of analyses of four samples of U S G S standard rocks are shown in 
Table 6.29. Tellurium values were obtained by the method of standard additions 
as well as by direct comparisons with tellurium s tandards . 

K. DETERMINATION OF TIN AS CASSITERITE IN SOILS AND SEDIMENTS BY HYDRIDE 
GENERATION (ATOMIC ABSORPTION) ( 2 8 ) 

Comments on the Method 

The following method is suitable for the determination of tin as the mineral cas-
siterite in soil and sediment samples . Ammonium iodide is used to at tack the tin 
mineral by mixing it with the sample and then heating at 600°C. The tin iodide 
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sublimate thus produced is t rapped in a condenser . Tartaric acid solution is used 
to dissolve the sublimate. The sample solution is t reated with sodium borohydride 
solution to produce volatile tin hydride. This gas is injected into a shielded hy-
drogen-argon diffusion flame. The precision and detect ion limits of the method 
are 12% RSD and 0.2 μg/g, respectively. The 224.6 and 286.3 nm tin lines were 
tested, and the former gave a 2-3-fold bet ter sensitivity. The method was tested 
on the GXR series of geochemical s tandards and on a known synthetic mix of 
cassiterite and quar tz . Satisfactory agreement of results was obtained. Up to 60 
samples per hour can be handled. 

Reagents 

• Ammonium iodide, analytical reagent grade, ground to - 2 0 0 μπι. 

• Tartaric acid solution, 1% (w/v): Dissolve 10 g of tartaric acid (analytical reagent 
grade) in 1 liter of deionized water . Prepare on day of use . 

• Sodium te t rahydrobora te solution: Dissolve 10 g of powdered reagent (Aldrich 
Chemical Co.) in 1 liter of 0.1 M sodium hydroxide solution. Prepare on day of 
use . 

• Tin(II) chloride stock solution, 1000 μg/ml. 

Equipment 

• Sample at tack tubes (Fig. 6.9), made from Quickfit (14/23) blank cones and 
sockets . 

• Test tubes , borosilicate glass, medium wall. 

• Block-bath, operating tempera ture up to 600°C, drilled to take 16 sample at tack 
tubes (Scienco-Western Ltd . ) , provided with a rack of cooling coils for the air 
condenser , made from 0.32 cm outside diameter copper tubing (Fig. 6.9). 

F i g u r e 6 .9 . S a m p l e decomposit ion appara tus (28 ) . 
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• Hydride generator (Fig. 6.10), comprising a peristaltic pump (Watson-Marlowe 
M H R E 200), delay coils, and phase separator . The tubing used (silicone rubber) 
had diameters of 0.8 mm for the test solution (standard or sample) and 0.5 mm 
for the reducing solution, the respect ive uptake rates being 9.2 and 4.5 ml/min. 
The carrier gas (argon) flow was 1.4 liters/min. 

• Atomic absorption spect rophotometer , Perkin-Elmer model 403, with the neb-
ulizer capillary closed and the hydride generator connected to the auxiliary ox-
idant inlet. Gas flows: hydrogen (in the " f u e l " inlet), 8 liters/min; argon (in the 
" o x i d a n t " inlet), 13 liters/min. Wavelength used: 224.6 or 286.3 nm. 

• Three-slot burner (Perkin-Elmer), modified by the provision of aluminum shields, 
for the a rgon-hydrogen diffusion flame (Fig. 6.11) (Note: The flame is almost 
invisible). 

Procedure 

Dissolution of tin 

Grind the samples sufficiently to pass a 200 mesh (75 μηι) sieve. Weigh each 
sample (0.20 g) and ammonium iodide (0.30 g) into a sample at tack tube and mix 
them. Fit each tube with a condenser , and heat the tubes in batches of 16 in the 
block-bath at 600°C for 10 min, the condensers being cooled by a flow of ice-
water through the copper coils. Set aside the tubes with the condensers in place 
to cool in a horizontal position. Detach the condensers and place them in test 
tubes . To each add tartaric acid solution (10.0 ml) and leach the sublimates at 
50°C for 20 min. Remove the condensers and mix the contents of the test tubes. 

Determination of tin 

Prepare calibration solutions containing tin(II) chloride in the concentrat ion range 
0-2 μg/ml in a solution containing tartaric acid ( 1 % w/v) and make a calibration 
curve in this range. To measure the absorbance of a solution, switch the instrument 
to "10 a v e r a g e " (which provides updated results at 1 s intervals on the digital 

F i g u r e 6 . 1 0 . Schemat ic d iagram of hydride generator (28 ) . 
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display), place the uptake tube into the solution, and switch on the pump. When 
the absorbance has stabilized (after about five 1 s integrations), press the "100 
ave rage ' ' but ton and record the first update result (a 10 s integration). The pump 
should be left running while the test solutions are being changed. During a run, 
the au tozero should be used after every 10th sample and the absorbance of a 
s tandard solution checked after every 20th solution. Solutions with absorbances 
outside the useful range should be diluted in the tartaric acid and reanalyzed. 

VI. SOLVENT EXTRACTION 

A. MULTIELEMENT EXTRACTION SYSTEM FOR THE DETERMINATION OF TRACE ELEMENTS IN 

GEOLOGICAL SAMPLES (FLAME AND FLAMELESS ATOMIC ABSORPTION) ( 2 9 ) 

Elements Determined 

Pd, Pt, Cu, Ag, Au, Zn, Cd, Hg, Ga , Sn, Tl, Sn, Pb, As , Sb , Bi, Se , Te , In 

Comment on the Method 

The purpose of the multielement extract ion procedure is to simplify methods of 
sample preparat ion and minimize matrix interferences in atomic absorption spec-
t rometry . The trace e lements listed are useful in exploration geochemistry. Halide 
complexes are extracted into an organic phase consisting of Alamine 336, Aliquot 
336, and methyl isobutyl ketone. The elements in the organic phase are determined 
by means of flame atomic absorpt ion. Although platinum and palladium can be 
determined in the extract by flameless atomic absorption, the other elements suffer 

F i g u r e 6 . 1 1 . Shie lded three-slot burner (28 ) . 
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losses during the charring stage. Some methods for stripping the elements from 
the extracts prior to flameless analysis are outlined (30, 31). The authors state 
that the extraction procedure is compatible with several methods of sample prep-
aration. Nitric and acetic acids, nitrate and acetate salts, and fluoride ions must 
be absent . 

Equipment 

• Perkin-Elmer models 360 and 603 atomic absorption spectrophotometers with 
deuterium background correct ion. Single-slot, 10 cm air/acetylene burner for all 
elements except Sn. 

• Universal nitrous oxide/acetylene burner . 

• Hollow-cathode lamps for Pd, Pt, Cu, Ag, Au, Zn, Ga, Sn, Pb. 

• Electrodeless discharge lamps for Cd, Hg, TI, Sn, As , Sb , Bi, Se , Te . 

• Background correction for As and Se. 

• Teflon nebulizer. This is required because the organic extracts at tack stainless 
steel. 

Reagents 

• Salt solution: Combine 400 g of L-ascorbic acid, 100 g of potassium bromide, 
100 g of potassium chloride, and 400 g of potassium iodide in a 2 liter amber 
glass bottle. Add 1 liter of water , and shake the mixture until all the salts are 
dissolved. The solution will be stable for several weeks in a cool, dark location. 
Do not keep it in a refrigerator. 

• Extracting solution: Combine 50 ml of Alamine 336 (General Mills Chemicals 
Division) 100 ml of Aliquot 336 (General Mills), and 100 ml of hexane in a 1 
liter flask. Add 500 ml of methyl isobutyl ketone (MIBK), mix, and then dilute 
to volume with MIBK. Store in an amber glass bott le. 

• Standard solutions: The solutions must not contain nitrates or acetates. Aqueous 
s tandards are prepared in hydrochloric acid and hydrobromic acid solutions. 
Combine the following aqueous s tandards (1000 μg/ml). (a) As , Sb , Bi, Se, Te , 
Au; (b) Pb, Ag; (c) Ga , Sn; (d) Pd, Pt; (e) Cd, Hg, TI. Prepare individual 1000 
μg/ml aqueous s tandards for Cu, Sn, and Zn. Prepare 1000 μg/ml organic stan-
dards for Sn, Pb, Ga , In, and Hg by dissolving chloride salts in the organic 
extracting solution. Prepare organic solutions of As, Sb, Se, and Te by dissolving 
oxides in a small volume of ethanol or hydrochloric acid and diluting to volume 
with the organic extracting solution. 

Procedure 

Dissolve samples of approximately 1 g in acid by any of the established procedures. 
Remove all nitrate, aceta te , and fluoride before extracting the samples . Examples 
of dissolution procedures are given by the author (32). 

Transfer the solution to a 16 x 150 mm disposable culture tube . Add enough 
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hydrochloric acid to give a concentrat ion of 2.25 to 4.2 M hydrochloric acid in 
the final solution. All 18 elements except Zn can be quantitatively extracted in 
this range as shown in Fig. 6.12. (At 2.25 M, only a small proport ion of zinc is 
not extracted.) Add 4 ml of salt solution. The total volume of aqueous phase must 
be 12 mf. Add 5 ml of organic extracting solution. Stopper the tube and shake it 
for 1 min. Centrifuge, and then allow the tube to stand overnight. 

Use the organic phase for the analysis of the trace e lements by flame atomic 
absorpt ion. Prepare s tandards and blanks in a similar manner . 

In order to measure the t race e lements by furnace atomic absorpt ion, all except 
platinum and palladium must be stripped from the organic phase . A sequential 
procedure for separating groups of the elements is shown in Fig. 6.13. It is useful 
in eliminating most of the interelement interferences produced by geological ma-
terials in the flameless atomic absorpt ion methods . 

Transfer 1 ml of the organic extract and 1 ml of 6% (vol) sulfuric acid to a 16 
by 100 mm culture tube and extract . Set aside 0.5 ml of the organic phase , and 

F i g u r e 6 . 1 2 . O p t i m u m extraction ranges w h e r e at least 9 5 % of metal is in the organic phase . D a s h e d line indicates 

that at least 9 5 % is in the acid phase. (Reprinted with permission from Ref. 2 9 . Copyright 1981 American 

Chemica l Society.) 
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Organ ic 
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Se Te -Aqueous Phase 

F i g u r e 6 .13 . Flowchart for processing organic extracts for t race e lement determinat ions. (Repr inted with permission 

from Ref. 2 9 . Copyright 1981 Amer ican Chemica l Society.) 

discard 0.5 ml of the aqueous phase . Add 20 μΐ of unstabilized hydrogen peroxide 
(30%), s topper, shake, and let stand overnight. Determine Ag, Sn, and Tl in the 
organic phase with chromic or ascorbic acid as a matrix modifier. Determine As 
and Ga in the aqueous phase . Add 75 μΐ of nitric acid. When the extract has turned 
pale, measure Au in the organic phase . 

To the 0.5 ml volume of organic phase set aside, add 0.5 ml of a solution con-
taining 5% (vol) nitric acid and 5% (vol) acetic acid in 30% hydrogen peroxide. 
Stopper the tube , extract , and let stand overnight. Measure Cd, In, Sb, Bi, Se , 
and Te in the aqueous phase . 

A. DETERMINATION OF METALS IN WATERS BY FLAME ATOMIC ABSORPTION ( 1 0 ) 

Two types of metal can be determined by the following procedure , " e x t r a c t a b l e " 
metal and " t o t a l " metal . Extractable and total are placed in quotat ion marks be-
cause the author has used arbitrary definitions as follows. Extractable metal refers 
to metal , both bound and unbound, which can be extracted using the reagents 
and conditions of the following procedure . Total metal designates metal which is 

VII. METHOD FOR WATERS 
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released by the acid digestion used in the following procedure. Experience suggests 
that for a wide variety of natural and polluted waters the total metal procedure 
determines more than 90% of the metal actually present . 

Both procedures involve extract ion using 1% ammonium 1-pyrrolidinedithio-
carbamate (APDC) and methyl isobutyl ketone (MIBK) . For extractable metal 
only a filtration is done with no further sample preparat ion prior to the extract ion. 
Total metal is determined after the water has been evaporated and digested in the 
presence of hydrochloric acid and nitric acid. 

Atomic absorption spectrometry is used in the determinat ive s tep. A flame at-
omizer was employed. 

Reagents 

A 1% aqueous solution of A P D C is prepared and extracted twice with MIBK. 
This solution should be prepared fresh weekly. 

The buffer solution is made by dissolving 14.7 g citric acid monohydra te and 
34.3 g sodium citrate dihydrate in 100 ml water . Purify by extract ion with APDC 
and MIBK. 

All acids and chemicals used are reagent grade. Blanks are run at all t imes to 
overcome contaminat ion problems. 

Equipment 

An Instrumentat ion Laborator ies 153 atomic absorption spect rophotometer was 
employed. A three-slot Boling burner was found best for running solvent samples. 
The absorpt ion parameters are given in Table 6.30. 

Procedure 

"Extractable" metal 

Filter 200 ml of water through a 0.45 μπι filter. Acidify the water to pH 1 with 
nitric acid. Place the sample in a 250 ml separatory funnel fitted with a Teflon 
s topcock. Add 4 ml of the buffer. Shake to mix well. The pH should be 4.0 ± 
0 .1 . If this is not the case , add sufficient 20% sodium hydroxide solution to obtain 

T a b l e 6 . 3 0 

Atomic Absorption Paramete rs 

Analytical line Slit 

E lement (nm) Oxidant (μπι) 

C d 2 2 8 . 8 Air 8 0 

Pb 2 8 3 . 3 Air 8 0 

Ni 2 3 2 . 0 Air 4 0 

Z n 2 1 3 . 9 Air 8 0 

C u 3 2 4 . 7 Air 8 0 

F e 2 4 8 . 3 Air 4 0 
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this value. Add 1.5 ml of 1% A P D C . Shake briefly. Add 10 to 20 ml (depending 
on the concentrat ion factor required) of MIBK. Shake vigorously for 60 s. Allow 
the layers to separate . Retain the M I B K layer in a tightly capped glass bottle until 
samples have all been made ready for analysis. Prepare s tandards from a mul-
tielement stock solution so that the 200 ml of water extracted contains four con-
centrat ions within the following ranges: Fe , 10-200 ppb ; Cu, 5-100 ppb; Ni , 5 -
100 ppb; Cd, 1-20 ppb; Zn, 10-200 ppb; and Pb , 10-200 ppb. In this way a direct 
concentrat ion relationship exists with samples . Run a reagent blank. 

"Total" metal (Cu, Ni, Fe, Pb, Zn, Cd) 

Add 1 ml of nitric acid to 200 ml of sample. Evapora te the sample to dryness on 
medium heat of a hot plate. Add 2 ml of hydrochloric acid plus 1 ml of nitric acid. 
Evapora te to dryness . Add a drop of hydrochloric acid and dilute to 200 ml. Con-
tinue as for " e x t r a c t a b l e " metal above . Run a blank containing acids. 

B. MATRIX INTERFERENCES IN THE ANALYSIS OF STREAM WATERS 

Fordham (33) encountered serious matrix effects in the analysis of stream waters 
by furnace atomic absorpt ion. Elements studied were Cd, Pb, Cu, and Zn. Par-
ticularly t roublesome was the relatively high background absorption obtained in 
working with these samples. This was reduced by sample t reatment with nitric 
acid directly in the furnace. In addition, other interferences related to the deter-
mination of Cd, Pb , and Zn were obviated by the use of higher than normal atom-
ization tempera tures . 

C. MULTIELEMENT ANALYSIS OF NATURAL WATERS FOR HYDROGEOCHEMICAL PROSPECTING 

BY X-RAY FLUORESCENCE FOLLOWING PRECONCENTRATION AND FILTER DEPOSITION (34) 

Elements Determined 

Cu, Pb , Zn, Co , Ni , Cd, Mo , U. 

Comments on the Method 

Trace metals in water are coprecipitated with ferric ion. The precipitate is collected 
on a membrane filter. The filter is mounted between layers of x-ray cell film for 
measurements of metals by means of x-ray fluorescence. Starting with 1 liter of 
water , the lower limit of detection is 1 ppb. The results of analyses of five standard 
water samples were in fair agreement with other data. 

Equipment 

• Siemens SRS x-ray fluorescence spect rometer equipped with L iF 100 and 110 
analyzing crystals and with scintillation and flow proportional counters 

• Tungsten x-ray tube operated at 50 kV and 40 mA 

• Specimen holders—silver cups , 23 mm diameter 
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• Coleman p H meter 

• X-ray cell film, Spex N o . 3517 

• Fil ters: 47 mm-0 .45 μπι, Millipore type H A ; 25 m m - 3 . 0 μπι, Millipore, type 
SS 

• Plastic curtain rings, 2.54 cm diameter 

• Plastic Caplugs EC-16, Protect ive Closures Co . , Buffalo, New York 

Chemicals 

• Standard solutions of Cu, Pb , Zn, Co , Ni , Cd, or U (1000 μg/ml) in 2 M hy-
drochloric acid: Dissolve 0.6259 g C u O , 0.5486 g PbO, 0.6224 g Z n O , 0.6358 g 
C o O , 0.6363 g NiO, 0.5712 g C d O , and 0.5896 g U 3 0 8 (all of Specpure quality) 
in 83 ml of concentra ted hydrochloric acid and dilute each to 500 ml with deion-
ized water . 

• Standard solution (1000 μg/ml) of Mo: Dissolve 0.7502 g of Specpure M o 0 3 in 
100 ml of 10% sodium hydroxide and dilute to 500 ml. 

• Iron solution (1000 μg Fe/ml) in 2 M hydrochloric acid: Dissolve 0.715 g of 
Specpure F e 2 0 3 in 83 ml of hydrochloric acid and dilute to 500 ml. 

• Ammonium acetate buffer: Dissolve 170 g of ammonium acetate in 500 ml of 
deionized water . 

• Ammonium 1-pyrrolidinedithiocarbamate (APDC): Powder form and reagent 
grade (Fisher Scientific Co. ) . 

Procedure 

Filter a 1 liter sample of water through a 0.45 μπι membrane filter as soon as 
possible after collection. Then acidify the sample with 2.5 ml hydrochloric acid. 

T a b l e 6 .31 

Instrument Operat ing Condit ions 

Meta ls 

2Θ 

(deg) Crystal Counter Targe t kV m A 

C u 4 5 . 0 3 LiF 1 0 0 Scintillation W 5 0 4 0 

Pb 2 8 . 2 4 LiF 1 0 0 Scintillation W 5 0 4 0 

Z n 4 1 . 8 0 LiF 1 0 0 Flow W 5 0 4 0 

C o 5 2 . 7 9 LiF 1 0 0 Flow W 5 0 4 0 

Ni 4 8 . 6 6 LiF 1 0 0 Flow W 5 0 4 0 

C d 2 1 . 7 1 LiF 1 1 0 Scintillation W 5 0 4 0 

M o 2 0 . 3 3 LiF 1 0 0 Scintillation W 5 0 4 0 

U 3 7 . 2 9 LiF 1 1 0 Scintillation W 5 0 4 0 

Source: Ref. 34. 



198 6. Geochemical Methods for Soils and Related Samples 

Pour the sample into a beaker . Add 0.5 ml of iron solution and 10 ml of am-
monium acetate buffer. Mix well. Adjust the pH of the sample to 3.0, measured 
by a p H meter . Use 6 M hydrochloric acid, and stir the solution constantly. Then 
add 0.3 g of APDC powder and mix. Set the sample aside for 1 h. 

Filter the sample through a 25 mm diameter , 3.0 μπι membrane filter. Stretch 
a piece of x-ray cell film on a Caplug, and hold it in place with a plastic ring. Place 
the filter on the film, and then cover it with another piece of x-ray cell film. Hold 
the film in place with another ring. 

Place the sample in a silver specimen holder. Determine the trace metals ac-
cording to the instrument conditions in Table 6.31. Use a flow-proportional counter 
for Zn, Co , and Ni and a scintillation counter for the other e lements . Count each 
element for 100 s. Read the quantit ies of each element from calibration curves 
prepared as described below. 

Calibration 

Prepare s tandards by adding 0, 1,2, 5, 10, 20, 50, and 100 μg of each trace element 
to deionized water (approximately 1 liter). Precipitate the metals in the same man-
ner as in the analysis of samples . Count the elements as described above . Prepare 

T a b l e 6 .32 

Compar ison of O n e Determinat ion of Analytical Va lues Obta ined by the X - R a y Method With T h o s e Repor ted by the 

U.S. Geological Survey W a t e r Laboratories 

S a m p l e Concentrat ion (^g/liter) 

N o .
a
 Va lues C u Pb Z n C o Ni C d M o U 

6 3 X ray 8 8 —
c
 1 3 2 14 6 16 2 6 6 

R e p o r t e d
0
 6 2 ± Q

D
 4 .9 ± 3 . 5

d
 2 1 2 ± 1 4

d
 14 .8 ± 3 . 0

d
 7 .4 ± 3 .4 * 14 .9 ± 2 . 1

d
 2 5 . 8 ± 4 . 5

d 

61 X r a y 1 5 0 14 4 2 6 4 1 4 8 6 

Reported 1 1 0 ± 5 10 .6 ± 3 .9 4 4 ± 9 4 . 8 ± 1.3 5.1 ± 2 .5 2 .4 ± 0 .6 4 3 . 4 ± 9 .5 

5 7 X r a y 3 5 8 19 4 2 8 12 10 4 0 6 

Reported 3 2 0 ± 14 2 0 . 0 ± 7 .3 3 6 ± 7 7 .7 ± 0 .8 11 .3 ± 5 . 8 6 .6 ± 2.1 3 9 . 7 ± 3 .3 

5 9 X r a y 2 5 4 2 4 4 3 8 4 4 12 2 2 

Reported 2 3 9 ± 17 16 .8 ± 4 . 8 3 3 6 ± 16 5 .8 ± 0 .7 10 .2 ± 2 .9 4 .4 ± 0 .9 2 .0 ± 0 .7 

5 3 X r a y 4 2 2 4 5 8 8 8 4 16 2 0 3 0 4 

Reported 4 4 3 ± 2 0 4 1 . 3 ± 9 .7 7 3 8 ± 7 4 9 .7 ± 3 .2 2 1 . 7 ± 7 .6 12 .4 ± 3 .6 3 8 . 4 ± 9 .3 

Source: Ref. 34. a
Standard reference water samples prepared by the U.S. Geological Survey National Water Quality Laboratory (Denver, Colorado). 
Reported by the U.S. Geological Survey National Water Quality Laboratory. c
Not determined. 

"Average relative standard deviations: Co, 20.6%; Ni, 41.9%; Cu, 6.7%; Pb, 39.4%; Zn, 12.3%; Cd, 2 4 . 1 % ; Mo, 21.4%. 
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calibration graphs . The relationship be tween counts and concentra t ions of each 
element is linear over the range 0 to 100 μg. 

Results of analyses of s tandard reference samples of water are shown in Table 
6.32. 
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7 
Lithogeochemical Analysis 

I. DETERMINATION OF MAJOR AND TRACE ELEMENTS IN 
ROCKS BY ICP-AES (1) 

Elements Determined 

• Major—Na, K, Mg, Ca, F e , Al, Ti , Ρ 

• T race—La, Ce , Zr, U, Th, V, Cr, Mn, Co , Ni , Cu, Zn, M o , Ag, Cd, Sn, Pb, 
Bi, As , Sb , W 

Comment on the Method 

The samples are dissolved in acid to yield a final solution for analysis containing 
20% hydrochloric acid and 5% perchloric acid (v/v). A matrix-matching calibration 
is used. A number of t race elements cannot be detected by this procedure unless 
they occur at anomalous levels. These are Th, U, Mo, W, Ag, Cd, Bi, As , and 
Sb. The method has been used to analyze 54 geochemical reference materials 
including coal and fly ash. 

Instruments 

• ICPQ model QA 137000 and 34000 ICP (Applied Research Laboratories) 

• PDP-11 minicomputer 

The instrumental operating parameters are given in Table 7 .1 . 

Chemicals and Apparatus 

• Hydrochloric acid, 6.2 M 

• Teflon beakers , 50 ml 

• Quartz beakers , 200 ml tall-form 

200 
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Procedure 

Weigh 1.0 g of powdered sample into a 50 ml F E P beaker . Add about 2 ml of 
nitric acid, and swirl the contents to wet the solids. Cover the beaker (Teflon 
cover) , and place it on a s team bath for 30 min. Then add 10 ml hydrofluoric acid, 
3 ml perchloric acid, and 2 ml nitric acid. Let the mixture react overnight. Remove 
the cover, and drive off the hydrofluoric acid by heating 4-6 h. Transfer the residue 
to a 200 ml tall-form quar tz beaker . Heat the sample to dryness . Add 5 ml of 
hydrochloric acid and heat to dryness . Add 40 ml of 6.2 M hydrochloric acid and 
heat to dissolve the solids. Cool . Add enough 6.2 M acid to bring the volume to 
40 ml. Transfer to a 100 ml volumetric flask. Add water to about 90 ml, and then 
5 ml of perchloric acid. Mix, and dilute to 100 ml. Transfer to a 125 ml polypro-
pylene bott le . 

If the sample contains appreciable quantities of zircon, beryl, garnet, and spinel, 
dissolve either the whole sample or the insoluble residue by means of acid in a 
Teflon bomb. 

Dissolve chromite residues in the same quar tz beaker with 2 ml of phosphoric 
acid. Make up the final solution to contain 2% phosphoric acid and 20% hydro-
chloric acid. 

If the sample contains large proport ions of carbonate and phosphate , transfer 
it to a 200 ml tall-form quar tz beaker . Cover it with 10 ml of water , and then add 
dilute hydrochloric acid. Transfer any residue to a Teflon beaker , and dissolve it 
in the mixed acid (about 5 ml) described above . 

• Steam bath 

• Hot plate 

• Polypropylene bot t les , 125 ml 

Calibration 

Use matrix matching to calibrate the instrument . An example is shown in Table 
7.2. The proport ions of the major e lements are chosen to be close to those of the 
sample. All s tandards in the table are made up to a total cation content of 2500-
3000 ppm (except for # 1 and # 2 ) . This is equivalent to 1 g of rock diluted to 100 
ml. Trace and minor components are measured in the linear port ions of the cal-
ibration curves . Major element concentra t ions generally occur in the nonlinear 
port ions. Second- and third-order polynomial equat ions are required to define the 
curves . 

Interferences 

Table 7.3 (2) contains information on spectral interferences for each of the ele-
ments . Obtain appropriate correct ion factors by aspirating samples of s tandards . 
Apply the factors as needed in analyses of samples . 
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T a b l e 7.1 

I C P Source Condit ions and Operat ing Paramete rs 

7. Lithogeochemical Analysis 

I C P Q 3 4 0 0 0 I C P 

rf Generator 

Forward power 

Induction coil 

P l a s m a torch 

Nebul izer 

Spray chamber 

G a s 

G a s flow regulation 

Primary optics 

Air-cooled, 3 k W continuous-

rating generator opera ted at 

2 7 . 1 2 M H z , crystal-

controlled. 

1 6 0 0 ± 5 0 W . Regula ted to 

< 1 % using a - impedance 

matching network. 

Two- turn , 4 . 7 m m o.d. , silver-

plated copper tube coiled on 

a 2 8 . 7 m m diameter form, 

water -cooled. 

Integrated, three-concentr ic-

tube configuration ( 1 8 m m 

o.d.) utilizing 2 .0 m m 

capillary injector tube. 

Permanent ly al igned glass, 

coaxial pneumat ic nebulizer. 

All nebul izers used in this 

study had an uptake rate of 

1 . 8 - 2 . 4 ml /min. Water -

saturated argon w a s used 

as the carrier gas , and the 

system utilized a tip washer , 

under computer control, to 

ensure that there w a s no 

salt buildup on the nebulizer. 

"Scott" coaxial spray used in 

early studies on instrument 

# 1 . Conical spray c h a m b e r 

with impact ball used 

thereafter. 

Weld ing-grade argon. Coolant , 

10 .5 liter/min; p lasma, 1.5 

liter/min; carrier, 1.0 liter/min. 

T h r e e s tages: two gas flow 

regulators in series fol lowed 

by capillary restrictors which 

control the ratio of the g a s 

flow of the coolant to the 

p lasma gases . 

A 4 m m vertical segment of 

the axial channel of the 

p lasma is focused on the 

primary slit ( 1 2 μηι ) with 0 .7 

demagnif icat ion. T h e primary 

lens is fused quartz with a 

focal length of 15 c m (at 5 8 7 

nm) . 

Air-cooled, 2 .5 k W continuous 

generator opera ted at 2 7 . 1 2 M H z , 

crystal-controlled. 

S a m e 

Two- turn , 4 . 7 m m o.d., gold-over-

silver-plated copper tube 2 8 . 7 m m 

diameter form, water -cooled. 

S a m e 

S a m e 

Conical spray chamber with impact 

ball. 

S a m e 

S a m e 

T h r e e stages: gas-f low regulators in 

ser ies, fol lowed by restrictors; 

flow rates of the g a s and p lasma 

g a s can be varied independently. 

A 4 - m m vertical segment of the 

channel of the p lasma is focused 

on the primary slit ( 2 0 μίτι) with 

1.8 magnif ication. T h e primary 

lens is fused quartz with a focal 

length of 15 c m (at 5 8 7 nm) . 
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I C P Q 3 4 0 0 0 I C P 

Height of 

observat ion 

Spect rometer 

Grat ings 

Secondary optics 

17 m m a b o v e the rf coil. 

Observat ion z o n e is 1 5 - 1 9 

m m . 

1.0 m P a s c h e n - R u n g e mount, 

f /30; air path only. 

1 9 2 0 g / m m : interferometrically 

ruled quartz-blank replica 

b lazed at 2 7 0 n m ; reciprocal 

linear dispersion 0 . 4 8 - 0 . 5 2 

n m / m m , first order; spectral 

range 1 8 0 - 4 6 0 n m . 1 0 8 0 g/ 

m m : s e e description under 

3 4 0 0 0 I C P . 

5 0 μίτι exit slits, c o n c a v e 

secondary mirrors collect 

and refocus light on P M T s . 

4 0 n m bandpass filters 

(Acton Research ) used on 

all lines below 2 3 0 n m . 

S a m e 

1.0 m P a s c h e n - R u n g e mount, f / 3 0 . 

A 1/4 in. s t e e l - p l a t e we ldment 

provides vacuum-pa th capability. 

Spect rometer temperature 

mainta ined at 3 8 ° ± 0 . 2 ° C in a 

thermally controlled cabinet. 

1 0 8 0 g / m m : interferometrically ruled 

quartz-b lank replica b lazed at 6 0 0 

n m ; reciprocal linear dispersion 

0 . 9 2 6 n m / m m , first order; 0 . 4 6 3 

n m / m m , second order; 0 . 3 0 9 n m / 

m m , third order; spectral range 

1 7 5 - 8 2 0 n m . 

3 5 and 5 0 μη ι slits, concave 

secondary mirrors installed at 45 ° 

refocus light on the P M T s which 

a re located a b o v e (and below) 

the optical p lane. 4 0 n m 

bandpass filters (Acton Research) 

a n d color filters (Corning) used 

for order sorting. 

Source: Ref. 1. 

Accuracy 

Major element determinat ions are accura te to within ± 3 . 6 % . Determinat ions for 
most minor and t race e lements are accura te within 5-10%. Accuracies of deter-
minations of lead and tin are dependent on the concentrat ion of aluminum in the 
sample. 

Alternative Sample Preparat ion Procedures for Rocks 

Major elements: Si, AI, Fe, Mg, Ca, Να, Κ, Ti, Ρ, Μη 

Fusion with lithium metabora te has been used for the preparat ion of a solution 
of the major e lements . The procedure below requires a 3 : 1 mixture of lithium 
metaborate : sample (3). Other workers have used 7 : 1 and 1 : 1 mixtures (4, 5). 
The lower proport ions of lithium borate are preferred because of the possibility 
of solids formation in the nebulizer when concentra ted solutions are aspirated. A 
1 : 1 mixture did not completely decompose the silicates. However , the products 
were soluble in dilute (2%) nitric acid and were decomposed in the plasma. The 
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1 : 1 mixture is not suitable for the preparat ion of solutions for flame atomic ab-
sorption analyses because the flame tempera tures are too low to decompose the 
silicates. 

Weigh 0.5 g of powdered rock and 1.5 g of lithium metabora te into a platinum 
crucible. Mix the contents with a platinum rod. Fuse the mixture over a Meker 
burner for 30 min, and swirl the melt occasionally. Cool the crucible, and then 
immerse it in a polyethylene beaker containing 165 ml of water , 10 ml of nitric 
acid, and exactly 20 ml of 1250 μg/ml lanthanum nitrate solution (as an internal 
standard). Place a Teflon-coated stirring bar inside the crucible, and stir the solution 
immediately. After the salts have been dissolved (in 1-2 h), dilute the solution to 
250 ml. Follow the procedure closely to prevent the formation of insoluble poly-
silicic acid. The solutions are stable for several months . Use the solutions for 
ICP-AES analyses of the major components. Consult the publication (3) for details. 

Minor and trace elements: Zny Ni, Co, V, Nb, Cu, Zr, Y, La, Sr, Ce, Cr, Ba, 
Li, Sc 

Acids are used to prepare solutions of samples for t race element work in order 
to avoid excessive dilutions (3, 4, 6). 

Weigh a 0.5 g sample of powdered rock into a plastic beaker . Add 4 ml of 
perchloric acid and 15 ml of hydrofluoric acid. Evapora te the sample to dryness . 
Dissolve the residue in 4 ml of perchloric acid and 15 ml of water . Dilute to 50 
ml with water . Inspect the solution for the presence of any refractory minerals 
such as chromite , rutile, cassi teri te , and zircon. Use the solution for the deter-
mination of minor and trace elements by I C P - A E S (3). Major elements may also 
be determined in this solution. 

II. DETERMINATION OF 15 MAJOR AND TRACE ELEMENTS IN 
ROCK SAMPLES BY X-RAY FLUORESCENCE USING ONE 
GLASS DISK (7) 

Elements Determined 

Na , Mg, Al, Si, P, S, K, Ca, Ti, F e , Μ η , Cu, Zn, Rb, Sr, Ba, Pb , Zn 

Comment on the Method 

Rock samples are fused with lithium borate in the flux-to-sample ratio of 2 . 2 : 1. 
Lan thanum oxide is added to reduce variations in mass absorption coefficients. 
Five rock s tandards were analyzed to demonst ra te the precision and accuracy of 
the method. 

Equipment 

• Phillips PW1540 x-ray spectrograph. The operating conditions are given in Table 
7.4. The authors noted that a rhodium target tube may be useful for x-ray ma-
chines where tube changes are difficult. 

II. Determination of 15 Elements by X-Ray Fluorescence 
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Oxide Crystal 

Coll imator 

(μπι) Target kV m A 

Counting t ime 

(s) 

Counts 

( s "
1 

Counts 

for 1 % 

( χ 1 0
4
) 

Background
6 

(%) 

( lower limit 

of 

detection) 

(ppm) 

N a 20 T I A P 4 8 0 Cr 4 4 2 2 2 5 16 0 .04 0 . 6 0 7 7 5 

M g O T I A P 4 8 0 Cr 4 4 2 2 5 0 4 0 0 .2 0 . 3 0 2 4 5 

A l 20 3 P E 4 8 0 Cr 4 4 2 0 16 1 2 6 0 .2 0 .15 1 7 0 

S i 0 2 P E 4 8 0 Cr 4 4 2 0 15 1 3 4 0 .2 0 . 1 2 1 5 5 

P 20 5 G e 4 8 0 Cr 4 4 2 2 2 5 3 2 0 0 .8 0 .04 4 5 

so3 
G e 4 8 0 Cr 4 4 2 2 2 5 3 2 0 0 .8 0 .04 4 5 

K 20 P E 4 8 0 Cr 4 4 2 0 2 .7 7 , 5 0 0 2 0 . 0 2 2 2 0 

C a O L ÎF200 4 8 0 Cr 4 4 2 0 1.6 1 2 , 5 0 0 2 0 . 0 3 5 2 5 

T i 0 2 LÎF200 4 8 0 Cr 4 4 2 0 1.5 1 3 , 3 0 0 2 0 . 0 6 6 3 5 

M n O L ÎF200 4 8 0 W 5 0 2 0 10 2 , 0 0 0 2 0 . 0 6 0 3 5 

F e 20 3 LÎF200 4 8 0 W 5 0 2 0 8 2 , 5 0 0 2 0 . 0 8 4 4 0 

C u O L ÎF200 1 6 0 Au 5 0 2 0 17 2 , 3 5 0 4 0 . 0 2 8 17 

Z n O L ÎF200 1 6 0 Au 5 0 2 0 15 2 , 6 7 0 4 0 . 0 2 8 15 

R b 20 L ÎF200 1 6 0 M o 5 0 2 0 2 5 1 6 , 0 0 0 4 0 0 . 0 3 2 6 

S r O U F 2 2 0 1 6 0 M o 5 0 2 0 2 4 4 , 1 5 0 10 0 . 0 3 8 12 

B a O L ÏF200 1 6 0 Cr 4 4 2 0 10 2 , 0 0 0 2 0 . 0 4 2 3 0 

P b O U F 2 0 0 1 6 0 M o 5 0 2 0 10 4 , 0 0 0 4 0 . 1 1 5 3 5 

Source: Ref. 7. a
K a lines for all elements except Ba-La and Pb-ß. 

^Vacuum used when necessary to increase count rate. c
Flow proportional counter with 1 μπι polypropylene window was used for all elements except Pb, Sr, and Rb, where a scintillation 

counter was used. d
Pulse-height selector used for all elements with a 5 -20 V window. 

"Percent and ppm refer to oxide content of original sample. 

'Sensitivity is the amount that is significantly above background at 2 S.D. level (95% confidence). 

• Muffle furnace. 

• Glass disks formed in graphite molds, 31.5 mm in diameter , heated on a hot 
plate at 220°C. The molten glass is pressed with an aluminum plunger as shown 
in Fig. 7.1 (8). 

Chemicals 

Prefused lithium borate (3Li 20 · 2 B 20 3) . Mix 38.0 g lithium tetraborate (anhydrous), 
29.6 g lithium carbonate , and 13.2 g lanthanum oxide. The lithium salts must be 
ignited at 500°C prior to mixing and the lanthanam oxide at 900°C. Melt the mixture 
in a graphite or platinum crucible (with a cover) at 1000°C. Pour the melt onto a 
large sheet of polished aluminum, 3 mm in thickness . Combine several melts and 
grind to a coarse powder . (Each melt yields 63 g of product . ) Store in an airtight 
container. Heat the borate at 550°C before mixing it with the sample in order to 

T a b l e 7 .4 

Operat ing Parameters , Count Rates , and Sensi t iv i ty
3 - 0

' 

Sensit ivity
6 f 
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F i g u r e 7 . 1 . Equipment for preparat ion of glass disks (8 ) . 

drive off moisture . An alternative source is Spectroflux 105, Johnson Matthey 
Ltd . The flux must be dried at 550°C. 

Procedure 

Grind a sample of coarsely broken rock in a 100 ml ring and puck mill for 3 min. 
For samples containing less than 1% sulfur, the fusion formula is 1.22 g prefused 
lithium bora te , 0.02 g lithium nitrate, and 0.56 g powdered rock sample. Fuse the 
mixture in a P t - A u crucible in a muffle furnace at 1000°C for 10-15 min. Withdraw 
the crucible and heat it to 1050°C in an oxygen-p ropane flame. Pour the fusion 
onto a heated graphite disk at 220°C. Press and chill the disk in the equipment 
described earlier. 

Analyze the disk according to the parameters in Table 7.4. 
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Matrix Correct ions 

A detailed discussion of matrix correct ions for the analysis of silicate rocks has 
been published (9). 

The general equat ion for calculating the matrix correct ion applied to iron, for 
example , is 

Fe = Fe'(M + Σ Xp,) - Β 

where Fe is the nominal concentra t ion of F e 2 0 3 obtained from a calibration graph, 
M = Am/As = mass absorpt ion coefficient of flux/mass absorpt ion coefficient 
of sample , X, is the coefficient for matrix correct ion of the /th element (see 
Table 7.4) and E, is the nominal concentra t ion of the /th element divided by 100. 
Table 7.5 contains the coefficients for matrix correct ions . Additional factors for 
elements heavier than Fe are not listed in the original papers . They were calcu-
lated from published mass absorpt ion coefficients and normalized to the average 
rock (10). 

Calibration 

Prepare calibration samples by using known weights of the pure chemicals . For 
e lements heavier than iron, use a mixture of 10% oxide and 90% silica. Correct 
the observed counts for matrix and subtract the background. Use the net values 
to prepare calibration graphs . 

T a b l e 7 .6 

Compar ison of Results for Standards B C R , A G V , G S P , G H , and Sy-1 with Publ ished 

V a l u e s 

Publ ished va lue 

R a n g e less determined va lue M a x i m u m relative error 

Ox ide (%) ( m e a n of 5) (%) 

N a 20 2 . 8 - 4 . 3 0 .11 4 

M g O 0 . 0 3 - 4 . 2 - 0 . 1 0 10 

A l 20 3 9 . 6 - 1 7 . 2 0 . 3 2 4 

S i 0 2 5 4 . 5 - 7 5 . 8 0 . 8 0 1.5 

P 20 5 0 . 0 1 - 0 . 4 9 - 0 . 0 3 10 

K 20 1 . 7 - 5 . 5 0 .01 1 

C a O 0 . 7 - 1 0 . 5 - 0 . 0 1 4 

T i 0 2 0 . 1 - 2 . 2 0 . 0 2 6 

M n O 0 . 0 4 - 0 . 4 0 . 0 0 10 

F e 20 3 1 . 3 - 1 3 . 4 - 0 . 0 6 2 

Z n O 0 . 0 1 - 0 . 0 2 8 - 0 . 0 0 0 7 10 

R b 20 0 . 0 0 5 - 0 . 0 4 2 0 . 0 0 0 6 10 

S r O 0 . 0 0 1 - 0 . 0 7 8 0 . 0 0 0 7 10 

B a O 0 . 0 0 2 - 0 . 1 5 0 . 0 0 1 5 4 

Z r 0 2 0 . 0 2 - 0 . 0 8 - 0 . 0 0 0 4 4 
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Background 

Obtain background values for each element by measuring line intensities in a sample 
free from the e lements , and correct for matrix. This represents the background 
due to impurities in the borate and scat ter in the fused disk. In this manner , back-
grounds for each sample need not be measured. 

The authors state that some additional background arises with samples having 
large amounts of e lements with atomic numbers greater than 18. They recommend 
that the method described by Norr ish and Hut ton (11) be used. It is also described 
in Chapter 9. The calculated background correct ions must be subtracted from the 
nominal concentrat ions before matrix correct ions are applied. 

Results for Standard Samples 

Table 7.6 contains comparisons of the x-ray results with published data for five 
s tandards . 

Ml. DETERMINATION OF MAJOR AND TRACE ELEMENTS IN 
SILICATE ROCKS BY ENERGY-DISPERSIVE X-RAY 
FLUORESCENCE (12) 

Elements Determined 

• Major—Si, Ti , Ba, AI, Fe , Μ η , Mg, Ca, Na , Κ, Ρ , V, Cr, Ni 

• Trace—Rb, Sr, Y, Zr, N b , Pb , Th , Cu, Zn, Ga 

Comments on the Method 

Glass beads are used for analyses of major e lements , and t race elements are mea-
sured in powder pellets. A high degree of accuracy and precision in analyses of 
silicate rocks was achieved. For many e lements , 2σ standard deviations are bet ter 
than 2% relative, and limits of determinat ion of many trace elements are in the 
range 4-10 ppm. Results of analyses of seven standard rocks were tabulated. 

Equipment 

Mecca 10-44 E D - X R F spectrometer and analysis system manufactured by Link 
Systems Ltd. It consisted of a low-power (49 W) silver side window x-ray tube 
and an Si(Li) detector . 

Detector characterist ics were : resolution, 165 eV at 5.9 keV; active area, 30 
m m

2
; Be entrance window thickness , 6 μπι. 

Sample mounting was in a horizontal 20-position turntable . The detector viewed 
approximately 200 m m

2
 of the fluorescent area of the sample through a coarse 

collimator. The sample chamber was evacuated to a pressure of 0.5 torr. 
Pulse amplification and shaping were performed on a Harwell processor with 

a time constant of 20 μ8. It had a linear response in the range up to and above 
20,000 counts/s . 
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The instrument was operated in the pulsed mode . This allowed operat ions at 
output rates of 10,000 counts/s at no more than 50% dead t ime. Spectra were 
accumulated in 1024 channels with a capacity of 2

20
 for each channel . Pulse gains 

of 10 and 20 eV per channel were employed for the 0-10 and 0-20 keV regions, 
respectively. 

Chemicals and Standards 

• Flux. Spectroflux 100B, Johnson Mat they Chemicals Ltd . This is a 4 : 1 lithium 
metaborate : te t raborate mixture . 

• Polyvinyl alcohol, 5% (saturated aqueous solution). 

Procedure 

Sample preparation—major elements 
Dry finely ground sample overnight at 110°C. Carry out a trial fusion of flux at 
1100°C, and determine the weight loss. Correct for any loss with additional flux 
so that the ratio of flux to sample is 6 : 1. Mix the flux and sample thoroughly in 
a Pt/Au crucible ( 5 % Au) . The charge should be enough to make a 32 mm diameter 
glass bead. Fuse the mixture in a furnace at 1100°C for 20 min. 

Pour the melt into a Duralumin platen preheated to 225°C on a hot plate. Apply 
pressure for a few seconds with a preheated plunger. Transfer the platen to a 
200°C hot plate for 10 min, and then cool to room tempera ture . Determine the 
ignition loss at 1100°C for each sample. 

Sample preparation—trace elements 

Make a powder pellet weighing 6 g or more by mixing finely ground sample with 
a polyvinyl alcohol binder. Transfer the moist powder to a 32 mm diameter die, 
and press it at 10 ton/ in.

2
 Bake the pellet at 110°C. 

Analysis 

Count disks for major e lements for 500 s at 10 kV and 0.2 mA with no primary 
beam filter. Count disks for minor e lements for 800 s at 45 kV and 0.3 mA with 
a primary beam filter of 127 μηι of silver. Normal ize peak intensities to the total 
spectrum counts . Determine peak areas using a computer program. (The authors 
used a Link Systems F L S program, which applies a " t o p h a t " digital filter to 
recorded spectra to suppress statistical noise and cont inuum components . ) De-
termine the net peak area of a specified element by using a linear least-squares 
procedure which fits the element x-ray profile (filtered with the same top hat func-
tion) to the filtered sample spectrum. In order to do this, it is necessary to construct 
a library of individual x-ray profiles to account for all interferences due to overlaps. 
Κ and L line profiles for major and t race e lements in silicate rocks are shown in 
Figs. 7.2 and 7.3. 

Figure 7.2 shows that x-ray line profiles of V (K), Cr (Κ), and Ba(L) lines must 
be routinely fitted if these e lements are present in detectable amounts . Also, Fig. 
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Να Al Si Ρ CI Κ Ca Τι V Cr Μη Fe Co Ni Cu Zn Ga 

0 5 10 
E n e r g y ( k e V ) 

F i g u r e 7 .2 . Κ line profiles of the analytically important e lements in the 0 - 1 0 k e V region of the x-ray spectrum with 

the L lines of Ag (scattered from the silver x-ray tube) and B a super imposed. T h e profiles of Ag and 

Ba have been arbitrarily plotted at half the relative intensity for clarity. (Reproduced from Ref. 12 by 

permission of John Wi ley and S o n s Limited.) 

7.3 shows that L lines of Pb , Th, and U and Κ lines of As and Mo must be fitted 
to spectra. 

Prepare element profiles by spiking lithium borate glasses with a known amount 
of an element and high-purity silica to promote glass formation. Do not add silica 
to disks spiked with A 1 20 3, S i 0 2 , and K H 2 P 0 4 . Since N a 2C 0 3 and MgO (both 
without S i 0 2) will not form stable glasses, grind the fused and quenched mixture 

F i g u r e 7 .3 . X- ray profiles of the Κ lines of As , Rb , Sr, Y , N b , Zr, and M o (solid lines) and the L lines of Pb, T h , 

and U (marked a reas at half relative intensity) super imposed to indicate the degree of overlap in trace 

e lement spectra b e t w e e n 10 and 2 0 keV. (Reproduced from Ref. 12 by permission of John Wi ley and 

Sons Limited.) 

A s Rb S r Y Z r Nb Mo 

1 0 15 2 0 

214 
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and use pressed pellets. Obtain profiles of t race elements from the pure element 
oxides in the form of pellets or as powders held on Mylar film. 

Place a 50 μπι aluminum filter over the primary x-ray beam to prevent inter-
ference from silver tube L lines when profiles of Κ and Ca Κ lines are recorded. 

The silver L line profile can be obtained from a silica glass disk. Restrict count 
rates to those giving a maximum dead time of 50% in pulsed-tube operat ion. 

Apply the matrix correct ion procedure described in the Calibration section (in 
an inverse manner) . This is applied iteratively. For t race e lements , obtain counts 
for the major e lements needed for matrix correct ions by recording an additional 
spectrum for each pellet. The instrument condit ions are 10 kV and 0.1 mA with 
no filter. 

Calibration 

Prepare calibration graphs by means of a selection of the reference materials listed 
in Table 7.7. Use the same instrument condit ions for major and trace elements 
as for analyses of samples . For major e lements count each disk twice, and for 
minor e lements count both sides of each pellet. 

Obtain calibration lines by computation of linear regression of net peak intensities 
plotted against expected rock composi tes . See Table 7.8. Data on expected com-
positions are from Abbey (13, 14) and Govindaraju (15). 

For major e lements convert expected concentra t ions to apparent fluorescent 
values according to the method of Norr ish and Hut ton (9). See also Section IX, 
Chapter 9 of this book. 

For t race e lements , correct for mass absorption effects. The authors used the 
correction program Link Sys tems XRF2 based on Ref. 16. 

Results 

The results recorded in Table 7.8 illustrate the values obtained for s tandard sam-
ples. The limits of determinat ion are illustrated in Tables 7.9 and 7.10. 

T a b l e 7 .7 

Re fe rence Mater ia ls U s e d for Calibration 

U S G S 

(U .S .A . ) 

C R P G / A N R T 

(France) 

N I M 

(South Africa) 

B A S 

( U K )
a G S J 

(Japan) 

A G V - 1 andési te 

B C R - 1 basalt 

G - 2 granite 

G S P - 1 granodiorite 

P C C - 1 peridot i te
0 

B R basalt 

G A granite 

G H granite 

D R - N diorite 

M I C A - F e biotite
c 

M I C A - M g phlogopi te
0 

U B - N serpent ine
0 

N I M - D dunite 

N I M - G granite 

N I M - L Lujavrite* 

N I M - N norite 

N I M - P pyroxenite 

N I M - S syenite 

B C S - 2 6 7 silica br ick
6 

B C S - 2 6 9 f irebrick
0 

B C S - 3 7 5 soda feldspar* 

B C S - 3 7 6 potash fe ldspar
0 

JB-1 

J G - 1 

Source: Ref. 12. Reproduced by permission of John Wiley and Sons Limited. a
BAS (Bureau of Analysed Samples) samples are certified reference materials. 

Reference materials used for major element calibration only. C
MICA-Fe was used for the trace element calibration only. 
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T a b l e 7 .9 

Calibration D a t a for Major E lements Determined on G lass Disks ( 1 : 6 S a m p l e -

to-Flux Ra t io )
3 

Composition 

range of 

Oxide 

reference 

materials 

(% oxide) 

Low High 

Counting 

sensitivity
0 

(counts per 100 s 

per 1 % oxide) 

Limit of 

determination
0 

(500 s count time) 

(% oxide) 

S i 0 2 38 .30 95 .90 3 ,450 0.21 

T i 0 2 0.01 2.61 24 ,700 0.03 

A l 20 3 0.32 33 .90 1,580 0 .19 

F e 20 3 0.10 16.98 28 ,900 0.025 

M n O 0.01 0 .77 35 ,400 0 .015 

M g O 0.03 43.51 6 0 0 0.33 

C a O 0.08 13.87 22 ,900 0 .025 

N a 20 0.01 10.40 170 0.96 

K 20 0.01 15.35 20 ,300 0.04 

P 20 5 0.01 1.05 5 ,700 0.05 

C r 20 3 0.01 3 .50 33 ,500 0 .015 

NiO 0.01 0.31 20 ,500 0.03 

B a O 0.01 0 .47 20 ,200 0.05 

v 2o 5 0.01 0.08 34 ,000 0 .015 

Source: Ref. 12. Reproduced by permission of John Wiley and Sons Limited. a
Samples were fluoresced with a silver x-ray tube operated at 10 kV, 0.2 mA and counted 

for 500 live seconds with no primary beam filter. ö
Counting sensitivity was calculated from a spectrum of CRPG-BR fluoresced under routine 

operating conditions (500 s count time). 
l im i t of determination is three times the fitting error expressed as percent oxide and is 

therefore dependent on mass absorption effects due to the matrix composition of CRPG-BR. 

T a b l e 7 .10 

Calibration Data for Trace Elements Determined on Powder Pellets 

Composition 

Element 

range of 

reference 

materials (ppm) 

Low High 

Counting 

sensitivity
3 

(coupts per 100 s 

per ppm) 

Limit of 

determination
6 

(800 s count time) 

(ppm) 

Rb 5 2 2 0 0 35 5.6 

Sr 3 1300 4 3 3.5 

Y 3 145 4 4 3.5 

Zr 10 8 0 0 61 14.8 

Nb 2 2 7 0 69 4.4 

Pb 4 65 22 7.7 

Th 0.6 150 31 8.6 

Cu 4 72 5 9.9 

Zn 10 1300 7 11.5 

G a 8 95 9 7.8 

Source: Ref. 12. Reproduced by permission of John Wiley and Sons Limited. a
Counting sensitivity calculated from a spectrum of CRPG-BR. 
"Reference materials were fluoresced with a silver x-ray tube operated at 45 kV, 0.3 mA 

using a 127 μπι silver foil primary beam filter and counted for 800 live seconds. 
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218 7. Lithogeochemical Analysis 

IV. DETERMINATION OF 14 TRACE ELEMENTS IN ROCK 
SAMPLES BY STEPWISE SOLVENT EXTRACTION AND 
FLAME ATOMIC ABSORPTION SPECTROMETRY (17) 

Comments on the Method 

The trace elements are separated from the sample matrix in chloride solution by 
stepwise solvent extraction with rt-butyl aceta te , diethyldi thiocarbamate, and 8-
hydroxyquinoline. The procedure is summarized in Fig. 7.4. Rock samples are 
first dissolved in hydrofluoric, nitric, sulfuric, and perchloric acids and then taken 
up in hydrochloric acid containing free chlorine. Gold, Tl, Sb , Ga, Mo, Cu, Ni , 
Co , Ag, Bi, Cd, Pb , Zn, and Mn can be determined. These elements were deter-
mined in NIM and USGS standard rocks . Generally good agreement with the 
4
' a ccep t ed ' ' values was obtained. Achievable detection limits are shown in Table 

7.11. 

Reagents 

The reagents used were " A n a l a r " grade with the exception of MIBK, which was 
reagent grade. All water was distilled and deionized. 

Solutions 

• Sodium diethydithiocarbamate (NaDDC): Dissolve 3 g N a D D C in 100 ml of 
distilled and deionized (DDI) water; filter the resultant solution and extract three 
times with 15 ml portions of methyl isobutyl ketone (MIBK). 

• 8-Hydroxyquinoline: Dissolve 1 g 8-hydroxyquinoline in 100 ml of MIBK. 

• Buffer: Dissolve 102 g potassium biphthalate in 500 ml DDI water . 

• Sodium tar trate: Dissolve 40 g sodium tartrate in 200 ml DDI water; extract 
with 1% (w/v) 8-hydroxyquinoline until all t race metals are removed. 

• EDTA: Dissolve 37.2 g analar grade disodium ethylenediaminetetraacetate di-
hydrate in 1000 ml DDI water . 

Standard solutions 

For stock standard solutions, dissolve appropriate metal or stoichiometric salt 
(99.9% purity or analar) to prepare stock standard solutions at a concentrat ion of 
1000 ppm. 

Equipment 

A Techtron model AA-3 with Varian Techtron 1M-6D Indicator Module was used 
for all AAS determinations. The pH adjustment and measurement were done using 
a Radiometer type TTT-1 t i t ra to r -pH meter . 

Procedure 

Figure 7.4 shows the procedure for this determinat ion. 
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220 7. Lithogeochemical Analysis 

T a b l e 7 .11 

Elemental Detect ion Limits (Using 2 g of S a m p l e ) 

Detect ion limit 

E lement (ppm) 

Au 0 . 0 6 

Tl 0 . 08 

S b 0 .3 

G a 1.0 

M o 0.9 

Ag 0 .09 

Bi 0 .3 

C d 0.01 

C o 0 .04 

C u 0 .03 

M n 0 . 0 2 

Ni 0 .04 

Pb 0 .15 

Source: Ref. 17. 

V. DETERMINATION OF TRACE ELEMENTS IN ROCKS AND 
MINERALS BY FLAME ATOMIC ABSORPTION (18) 

Elements Determined 

Ag, Cd, Co , Cr, Cu, Fe , Μη , Ni , Pb , Zn 

Comment on the Method 

The method is rapid and straightforward for the elements listed when their con-
centrat ions exceed about 5 ppm in the sample. When lead is to be analyzed in 
the sample, sulfuric acid is replaced by perchloric acid. Hydrochloric acid should 
not be used when silver is being analyzed. The method has yielded satisfactory 
results for the analysis of U S G S standard rocks . 

Equipment 

A flame atomic absorption spect rometer equipped with a background corrector 
and an air/acetylene burner was used. 

Chemicals and Appara tus 

• Teflon dishes, 150 ml 

• Hot plate 

Procedure 

Weigh 1.0 g of finely ground sample into a 150 ml Teflon dish. Moisten the solids 
with water , and then add 25 ml hydrofluoric acid and 1 ml sulfuric acid. If lead 
is being determined, substitute perchloric acid for sulfuric acid. Heat the sample 
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to dryness on a hot plate set at medium heat . Add 1 ml of hydrochloric acid (or 
nitric acid if silver is being determined) and heat again for 5 min at medium heat. 
Dilute with 10 ml of water . Filter the solution into a 25 ml volumetric flask. Wash 
the residue and filter with 1% hydrochloric or nitric acid. Then dilute the solution 
to volume with water . If additional dilutions of the sample solution are required, 
make sure that the diluted solutions contain 1% total acid. 

Prepare dilute s tandard solutions of the elements so that the solutions contain 
1% total acid. Multielement s tandard solutions may also be used. 

Analyze the samples using the instrument condit ions recommended by the man-
ufacturer. All the elements can be measured with an air/acetylene flame. Lean 
flames are needed for chromium and nickel. Use background correction for all 
e lements . 

VI. DETERMINATION OF TRACE ELEMENTS IN ROCKS BY 
FLAMELESS ATOMIC ABSORPTION (19) 

Elements Determined 

Cd, Co , Cu, Ni , Pb , Zn 

Comment on the Method 

Nonflame methods for the determinat ion of t race e lements in heavy-matrix so-
lutions are subject to severe spectral and chemical interferences. In the recom-
mended method, instructions for overcoming the interferences are provided. 
However , for the metals listed, nonflame techniques offer little advantage over 
flame techniques . Analyses of two standard rocks by flameless and flame methods 
yielded satisfactory results . 

Equipment 

• Perkin-Elmer model 303 atomic absorpt ion spect rometer equipped with a PE 
model 2000 graphite furnace 

• Perkin-Elmer model 56 strip chart recorder 

The instrument parameters are given in Table 7.12. 

Preparat ion of Samples 

Weigh a 1 g sample of powdered rock into a Teflon dish. Add 25 ml of hydrofluoric 
acid and 2 ml of sulfuric acid. Evapora te the liquid over a medium heat until fumes 
appear . Cool the sample, and then add 7 ml of nitric acid and 21 ml of hydrochloric 
acid. Evapora te again over low heat to dryness . Remove the excess hydrochloric 
acid by adding nitric acid until the evolution of brown fumes ceases . Add about 
15 ml of water , and filter the mixture into a 25 ml volumetric flask. Dilute to 
volume with water . (This solution can be used directly for flame methods.) Dilute 
the solution for analysis (usually 1 : 250). 
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T a b l e 7 . 1 2 

Instrumental Paramete rs for Perkin-Elmer Mode l 3 0 3 Atomic Absorption Spectrophotometer and 

H G A - 2 0 0 0
3 

Parameter C d C o C u Ni Pb Z n 

Wave length , n m 

Absorbing 2 2 8 . 9 2 4 0 . 9 3 2 4 . 8 2 3 2 . 0 2 1 7 . 0 2 1 3 . 9 

Background 2 2 6 . 8 2 3 9 . 3 2 9 6 . 1 2 3 1 . 6 2 2 0 . 4 2 1 0 . 4 

Spectral slit width, n m 0 .65 0 . 2 0 0 . 2 0 0 . 0 6 5 0 .65 0 .65 

H G A temperature , °C 

Dry 1 2 5 1 2 5 125 1 2 5 125 125 

Ash 5 0 0 1 1 0 0 1 1 0 0 1 1 0 0 7 5 0 5 0 0 

Atomize 1 8 0 0 2 5 0 0 2 5 0 0 2 5 0 0 2 3 0 0 1 8 0 0 

T i m e , s 

Dry 3 0 3 0 3 0 3 0 3 0 3 0 

Ash 6 0 6 0 6 0 6 0 6 0 6 0 

Atomize 2 0 15 15 15 15 2 0 

Source: Ref. 19. a
Purge gas: nitrogen, 2.5 liters/min. 

Make background correct ions by means of the nonabsorbing line method using 
the wavelengths listed in Table 7.12. Because the absorbance curves are nonlinear 
beyond 50-60% of full scale, absorbance values must be conver ted to concentra-
tions before they are subtracted from uncorrected absorbance readings. 

Background correct ions by means of a deuter ium lamp are not recommended 
because the lamp did not compensa te fully for the large background levels gen-
erated by these samples . 

Calibration 

Prepare multielement standard solutions from the individual element s tandards . 
Obtain calibration curves by means of s tandard additions using peak heights. The 

T a b l e 7 .13 

Compar ison of F l a m e and Nonf lame Detect ion 

Limits in H e a v y Matrix Solution 

Detect ion limit (ppb) 

E lement F l a m e F lameless 

C d 10 2 

C o 10 2 0 

C u 3 0 12 

Ni 4 0 8 0 

Pb 3 0 10 

Z n 10 3 

Source: Ref. 19. 
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curves will be linear up to concentrat ions giving absorpt ions of 50-60% of full 
scale regardless of the element . (Zinc values were consistently high in spite of all 
precautions.) 

Detection Limits 

A comparison of detection limits for flame and nonflame methods is given in Table 
7.13. 

VII. DETERMINATION OF SCANDIUM, YTTRIUM, AND RARE 
EARTH ELEMENTS IN ROCKS BY ICP-AES (20) 

Elements Determined 

Se, Y, La , Ce , Nd , Sm, Eu , Gd, Dy, Yb 

Comments on the Method 

Samples are dissolved in mixed acids . High-level concentra t ions of rare earths 
are analyzed directly. Low (or chondri te) levels are separated by ion exchange, 
and fractions are analyzed. The methods were used in the analyses of 12 standard 
reference materials . 

Equipment 

• JY48P 36-channel direct reading spect rometer ( Instruments S.A.) 

• Plasma-Therm ICP torch 

• Digital 11/23 computer 

• Decwri t ter 111 terminal and Tektronix 4006-3 video terminal 

• Concentr ic glass (Meinhard) nebulizer 

Chemicals and Appara tus 

• Mixed acid ( 1 : 1 : 3 H N O , : H C 1 0 4 : HF) 

• Hydrochloric acid, 2 M and 6 M 

• Amberli te cat ion-exchange resin, 100-200 mesh 

• Teflon beakers , 50 ml 

• Hot plate 

Sample Preparat ion 

High-level concentrations 

Transfer 0.5 g of powdered rock and 5 ml of mixed acid to a 50 ml P T F E beaker. 
Heat on a hot plate to drive off all perchloric acid. Cool , and dissolve residue in 
1 ml hydrochloric acid. Dilute to a volume of 50 ml. Use this solution for analysis. 
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Low-level concentrations (ion-exchange separation) 

Transfer 1.0 g powdered rock to a 50 ml P T F E beaker . Wet the solids with water , 
and decompose carbonates with 1-2 ml 2 M hydrochloric acid and then 1-2 ml 6 
M hydrochloric acid. Add 5 ml perchloric acid and 20 ml hydrofluoric acid. Heat 
the sample to dryness on a hot plate. Dissolve the residue in 15 ml 2 M hydrochloric 
acid and 2 ml perchloric acid. Heat to dryness . Cool , and dissolve the residue in 
10 ml 2 M hydrochloric acid. 

Procedure 

Prepare a column containing 18 g of Amberli te cat ion-exchange resin. The column 
diameter is 15 mm, and the height of resin is 16-20 cm. Equilibrate the resin in 
2 M hydrochloric acid. Calibrate the column by eluting a sample of strontium 
solution with 2 M hydrochloric acid. This is the volume required to remove the 
major-minor element fraction preceding the rare earth e lements and will be about 
160 ml. Begin collection of the rare earth fraction after the addition of 140 ml of 
2 M acid. Elute the rare ear ths with 20 ml of 2 M acid and 160 ml of 6 M hydro-
chloric acid. Evapora te the fraction to dryness . Dissolve the residue in 2 ml of 
concentrated hydrochloric acid. Dilute to 15 ml with water . Use this solution for 
analyses. 

Calibration 

Prepare calibration curves from the nebulization of single- and mixed-element 
standard solutions. Instrument condit ions are contained in Table 7.14. Determine 
interference correction coefficients for the elements shown in Table 7.15. Do not 

T a b l e 7 .14 

Instrument Condit ions and Wave leng ths of 

E l e m e n t s
3 

Element W a v e l e n g t h (nm) Order 

Gadol inium 3 4 2 . 2 4 6 1 

Scandium 2 5 5 . 2 3 7 1 

Ytterbium 3 2 8 . 9 3 7 1 

Dysprosium 3 5 3 . 1 7 0 1 

S a m a r i u m 3 5 9 . 2 6 0 1 

Yttrium 3 7 1 . 0 3 0 1 

Lanthanum 3 7 9 . 4 7 8 1 

Europium 3 8 1 . 9 6 7 1 

Neodymium 4 0 1 . 6 0 9 1 

Cer ium 4 1 3 . 7 6 5 1 

instrument conditions: plasma rf power, 1100 W; ob-

servation height, 15-16 mm; sample feed rate, 1-2 ml/min; 

integration time, 10 s. 
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T a b l e 7 . 1 5 

Interelement Correct ion Coefficients for R a r e Earth 

E lement Determinat ions 

Interfered e lement Interfering e l e m e n t
3 

G d N i ( 0 . 0 0 4 3 ) C r ( 0 . 0 1 4 ) 

F e ( 0 . 0 0 0 4 8 ) C e ( 0 . 0 2 ) 

D y ( 0 . 0 0 5 ) S m ( 0 . 0 0 2 ) 

S c M n ( 0 . 0 0 0 2 7 ) F e ( 0 . 0 0 0 0 8 3 ) 

Y b V ( 0 . 0 0 3 7 ) F e ( 0 . 0 0 0 0 0 1 ) 

Dy M n ( 0 . 0 0 4 3 ) T i ( 0 . 0 0 0 0 4 ) 

S m ( 0 . 0 0 2 ) N d ( 0 . 0 0 3 ) 

S m W ( 0 . 0 1 4 ) N i (0 .01 ) 

M n ( 0 . 0 0 0 0 2 4 ) F e ( 0 . 0 0 0 1 ) 

V ( 0 . 0 0 3 8 ) C a ( 0 . 0 0 0 0 6 7 ) 

T i ( 0 . 0 0 0 1 3 ) N d ( 0 . 0 3 3 ) 

G d ( 0 . 1 1 ) 

Y C a ( 0 . 0 0 0 0 0 7 ) T i ( 0 . 0 0 0 0 2 7 ) 

La F e ( 0 . 0 0 0 9 1 ) V ( 0 . 0 0 3 2 ) 

T i ( 0 . 0 0 0 0 5 9 ) C e ( 0 . 0 1 ) 

C a ( 0 . 0 0 0 0 4 5 ) N d ( 0 . 0 0 6 7 ) 

Eu F e ( 0 . 0 0 0 0 1 5 ) N d ( 0 . 0 0 3 ) 

G d ( 0 . 0 0 6 7 ) 

N d N i (0 .017 ) F e ( 0 . 0 0 0 0 9 ) 

C a ( 0 . 0 0 0 6 ) T i ( 0 . 0 0 0 1 6 ) 

S r (0 .016 ) S m ( 0 . 0 2 5 ) 

C e C a ( 0 . 0 0 0 3 6 ) T i ( 0 . 0 0 0 7 7 ) 

S r ( 0 . 0 2 5 ) 

""Corrections are obtained from analysis of individual element 

spectroscopic standards of known concentrations. Units of coefficients 

are defined as ^g /ml interfered)/^g/ml interfering). 

apply off-peak correct ions since no significant improvement in the results will be 
obtained. Neodymium is an except ion for which a single-point off-peak correction 
can be applied. 

Analyses 

Analyze the sample solutions under the same instrumental condit ions as the stan-
dards . Obtain the average intensities after three 10 s integrations. Correct for 
interelement interferences. 

Detection Limits 

The limits are expressed in te rms of lowest quanti tat ive determinable concentra-
tions (LQDs) in Table 7.16. The L Q D was calculated as five t imes greater than 
the experimentally determined detect ion limit. The detect ion limit is twice the 
standard deviation of the background. 
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T a b l e 7 .16 

Lowest Quantitatively Determinable 

Concentrat ions ( L Q D s ) for Sc , Y , and the Rare 

Earth E lements 

E lement D igesta te
3 

Ion e x c h a n g e
0 

G d 5 1 

Sc 1 0 .2 

Y 2 0 .2 

Y b 1 0.1 

Dy 4 0 .5 

S m 15 1 

La 4 0 .5 

Eu 1 0.1 

Nd 3 0 2 

C e 3 5 6 

a
Values given in micrograms per gram of rock based on 

LQD solution χ 100 (dilution). 

^Values given in micrograms per gram of rock based 

on LQD solution χ 15 (dilution). 

VIII. DETERMINATION OF RARE EARTH ELEMENTS IN 
MINERALS BY FLAME ATOMIC ABSORPTION (21) 

Elements Determined 

Y, Eu, Tb , Dy, H o , Er , Th, Yb , Lu 

Comment on the Method 

The more sensitive rare earths are determined after they have been separated 
from solution as hydroxides . Lan thanum is added to overcome interferences from 
iron and other e lements . The results of analyses of zirconium silicate and calcium 
rare earth silicate were compared with x-ray fluorescence results and proved to 
be satisfactory. 

Equipment 

• Perkin-Elmer model 303 atomic absorption spect rophotometer equipped with a 
5 cm nitrous oxide/acetylene burner 

• Hollow-cathode lamps for Dy, H o , Er , Yb 

• Perkin-Elmer Intensitron lamps for Y, Eu , Th , Lu 

Standard Solutions of Rare Ear ths 

Dissolve weighed amounts of the rare earth oxides (spectroscopically pure , A. D. 
McKay Co.) in 25 ml of 1 : 1 nitric acid by gently heating. Transfer the solutions 
to 1 liter volumetric flasks, and dilute to the mark with water . These solutions 
should contain 1000 ppm of the element. 
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Prepare working s tandards by diluting aliquots of the stock solutions with suf-
ficient 10% lanthanum solution to yield a final lanthanum concentrat ion of 1%. 
Add sufficient nitric acid to correspond to the acid concentrat ion of the samples . 

Prepare a 10% lanthanum nitrate solution from lanthanum oxide and nitric acid. 
The final acid concentrat ion must be 1%. Test the solution to ensure that rare 
ear ths are absent . 

Preparat ion of Samples 

Zirconium rare earth silicates 

Weigh a 0.5 g sample into a plastic beaker , and add concentra ted hydrofluoric 
acid. Warm the mixture to decompose the silicates and to precipitate the insoluble 
fluorides. Filter the sample to remove soluble zirconium fluoride. Ignite the pre-
cipitate in a platinum crucible with the aid of a few drops of sulfuric acid. Fuse 
the oxides with potassium pyrosulfate, and then dissolve the cooled salts in dilute 
acid. Precipitate the hydroxides with dilute ammonia solution. Filter the precipitate, 
and treat it as described below. 

Calcium rare earth silicates 

Weigh a 0.5 g sample into a platinum crucible. Fuse it with sodium carbonate . 
Dissolve the salts in dilute acid. Precipitate the hydroxides with dilute ammonia 
solution. Filter the precipi tate, and treat it as described below. 

Other rare earth silicates 

Dissolve a sample by an established procedure . Precipitate the rare earths by 
means of fluoride, hydroxide , or oxalate to free them from large salt contents . 
Obtain a hydroxide precipitate as a final s tep, and treat it as described below. 

Procedure 

Dissolve the precipitate in hot , dilute nitric acid in a 50 ml beaker . Wash the paper 
or filter crucible thoroughly with hot 1 + 50 nitric acid. Add sufficient lanthanum 
solution to give a final lanthanum concentrat ion of 1% in the chosen volume. 
Evapora te the solution to 2 ml. Transfer the sample to a volumetric flask (5 or 10 
ml) and dilute to volume with water . 

Analyze the sample and standards for each element using the instrument settings 
shown in Table 7.17. Each standard solution must contain the same quantities of 

T a b l e 7 . 1 7 

Instrument Paramete rs 

Paramete r Eu T b D y H o Er T h Y b Lu Y 

W a v e l e n g t h , nm 4 5 9 . 4 4 3 2 . 6 4 2 1 . 2 4 1 0 . 4 4 0 0 . 8 4 0 9 . 4 3 9 8 . 8 3 3 1 . 2 4 1 0 . 2 

Current , m A 3 5 3 0 15 3 0 2 5 3 0 2 0 3 0 3 0 

Slit width, n m 0 .3 0 .3 0 .3 0 .3 0 .3 0 .3 0 .3 0.1 0.1 

Source: Ref. 2 1 . 
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T a b l e 7 .18 

Detection Limits and Sensitivities 

Sensitivity Detect ion 

(ppm per 1 % limit 

E lement absorption) (ppm) 

Terb ium 10 2 

Dysprosium 1.0 0 .5 

Holmium 2 .0 0 .3 

Erbium 0 .8 0 .4 

Thul ium 1.0 0 .3 

Ytterbium 0 .3 0.1 

Lutetium 3 0 10 

Europium 0 .7 0 .3 

Yttrium 1.8 — 

Source: Ref. 2 1 . 

lanthanum and nitric acid as the sample. Adjust the flame condit ions to give max-
imum absorption in a slightly reducing flame. Under these conditions, interferences 
due to silica (twofold excess) and F e , Κ, Mg, Na , Ca, Ti, and other rare ear ths 
(eightfold excess) were reduced to negligible levels. 

In the presence of aluminum, use a burner- to-beam height of 2 cm. In the pres-
ence of zirconium, use a 2 cm burner- to-beam height. Also adjust the flame con-
ditions until equal absorbances are obtained from zirconium-bearing and zirconium-
free solutions. 

Detection limits and sensitivities are given in Table 7.18. 

IX. DETERMINATION OF THE RARE EARTH ELEMENTS, 
YTTRIUM, AND SCANDIUM IN SILICATE ROCKS BY 
FLAMELESS ATOMIC ABSORPTION (22-24) 

Comment on the Method 

The rock is decomposed by acids, and the lanthanides are separated from most 
of the matrix by an ion-exchange column. The elements are determined by elec-
trothermal atomization from a pyrolytically coated graphite surface. A tantalum 
foil-lined graphite furnace tube yields greater sensitivity (10-40-fold) for La , Ce , 
Pr, Gd, Tb , and Lu . Satisfactory results were obtained for five international ref-
erence rock samples. Four new Canadian iron-formation reference materials, FeR-
1 to FeR-4 were also analyzed. 

Apparatus 

• Varian AA-475 spectrometer 

• Varian GTA-95 graphite tube atomizer equipped with a programmable sample 
dispenser, and memory storage for 8 programs 
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1 4 mm 

I 12 mm 1 

F i g u r e 7 .5 . S h a p e and dimensions of the tanta lum foil. (Repr inted with permission from Ref. 2 4 . Copyright 1 9 8 4 , 

P e r g a m o n Press, Ltd.) 

• Epson MX-82 type 11 printer 

• Pyrolytically coated tubes 

• Tantalum foil, 99 .5% pure , 0.05 mm thick 

Preparat ion of Tanta lum Foil-Lined Furnace Tube 

Drill a 2 mm hole in a 12 x 14 mm piece of foil as shown in Fig. 7.5. Wrap the 
foil around a glass rod 4 mm in diameter with the short side parallel to the rod. 
Insert the foil into a new pyrolytically coated graphite tube so that the holes co-
incide. Insert a metal rod (3 mm diameter) into the tube , and roll it around firmly 
to press the metal foil firmly to the graphite tube . 

Anneal the coated tube by placing it in the GTA-95 and heating it in a current 
of argon. Heat the tube to 1000°C in 10 s, hold for 10 s, and the cool it down in 
16 s. Repeat this operat ion for tempera tures of 1500 and 2000°C. Perform a blank 
run according to the program in Table 7.19. 

T a b l e 7 . 1 9 

Blank R u n for Ta -L ined Furnace 

T e m p e r a t u r e T i m e G a s flow, 

S tep (°C) (s) (liter/min) R e a d
a 

1 7 5 15 3 

2 9 0 6 0 3 

3 1 2 0 6 0 3 

4 8 5 0 10 3 

5 1 8 0 0 10 3 

6 1 8 0 0 2 0 

7 2 6 0 0 1.3 0 * 

8 2 6 0 0 2 0 * 

9 2 6 0 0 1 3 

Reprinted with permission from Ref. 24. Copyright 1984, Pergamon Press, 

Ltd. a
* . Read absorbance. 
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The foil may shift inside the graphite tube after several firings. Check the align-
ment of the holes periodically. 

Check the condition of the foil by firing a standard after every 5-10 samples. 
Change the foil when deterioration in performance is noted (usually after 40 firings). 
Discard the foil and graphite tube after 80 firings. 

Preparation of Ion-Exchange Column 

Use a Pyrex glass column as illustrated in Fig. 7.6. Pack a 30 cm length with 
Dowex 50W-X8 cation-exchange resin. Wash the column with 6 M hydrochloric 
acid until the effluent is free of F e

3 +
 . Then wash the column with demineralized 

water until the effluent is neutral to blue litmus paper. 

Instrumental Operation Condit ions 

Tables 7.20-7.22 give the operating parameters of the instruments used in this 
determination. 

F i g u r e 7 .6 . Ion-exchange column. (Repr inted with permission from Ref. 2 3 . Copyright 1 9 8 4 , P e r g a m o n Press, Ltd.) 

1 8 cm I D 

0 4 cm I D 

6 0 c m 

0.15 cm I.D. 

30cm 
42 cm 

resm 

g lass w o o l ^ 

0 . 4 cm I.D. 

Tygon tub ing 
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T a b l e 7 . 2 0 

Instrumental Pa ramete rs 

W a v e l e n g t h Current Spectral bandpass 

E lement (nm) Hol low-cathode lamp (mA) (nm) 

S c 3 9 1 . 1 8 West inghouse 5 0 .2 

Y 4 1 0 . 2 West inghouse 5 0 .5 

La 5 5 0 . 1 3 Var ian-Techtron 10 R
a 

C e 5 6 7 . 0 West inghouse 10 R 

Pr 4 9 5 . 1 West inghouse 10 R 

N d 4 9 2 . 4 5 West inghouse 10 0 .2 or R 

S m 4 2 9 . 6 7 West inghouse 10 0 .2 or R 

Eu 4 5 9 . 4 West inghouse 5 0 .2 

G d 3 6 8 . 4 West inghouse 10 0 .2 or R 

T b 4 3 2 . 7 C a t h o d e o n 10 0 .2 of R 

Dy 4 2 1 . 2 West inghouse 10 0 .2 

H o 4 1 0 . 4 West inghouse 10 0 .2 

Er 4 0 0 . 8 West inghouse 5 0 .2 

T m 3 7 1 . 8 Var ian 10 0 .2 

Y b 3 9 8 . 8 West inghouse 5 0 .5 

Lu 3 3 6 . 0 Var ian-Techtron 10 R 

Reprinted with permission from Ref. 22. Copyright 1985, Pergamon Press, Ltd. a
R, Restricted 0.5 nm slit width. 

T a b l e 7 .21 

Operat ing Paramete rs for Pyrolytically C o a t e d Graphi te Furnace 

Argon 

Step T e m p e r a t u r e T i m e g a s flow 

E lement number (°C) (s) (liter/min) R e a d
3 

Se , Y , N d , 1 7 5 15 3 

S m , E u , Dy, 2 9 0 6 0 3 

Ho , Er, T m , 3 1 2 0 10 3 

and Y b 4 8 5 0 10 3 

5 1 8 0 0 " 1 0
c 

0 

6 1 8 0 0 * 2 0 

7 2 7 0 0
d 

1.3 0 * 

8 2 7 0 0
d 

2 0 * 

9 2 8 0 0
d 

5 3 

Reprinted with permission from Ref. 22. Copyright 1985, Pergamon Press, Ltd. a
* , Read absorbance. 6
1400°C for Eu and Yb; 2200°C for Sm, Dy, Er, and Tm; 2400°C for Ho. c
1 5 s for Nd and Dy; 20 s for Ho. d
2200°C for Yb. 
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T a b l e 7 . 2 2 

Operat ing Parameters for Tanta lum Foil-Lined Graphi te Furnace 

Argon 

Step T e m p e r a t u r e T i m e gas flow 

Element number (°C) (s) (liter/min) R e a d
3 

La, C e , Pr, 1 7 5 15 3 

G d , T b , and 2 9 0 6 0 3 

Lu 3 1 2 0 6 0 3 

4 8 5 0 10 3 

5 1 8 0 0 * 10 3 

6 1 8 0 0
b 

2 0 

7 2 6 0 0 1.3 0 
• 

8 2 6 0 0 2 0 * 

9 2 6 0 0 1 3 

Reprinted with permission from Ref. 22. Copyright 1985, Pergamon Press, Ltd. a
* , Read absorbance. Ö
2000°C for Gd; 2200°C for Tb and Lu. 

Reagents 

Standard solutions 

Prepare stock solutions (1000 ppm) of scandium, yttr ium, and the lanthanides by 
dissolving the appropriate quantit ies of the pure oxides in hot, dilute nitric acid. 
Remove excess acid by evaporat ion. Dilute each to a known volume with 1 M 
nitric acid, and store the solutions in plastic bott les . 

Standardize each solution by transferring 4 ml to a 10 ml platinum crucible 
previously ignited to constant weight at 1000°C. Evapora te to dryness on a steam 
bath. Heat the crucible gently with a low flame of a burner until no more fumes 
are evolved. Heat the crucible strongly. Ignite in a muffle furnace at 1000°C for 
30 min. Cool in a desiccator for 20 min and weigh. 

Dilute the stock solutions with 0.1 M nitric acid to obtain working s tandards . 

Standard mixtures 

Prepare synthetic standard mixtures of reference materials GA (granite) and SY-
2 (syenite) by mixing the standard solutions in appropriate amounts as shown in 
Table 7.23. 

Calibration solutions 

Prepare three solutions with concentrat ions corresponding to 0.05, 0 .1 , and 0.2 g 
of sample per milliliter by diluting known volumes of GA and SY-2 standard mix-
tures to known volumes with 0.1 M nitric acid. Use the standard mixture that 
corresponds to the type of sample for analysis. 
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T a b l e 7 . 2 3 

Concentrat ions of Se , Y , T h , and R a r e Earth 

E lements in Synthetic Mixtures of G A and S Y - 2
a 

G A S Y - 2 

(granite) (syenite) 

E lement (ppm) (ppm) 

S c 7 7 

Y 17 1 2 0 

La 3 8 8 8 

C e 7 0 2 1 0 

Pr 7 16 

N d 2 0 7 5 

S m 5 .2 17 

Eu 0 . 8 3 2 .3 

G d 3 11 

T b 0 .5 2 . 7 

Dy 2 .7 21 

H o 0 .5 7 

Er 1.5 13 

T m 0.21 2 .5 

Y b 1.4 16 

Lu 0 .3 3 

T h 17 .6 3 7 0 

Reprinted with permission from Ref. 24. Copyright 1984, 

Pergamon Press, Ltd. 

'These values were derived from the author's own pub-

lished and unpublished works as well as those found in the 

literature. 

Procedure 

Preparation of sample solution (solution A) 

Depending on the rock type , transfer a 1-2 g sample (accurately weighed) to a 50 
ml platinum dish. Moisten it with water . Cover the dish with a platinum lid and 
gradually, while stirring with a platinum rod, add 10-20 ml of concentra ted hy-
drofluoric acid. Heat on a s team bath for 2-3 h; then remove the lid and rinse it 
with water , and evapora te the solution to dryness . Add 10-20 ml of concentrated 
nitric acid to the res idue, stir to break up any lumps, and evapora te to dryness . 
For shale samples of high carbon content (2-8%), place the dish on a silica triangle 
supported on a tr ipod, cover , and heat gently with a Bunsen burner until all acid 
fumes are expelled and all organic material is des t royed. Heat briefly to red heat , 
cool, then proceed as descr ibed. 

Add 15-20 ml of concentra ted perchloric acid and stir the mixture until a thin 
slurry is produced; then cover the dish and heat gently on a sand bath until fumes 
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of perchloric acid start to appear . Remove the lid, rinse with water , stir to mix, 
then evaporate the solution to a syrupy consis tency. 

Cool the dish, add 25 ml of 10% nitric a c i d - 5 % hydrogen peroxide solution, 
cover, and, with occasional stirring, heat on a steam bath to dissolve the salts. 
Transfer the solution to a 400 ml beaker , rinse the dish thoroughly with water , 
cover the beaker with a watch glass, and boil vigorously to decompose the excess 
of hydrogen peroxide. If insoluble material is present or a precipitate forms on 
cooling, filter the solution through a Whatman N o . 40 paper , wash with hot 10% 
nitric a c i d - 5 % hydrogen peroxide solution, then transfer the paper and residue 
to a platinum crucible and burn off the paper at ~400°C in a muffle furnace. Ignite 
the residue at 800°C for 15 min, cool the crucible, and, depending on the quantity 
of residue, add 0.5-1 g of potassium pyrosulfate. Mix thoroughly; then fuse the 
mixture over an open flame and keep the melt at red heat for a short time to ensure 
complete decomposi t ion. Cool the crucible, add 15 ml of water , loosen the cake 
with a glass rod, and transfer to a 50 ml beaker . Heat on a hot plate and add 50% 
sulfuric acid dropwise , if necessary , until a clear solution is obtained. Add this 
solution to the main solution. 

Ion-exchange separation 

Using a pH meter , adjust the p H of the solution to 1.2 ± 0.2 by dilution with 
demineralized water ; then transfer the solution to a 250 ml separatory funnel 
clamped at the top of the cat ion-exchange resin column. Pass the solution through 
the column at about 2.5 ml/min. Wash the beaker three t imes with 10 ml portions 
of acidulated water (pH 1.2 ± 0.2) and add the washings to the column. 

Elute the common ions from the column with 250-300 ml of 1.85 M hydrochloric 
acid (at 2.5 ml/min) until the effluent is free from F e

3 +
 (test with ammonium thio-

cyanate solution). Discard the effluent. 
Elute the rare ear ths , scandium, and yttrium by passing 500 ml of 6 M hydro-

chloric acid through the column at 2.5 ml/min. Collect the eluate in a 600 ml beaker 
and evaporate it to about 5 ml. Transfer the solution to a 20 ml beaker , rinsing 
the original beaker with hot 6 M hydrochloric acid. Evapora te the solution to a 
syrupy liquid on a hot plate and finally to dryness on a steam bath. Add 5 ml of 
concentrated nitric acid and 1 ml of 30% hydrogen peroxide, cover the beaker 
with a watch glass, and heat on a s team bath to decompose any resin and convert 
the chlorides to the nitrates. When the reaction has subsided, raise the watch glass 
by means of glass hooks and evapora te the solution to dryness . Repeat the nitric 
ac id-peroxide t reatment and subsequent evaporat ion twice more to ensure com-
plete decomposition of the organic material and conversion of the salts into nitrates. 
Dissolve the final residue in 5 ml of 0.1 M nitric acid by stirring and warming 
briefly on a steam bath; then transfer to a 10 ml s tandard flask and dilute to the 
mark with 0.1 M nitric acid. If necessary , filter the 5 ml of solution through a 5.5 
cm glass fiber paper in a 58° funnel 35 mm in diameter , rinsing the beaker and 
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Sensi t iv i ty
3 

Atomiza t ion Pyrolytical ly T a foil- l ined Sensit ivity 

t e m p e r a t u r e c o a t e d f u r n a c e fu rnace e n h a n c e m e n t factor 

E l e m e n t ( °C) ( P C F ) ( T a F ) ( P C F / T a F ) at 2 6 0 0 ° C 

S c 2 6 0 0 1.3 x 1 0
 10 

1.2 x 1 0
 11 

1 0 . 8 

2 7 0 0 1.0 x 1 0
 10 

Y 2 6 0 0 2 . 6 x 1 0
 9 

2 . 8 x 1 0 ~
10 

9 . 3 

2 7 0 0 1.3 x 1 0
 9 

L a 2 6 0 0 4 χ 1 0
 8 

2 x 1 0
 9 

2 0 

2 7 0 0 2 χ 1 0
 8 

C e 2 6 0 0 2 χ 1 0
 7 

5 x 1 0
 9 

4 0 

2 7 0 0 0 . 8 x 1 0
 7 

Pr 2 6 0 0 1.6 x 1 0
 8 

1.5 x 1 0 ~
9 

1 0 . 7 

2 7 0 0 1 χ 1 0
 8 

N d 2 6 0 0 3 x 1 0
 9 

2 x 1 0 "
10 

15 

2 7 0 0 1.5 x 1 0
 9 

S m 2 6 0 0 1 χ 1 0
 9 

7 χ 1 0
 9 

1 4 . 3 

2 7 0 0 0 . 8 x 1 0
 9 

E u 2 6 0 0 5 .5 x 1 0
 11 

4 χ K T
1 2 

1 3 . 8 

2 7 0 0 3 .4 χ 1 0
 11 

G d 2 6 0 0 2 .1 x 1 0
 8 

7 .3 x 1 0 '
10 

2 8 . 8 

2 7 0 0 1.4 x 1 0
 8 

T b 2 6 0 0 6 .4 x 1 0
 9 

3 . 2 x 1 0
 10 

2 0 

2 7 0 0 4 .1 x 1 0
 9 

D y 2 6 0 0 2 x 1 0
 10 

2 x K T " 1 0 

2 7 0 0 1.4 x 1 0
 10 

H o 2 6 0 0 5 .5 x 1 0
 10 

3.1 x 1 0
 11 

1 7 . 7 

2 7 0 0 2 . 8 x 1 0
 10 

Er 2 6 0 0 4 . 4 x 1 0 "
10 

1.3 x 1 0
 11 

3 3 . 8 

2 7 0 0 2 . 8 x K T
1 0 

T m 2 6 0 0 3 . 7 x 1 0
 11 

4 x 1 0
 12 

9 . 3 

2 7 0 0 1.8 x 1 0
 11 

Y b 2 6 0 0 3 . 3 x 1 0
 12 

5 .4 χ 1 0
 13 

6.1 

2 7 0 0 2 . 5 x 1 0
 12 

Lu 2 6 0 0 4 . 9 x 1 0
 9 

1.4 x 1 0
 10 

3 5 

2 7 0 0 3 .5 x 1 0 ~
9 

Reprinted with permission from Ref. 22. Copyright 1985, Pergamon Press, Ltd. a
Defined as the weight of the element in grams which produces a change, compared with a pure solvent or 

blank, of 0.0044 absorbance unit. 

T a b l e 7 . 2 4 

Sensit ivi t ies for S c , Y , a n d L a n t h a n i d e s in Pyrolytical ly C o a t e d a n d T a n t a l u m Foi l -L ined G r a p h i t e 

F u r n a c e s 
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washing the paper with 0.1 M nitric acid and collecting the filtrate and washings 
in a 10 ml standard flask. This 10 ml of solution is solution A. 

Measurement 

Transfer calibration and sample solutions to the vials in the sample dispenser. 
Depending on the sensitivity (see Table 7.24), use sample solutions containing 
about 0.1 mg of sample per milliliter and a scale expansion of up to 10 x . Use a 
sample volume of 20 μΐ for all the e lements listed except cerium. Calibrate with 
5, 10, 15, and 20 μΐ of either GA or SY-2 calibration solutions, plus sufficient 0.1 
M nitric acid to yield total volumes of 20 μΐ. The instrumental operating conditions 
are listed in Tables 7.20-7.22. Obtain the concentrat ions of elements from either 
the instrument readouts or calibration curves . As a recommended practice, two 
reference rocks for which "usab le v a l u e s " for the rare earth elements have been 
reported should be run with every batch of samples to check the recovery. 

Clean the sample dispenser capillary tip periodically with a t issue. After about 
50 firings of a new pyrolytically coated graphite tube, absorbances decrease. Check 
the absorbances of s tandards and apply correct ion factors if necessary. 

Minor and trace amounts of some common elements which are retained on the 
ion-exchange resin and coeluted with the rare ear ths interfere seriously with the 
determination of cerium. Determine cerium in solution A by the oxa la te -hydrous 
ferric oxide procedure described by the author (24, 25). 

X. DETERMINATION OF RARE EARTH ELEMENTS IN ROCKS 
BY THIN-FILM X-RAY FLUORESCENCE SPECTROMETRY 
(26) 

Elements Determined 

La, Ce , Pr, Nd , Sm, Eu , Gd, Tb , Dy, H o , Er , Yb 

Comment on the Method 

A sample is decomposed by fusion with sodium peroxide and hydroxide. Rare 
earth elements (REE) in the leachate are coprecipitated with hydrous ferric oxide. 
The precipitate is dissolved in acid, and R E E are separated from most other ele-
ments on a cat ion-exchange resin. The R E E in the eluate are concentra ted again 
with hydrous ferric oxide. A thin film of this precipitate on a Millipore filter is 
used for x-ray measurements . The results of analyses of five standard reference 
rocks were in good agreement with those obtained by I C P - A E S and with other 
values reported in the l i terature. 

Apparatus and Reagents 

A Siemens sequential SRS-1 x-ray fluorescence spectrometer with a 10-position 
sample changer was used. Ext ra aper tures were installed between the primary 
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and secondary beams to mask all radiation but that from the 16 mm diameter 
sample surface. The instrument parameters are listed in Table 7.25. 

An ion-exchange column of borosilicate glass was 170 mm in length with a bore 
of 18 mm. A reservoir with a volume of about 330 ml (173 mm in length and 57 
mm in diameter) was at tached to the top of each column. 

The column was charged with about 22 g of Bio-Rad AG 50 W-X8 polystyrene 
cat ion-exchange resin, 200-400 mesh. The flow rate was controlled at 1-2 ml/min 
by constricting the plastic outlet tube . 

Stock solutions of R E E (1000 ppm) were prepared from high-purity oxides 
(Johnson Matthey Ltd) . All oxides except cerium were dissolved in 20% (vol) 
nitric acid. Cerium oxide was dissolved in 30% (vol) sulfuric acid. 

Mixed standard solutions containing 10 ppm Lu and 4 ppm other rare earths 
were prepared from the above stock solutions and 10% (vol) hydrochloric acid. 

Millipore filters of types G S , 0.22 μπι pore size, and GA-6, 0.45 μπι pore size, 
were used. 

Analytical grade acids were used to prepare the following eluents: 1 and 5.5 M 
hydrochloric acid, 2 M nitric acid, 1 M sulfuric acid. 

All reagents were examined for R E E impurities by applying the procedure to 
pure silica. 

Procedure 

Sample decomposition 

Transfer 1 g sample to a nickel crucible. Mix with 3 g sodium hydroxide and 3 g 
sodium peroxide. Fuse the mixture at 600°C for 100 min over a Meker burner . 
Cool the fusion for 1-2 min. 

Place the crucible and lid in a 150 ml beaker containing 2 ml water . Leach the 

T a b l e 7 . 2 5 

X R F Instrument Paramete rs 

X- ray spectrometer S i e m e n s S R S - 1 

X- ray generator Crystalloflex 4 type H 4 

X- ray tube target Au 

Power 4 0 kV; 6 0 m A 

Coll imator 0 .15° d ivergence 

Analyzing crystal LiF (220 ) 

Detector F .P .C . with Ρ 10 g a s
3 

Counting t ime Fixed t ime, 6 0 s 

Pulse height selection 8 .5 /7 y 

S a m p l e changer 10-posit ion, under v a c u u m 

Reprinted with permission from Ref. 26. Copyright 1985, Per-

gamon Press, Ltd. a
F .P .C , flow proportional counter; P10 ,10% methane and 90% 

argon. 
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fused salt for 10 min. Transfer the contents to a 100 ml plastic centrifuge tube , 
and centrifuge at 2000 rpm for 5 min. 

Decant the supernatant liquid into another similar centrifuge tube. Add 1 ml of 
1% iron(III) chloride solution to coprecipitate any dissolved R E E . Centrifuge again. 
Discard the supernatant liquid. 

Dissolve the precipitate in 10 ml of water and 5 ml of 6 M hydrochloric acid 
by heating on a steam bath. (Keep the acid concentrat ion to a minimum of 2 M 
to avoid precipitation of any silica.) 

Ion-exchange separation 

Transfer the solution prepared above to an ion-exchange column prepared as out-
lined. After the sample solution has passed through the column, wash the column 
successively with 150 ml of 1 M hydrochloric acid, 170 ml of 2 M nitric acid, 120 
ml of 1 M sulfuric acid, 120 ml of 1 M hydrochloric acid, and 300 ml of 5.5 M 
hydrochloric acid. Wash the column with 15 ml of water between acid washes . 
Collect the final eluate (300 ml of 5.5 M hydrochloric acid), which contains the 
R E E , in a 400 ml beaker . Evapora te the sample to dryness . Dissolve the residue 
in a little water and 0.5 ml of 10 M nitric acid. Dilute to about 100 ml with water. 

Preparation of thin film 

Add 300 μg of iron(III) and 50 μg of lutetium(III) (as an internal standard) to the 
above solution. Add 10 ml of ammonia solution to raise the p H to above 12 and 
to coprecipitate the R E E . Filter the sample through a Millipore filter to obtain a 
thin film for X R F measurements . 

Prepare a reference disk from a 5 ml volume of the mixed standard solution 
(which contains 50 μg of lutetium and 20 μg of each of the other R E E ) . Transfer 
the solution directly to the column as described above and obtain the R E E fraction. 

Prepare a blank disk containing only lutetium and iron by applying the procedure 
to 1 g of pure silica. (Disks prepared from individual R E E can be used for iden-
tification of overlapping spectral lines.) 

Construction of the calibration line 

Make all X R F measurements by counting each line and background for 60 s in 
sequence for each of the R E E . Use the line and background positions listed in 
Table 7.26. This table also contains lower limits of detect ion. 

Measure R E E peak and background intensities for a blank disk containing only 
lutetium and iron. Calculate the corresponding peak/background ratios. Multiply 
the measured sample and standard backgrounds by these ratios to obtain the 
background intensities under the peaks . 

Line overlap interferences for which correct ions are required are listed in Table 
7.27. Make correct ions by measuring the intensity of the interfering line at the 
appropriate analyte wavelength on a disk containing a known quanti ty of an in-
terfering element . Calculate the counts per unit quantity of interfering element. 
Subtract the count resulting from the interfering element from the analyte count 
for the multielement standard disk. 
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T a b l e 7 . 2 6 

M e a s u r e m e n t Position a n d Detect ion Limits by X R F 

Analyte Line 

Background - peak 

2Θ* (deg) 

Lower limit 

of de tec t ion
0 

(ppm) 

La La, -2 .590 0.06 
C e Lß , -1 .378 0.14 
Pr Lß, + 1.008 0.16 
N d La, -2 .398 0.08 
S m Lß, + 0.816 0.21 
Eu La, +1.784 0.15 
G d La, -1 .938 0.11 
T b Lß2 + 0.720 0.42 
Dy Lß, -0 .682 0.27 
H o Lß, -0 .406 0.29 
Er Lß, + 0.821 0.31 
Y b La, +1.250 0.14 
Lu La, -0 .730 — 

Reprinted with permission from Ref. 26. Copyright 1985, Pergamon 

Press, Ltd. 

background position relative to measured peak, negative if background 

2Θ lower than peak 2Θ. b
Peak and background counting time is 1 min and the 95% confidence 

limit is 2σ. Lower limit of detection from counting statistics = standard 

concentration χ 3 x NbV(Np - Nb), where Λ/ρ and Nb are total counts 

for peak position and background. 

As an al ternat ive, calculate and subtract the amount of analyte equivalent to 
the concentrat ion of the interfering element as listed in Table 7.27. 

Express the final net counts obtained for the blank and the multielement standard 
as ratios to the internal s tandard count . Use these values to calculate calibration 
factors on the assumption that the X R F count is a linear function of analyte con-
centrat ion. In this manner , the calibration can be used indefinitely. For each new 
batch of chemicals , prepare and measure a new blank disk. 

T a b l e 7 . 2 7 

Line Over lap Interferences and Requi red 

Correct ions 

Interfèrent Analyte apparent increase 

Analyte (100 ppm) (ppm) 

Eu Pr 12.4 
T b Y b 44 
G d C e 5.8 
G d Nd 0.19 

Reprinted with permission from Ref. 26. Copyright 1985, 

Pergamon Press, Ltd. 
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XI. Determination of Gold, Indium, Tellurium, and Thallium 241 

Comparisons of Results 

All the R E E were determined except thulium and lutetium, which are usually 
below the detect ion limits specified here (see Table 7.26). In Table 7.28 (27-31), 
the X R F results for five reference materials are listed together with I C P - A E S 
results obtained by the same authors and with other accepted values . The agree-
ment is good. 

XI. DETERMINATION OF GOLD, INDIUM, TELLURIUM, AND 
THALLIUM IN ROCKS, SOILS, AND SEDIMENTS BY 
SOLVENT EXTRACTION AND FLAME ATOMIC 
ABSORPTION (32) 

Comment on the Method 

Gold, indium, and tellurium in rocks , soils, and sediments are measured in con-
centrat ions much higher than crustal abundance , and thallium is measured at both 
crustal and anomalous levels in the same sample digest. The sample is decomposed 
in acids , and the four e lements are separated from the sample digest and con-
centrated in a two-step extract ion with 4-methyl-2-pentanone (methyl isobutyl ke-
tone , MIBK) . Six geochemical reference samples were analyzed, and values for 
gold, thallium, and tellurium were in good agreement with literature values for 
these e lements . There were differences in the two sets of indium results , but re-
coveries of added indium were very good. For a 2 g sample, detection limits were 
0.1 ppm for gold and tellurium and 0.2 ppm for thallium and indium. The authors 
stated that analyses of the extracts by electrothermal atomization will lower the 
detect ion limits for gold, indium, and tellurium. 

Equipment 

• Perkin-Elmer 603 atomic absorpt ion spect rometer equipped with a variable neb-
ulizer, a 10 cm three-slot burner , and a background corrector 

• Electrodeless-discharge lamp power supply 

• Tellurium and thallium electrodeless-discharge lamps 

• Gold and indium hollow-cathode lamps 

The instrumental and operat ing condit ions were those recommended by the 
manufacturer for air/acetylene flames. 

Chemicals 

All chemicals were reagent grade quality. 

• Hydrobromic ac id -10% bromine solution: Dilute 10 ml of bromine to 100 ml 
with hydrobromic acid (48%). 
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• Iron solution, 4% in 3 M hydrobromic acid: Dissolve 4 g of pure iron powder 
in hydrobromic acid (48%). Add 1 ml of bromine and evaporate to dryness . Add 
34 ml of hydrobromic acid and warm to dissolve the residue. Dilute to 100 ml. 

• Metal stock solutions, 100 μg/ml: These solutions are approximately 9 M in 
hydrobromic acid. Dissolve the weight of metal or oxide listed below in 20 ml 
of hydrobromic ac id -10% bromine solution. Expell excess bromine by gentle 
heating, and make up to volume in 1 liter flasks with hydrobromic acid. Weights: 
gold, indium, or thallium, 1.000 g metal; tellurium, 1.250 g T e 0 2 . 

Working Standards in MIBK 

• Gold and thallium: Prepare a series of 20 ml aqueous solutions containing 0, 
0.5, 1.0, 2.5, 5.0, and 10.0 μg of metal from the required volumes of the diluted 
stock solutions. Add enough hydrobromic acid in the dilution to make the final 
acidity 0.1 M. Shake each of the final 20 ml solutions with 5 ml of MIBK for 5 
min. Separate the MIBK phases by means of a centrifuge. 

• Indium and tellurium: Prepare these solutions to contain the same quantities of 
metals in 20 ml as those listed above. Make the final solutions 3 M in hydrobromic 
acid and add 0.1 ml of the iron solution to each 20 ml s tandard. Add 1 g of 
ascorbic acid. (The iron is reduced and the solutions are light yellow in color.) 
Extract each standard with 5 ml of MIB K and centrifuge. 

N O T E : The concentrat ions of the individual metals in the s tandards prepared above cor-
respond to 0, 0.25, 0.50, 1.25, 2.50, and 5.00 ppm metal in a 2 g sample. 

Procedure 

Weigh a 2.00 g sample (<100 mesh) of rock, soil, or sediment into a 50 ml Teflon 
beaker . Add 1 ml of water to wet the sample. Then add slowly 10 ml of aqua 
regia. Add 10 ml of hydrofluoric acid. Place the beaker on an oscillating hot plate 
at room tempera ture , and allow the sample to dissolve (about 2 h). Evapora te the 
solution to dryness (100-110°C). Cool the sample, and add 0.22 ml of hydrobromic 
acid-10% bromine solution and 5 ml of water. Warm and stir to dissolve the residue. 
Wash the solution into a 25 x 200 mm screw-cap test tube with water . Make up 
the volume to 20 ml. Add 5 ml of MIBK. Cap the tube and shake it for 5 min. 
Centrifuge to separate the M I B K layer. 

Use the MIBK extract for the determination of gold and thallium. Use the 
aqueous layer for the determination of indium and tellurium. 

Remove any residual MIBK layer. Add 10 ml of hydrobromic acid, and mix. 
Add 1 g or more of ascorbic acid to reduce the iron and to change the color of 
the sample from brown to light yellow. (The reduction overcomes the interference 
of iron in the indium and tellurium determinations.) Extract the sample with 5 ml 
of MIBK as described above . Use the MIB K layer for the determination of indium 
and tellurium. 

Measure the metals in the MIBK extracts (peak absorbances) . Calibrate by 
means of the s tandards prepared above . 
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T a b l e 7 . 2 9 

Electrothermal Atomic Absorption Analyses of 

M I B K extracts 

Lower limit of 

determinat ion 

in 2 g sample 

Meta l (ppm) Re fe rence 

Au 0 .001 3 3 

In 0 . 0 2 5 3 4 

T e 0 . 0 0 4 3 5 

Sensitivity 

In analyses of 2 g samples , sensitivities were 0.1 ppm Au, 0.2 ppm Te (0.1 ppm 
if 2.5 ml MIBK was used) , 0.2 ppm Tl, and 0.2 ppm In. 

The authors stated that the M I B K extracts are suitable for electrothermal atom-
ization, and they provided the references in Table 7.29 (33-35). See Section XIII 
for the determination of gold. 

Analyses of Reference Samples 

The results of analyses of six U .S . Geological Survey reference samples are shown 
in Table 7.30 (34-36). 

T a b l e 7.30 

Replicate Analyses (r? = 6) for Au, Tl , In, and T e in Six Geochemical Reference Samples 

Element Value GXR-1 G X R - 2 G X R - 3 G X R - 4 G X R - 5 G X R - 6 

Au Mean , ppm 3.1 a a 
0.43 

a a 

Literature value', ppm 3.0 0.35 

R S D , % 4.3 11.9 

Recovery
0
, % 1 0 0 , 9 8 96, 98 

Tl Mean , ppm a 1.2 3.9 3.5 0.32 2.5 

Literature value
0
, ppm 1.2 3.8 3.5 0.35 2.5 

R S D , % 4.2 1.6 2.4 12.5 2.0 

Recovery
6
, % 96 , 100 90 , 102 

In Mean , ppm 0.53 a a a 0.32 a 

Literature va lue
0
, ppm 0.39 0.11 

R S D , % 9.7 12.9 

Recovery
0
, % 1 0 2 , 9 8 96, 96 

T e Mean , ppm 9.3 0.83 a 0.92 a a 

Literature value
6
, ppm 8.7 0.88 1.0 

R S D , % 7.3 6.2 4.5 

Recovery
0
, % 9 6 , 9 0 96 , 95 

a
Below detection limit, 0.1 ppm for Au and Te, 0.2 ppm for Tl and In. b
For 0.5, 1.0 of the element, added to the sample. 

c
Ref. 36. 

d
Ref. 34. 

e
Ref. 35. 
'Ref. 33. 
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XII. DETERMINATION OF TIN IN ROCKS BY ICP-AES (37) 

Comments on the Method 

This method is useful for the determinat ion of tin as the mineral cassiterite in 
rocks. Decomposition of cassiterite is effected by heating at 600°C with ammonium 
iodide. The sublimate of tin iodide thus produced is condensed and subsequently 
dissolved with tartaric acid. Depending on the concentrat ion of tin in the sample, 
the tartaric acid solution is nebulized or t reated by hydride generation. The lower 
concentrat ions of the working range are 10 and 0.02 mg/kg for nebulization and 
hydride generation, respectively. A 0 . 1 % tartaric acid solution is used in the hydride 
generation because the tartrate masks the iron interference prevalent in the more 
commonly used hydrochloric acid solutions. The method was tested on USGS 
standard rocks . This method is similar to an atomic absorpt ion procedure by the 
same authors . 

Equipment 

The equipment is shown in Fig. 7.7, which illustrates the two alternative methods 
of sample introduction. The plasma generator was a Radyne R50 cavity controlled 
oscillator, fitted with a plasma torch of 20 mm outside diameter of the design 
described by Scott et al. (38). Light from the tail flame of the plasma was focused 
on the slit of an Applied Research Laborator ies 29000B quantometer , set up with 

F i g u r e 7 .7 . Schemat ic d iagram of the analytical instrumentation, showing alternative m e a n s of introducing the 

sample solution (37 ) . 
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lines for about 40 e lements including tin. The conventional sample introduction 
technique utilizes a glass pneumatic nebulizer (J. E . Meinhard, type T-230-A3). 
The performance of this system is generally broadly similar to that of specifically 
designed commercial equipment . 

The hydride generator consisted of a peristaltic flow inducer (Watson-Marlow 
type M H R E 200) to pump and mix the reagent solution and the sample solution 
and a cell designed to bring about the separat ion of the hydrides and hydrogen 
from the spent solution. The hydrides were transferred to the injector tube of the 
plasma torch by argon carrier gas. 

Operat ing condit ions are given in Table 7.31. 

Reagents 

• Sodium te t rahydrobora te powder was obtained from Aldrich Chemical Co . An-
alytical grade acids and ammonium iodide, Specpure grade metallic compounds, 
and demineralized water were used throughout . 

• Tartar ic acid solution: Dissolve 10.0 g of analytical grade reagent in 1 liter of 
purified water . This solution should be freshly made each day. 

• Ammonium iodide, analytical grade , ground to pass a 0.2 mm sieve. 

• Sodium te t rahydrobora te solution: Dissolve 10 g of the reagent in 1 liter of 0.1 
M sodium hydroxide. 

Procedure 

Grind the sample to pass a 200 mesh sieve. Weigh the sample (0.200 ± 0.001 g) 
and mix with ammonium iodide (0.3 ± 0.01 g) in the bot tom of a heating tube. 

T a b l e 7 .31 

Operat ional Paramete rs 

Sampl ing method 

Parameter Nebul izat ion Hydride generat ion 

Forward power, k W 2 .4 2 . 7 

V iewing height, m m 16 11 

P l a s m a support gas flow ra te ,
3 

0 - 1 0 - 1 

liter/min 

Coolant g a s flow rate, liter/min 10 17 

Injector flow rate, liter/min 1 1 

S a m p l e uptake rate, ml /min 3 9 .2 

Integration t ime, s 2 0 2 0 

Preintegrat ion, s 10 15 

R e a g e n t flow rate, ml /min — 4 . 5 

R e a g e n t concentrat ion — 1 % (w/v) sodium 

tetrahydroborate in 0.1 M 

sodium hydroxide solution 

Source: Ref. 37. a
Must be optimized for each individual torch. 
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Heat the tube in the hot block at 600°C for 10 min with the condenser in place 
and a glass sphere on the condenser . When cool, detach the condenser and place 
it in a test tube . Add 20.0 ± 0.05 ml of tartaric acid solution and heat at 50°C for 
20-25 min. When cool, the solution is ready for analysis by hydride generation 
or by nebulization. Make the calibration solutions with tin(Il) chloride of suitable 
concentrat ion in a solution containing tartaric acid (10.0 g/liter) and ammonium 
iodide (15.0 g/liter). 

XIII. DETERMINATION OF GOLD IN ROCKS AND SOILS BY 
FLAMELESS ATOMIC ABSORPTION (33) 

Comments on the Method 

A variety of geochemical (mainly soils) and rock samples can be analyzed by this 
procedure. Standard GXR samples including jasperoid, soils, Fe-Mn-rich deposits, 
and copper mill heads and several U S G S rocks were analyzed by the proposed 
procedure . Generally good agreement was obtained with the reported values. 

Gold is dissolved using a hydrobromic acid and bromine solution. Subsequently, 
the gold-bromide complex is extracted into MIBK. An aliquot is then injected 
into the graphite furnace for atomic absorption determinat ion. Samples containing 
organic carbon or sulfide must be roasted at 700°C for 1 h. Approximately 0.4 ng/ 
ml Au gave an absorbance of 0.0044. 

Reagents 

• Hydrobromic acid, concentra ted, reagent grade. 

• Hydrobromic acid, 0.1 M, MIBK-sa tura ted: Dilute 23 ml of concentra ted hy-
drobromic acid to 2 liters with water ; add an excess of methyl isobutyl ketone 
(approximately 5 ml), shake thoroughly, allow the phases to separate, and discard 
the MIBK layer. 

• Methyl isobutyl ketone (MIBK), reagent grade. 

• Bromine, reagent grade. 

• Hydrobromic ac id-bromine solution, 0 .5% bromine: Dissolve 10 ml of bromine 
in 2 liters of concentra ted hydrobromic acid. 

• Gold stock solution, 1000 μg/ml: Dissolve exactly 1.00 g of gold in 100 ml H B r -
Br 2 solution. Heat the solution gently to expel excess bromine. Cool and dilute 
to 1000 ml with concentra ted hydrobromic acid. 

• Prepare solutions containing 0.05, 0.02, 0 .01, 0.005, and 0.002 μg/ml gold by 
serial dilution of the 1000 μg/ml gold stock solution with concentra ted hydro-
bromic acid. Transfer 10.0 ml of each of these solutions and a blank solution 
to a series of 25 by 150 mm screw-capped tubes . Add 10.0 ml of MIB K and 10 
ml of water to each tube and shake for 5 min. Transfer the M I B K layer, with 
an automatic pipet, to another tube containing 40 ml of MIBK-sa tura ted 0.1 M 
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hydrobromic acid. Shake the tubes for 2 min and use the MIBK layer for cal-
ibration of the a tomic absorpt ion spec t rophotometer . 

Equipment 

• Muffle furnace, electric, Blue M model 8630C-1 

• Shaking machine , equipoise, heavy duty , Precision Scientific model 65855 

• Centrifuge, size 2, model V, International Equipment , accommodates 25 by 150 
mm tubes 

• Hot plate , 37 by 47 cm, Fisher Scientific model 11-492-11 

• Test tube rack, a luminum, approximately 20 cm wide, 30 cm long, and 10 cm 
deep , drilled to accommodate fifty 25 by 150 mm test tubes 

• Vortex mixer 

• Culture tubes , 25 by 150 mm, screw-cap 

• Evaporat ing dishes , porcelain, size 0000 

• Automatic pipet, 5 ml 

• Atomic absorpt ion spect rometer , Perkin-Elmer model 360 

• Graphi te furnace atomizer , Perkin-Elmer model 2200 

• Automat ic sampler, Perkin-Elmer model AS-1 

Procedure 

Transfer 10 g of pulverized sample to a 0000 porcelain evaporat ing dish. Roast 
the sample in a muffle furnace at 700°C for 1 h. When the sample is cool, transfer 
it to a 25 by 150 mm screw-cap test tube containing 10 ml of H B r - B r 2 solution. 
Mix sample and acid thoroughly using a vortex mixer. Heat the tubes by placing 
the metal rack on a hot plate set at its maximum setting until the acid begins to 
boil at the bot tom of the tube . Bumping will occur , causing the tubes to chat ter 
in the rack. At that point remove the tubes from the hot plate and allow them to 
cool. Add 10 ml of water and 10 ml of M I B K to each tube . Cap the tubes and 
shake on a shaking machine for 5 min. Centrifuge the samples to separate the 
M I B K layer from the acid layer. Using a 5 ml automatic pipet, transfer the MIBK 
layer to another 25 by 150 mm screw-cap tube containing 40 ml of MIBK-saturated 
0.1 M hydrobromic acid. Cap the tubes and shake on the shaking machine for 2 
min. Allow the phases to separate and est imate the gold in the MIB K layer using 
an atomic absorpt ion spect rometer equipped with a graphite furnace. 

Pipet a 20 μΐ aliquot of the M I B K layer into the graphite furnace using either 
a micropipet or an automatic sampler. Observe the peak absorbance and compare 
with absorbance values for s tandards prepared and atomized using the same con-
ditions to determine the gold concentra t ion of the sample. The following atomic 
absorption condit ions are used. 

• Wavelength, 242.8 nm 

• Slit, 0.7 mm, al ternate (alternate setting reduces slit height for furnace use) 
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• Mode , absorbance (readout is in unexpanded absorbance units) 

• Signal, peak (peak height is measured and displayed on readout) 

• Lamp current , 10 m A 

• Purge gas , nitrogen 

• Flow t ime, normal , 3 s (internal gas flow through the graphite tube is reduced 
to approximately 35 cm

3
/min during the first 3 s of atomization) 

• Drying t ime, 20 s 

• Ramp drying t ime, 15 s 

• Drying tempera ture , 120°C 

• Charring t ime, 20 s 

• Charring tempera ture , 500°C 

• Atomizing t ime, 8 s 

• Atomizing tempera ture , 2700°C 

• Graphite tube , pyrolitically coated 

XIV. DETERMINATION OF PLATINUM IN ROCKS, SOILS, AND 
SEDIMENTS BY FLAME ATOMIC ABSORPTION (39) 

Comment on the Method 

Platinum is recovered from a 25 g sample of rock, soil, or sediment using bromine 
in hydrobromic acid. The solution containing Pt(IV) is reacted with s tannous chlo-
ride and then extracted twice using methyl isobutyl ketone (MIBK). The platinum 
is determined in the M I B K phase using flame atomic absorpt ion spectrometry. 

Samples of Canada Center for Mineral and Energy Technology reference ma-
terials PTA-1 , PTC-1 , and PTM-1 were analyzed. The results obtained by the 
proposed procedure agreed acceptably with the certified values. 

Reagents 

• Hydrobromic acid, approximately 49% (w/w). 

• Bromine. 

• Bromine solution: Mix 20 ml of bromine with 1 liter of hydrobromic acid. 

• Methyl isobutyl ketone (MIBK). 

• Hydrochloric acid, approximately 36% (w/w). 

• Stannous chloride, dihydrate . 

• Stannous chloride solution: Dissolve 500 g of s tannous chloride in hydrochloric 
acid and dilute to 1 liter with this acid. 

• Platinum, sponge. 
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• Standard platinum solutions: (a) 100 μg Pt/ml: Dissolve 50 mg of sponge in 10 
ml of bromine solution and dilute to 500 ml with 2 M hydrobromic acid, (b) 5 
μg Pt/ml: Dilute 5 ml of the 100 μg/ml solution to 100 ml with 2 M hydrobromic 
acid. This solution is stable for 1 day. 

Equipment 

A Pye-Unicam SP90A Series II a tomic absorption spect rometer was used with 
the following experimental condit ions: 

• Wavelength: 267 nm 

• Slit width: 0.08 mm 

• Burner height: 0.7 cm 

• Coarse gain: 4 

• Air/acetylene: 5 liters/450 ml per minute 

Procedure 

Weigh 25 g of sample into a beaker (400 ml) and add 100 ml of bromine solution. 
Mix well and leave to stand overnight , agitating the mixture at intervals during 
the day. Boil to expel the excess of bromine , cool the solution, and dilute it to 
250 ml; leave until the undissolved mat ter has settled, overnight being convenient . 
Take 100 ml of the clear solution and extract it with 15 ml and then 10 ml of MIBK, 
shaking the solution for 2 min. The ketone phase is suitable for the determination 
of gold and/or tellurium by atomic absorpt ion spect rometry ; o therwise , discard 
it. To the aqueous phase add 25 ml of s tannous chloride solution and extract with 
15 ml and then 10 ml of M I B K . Wash the combined ketone phases twice by ex-
traction with 25 ml volumes of 2 M hydrobromic acid, dilute to 25 ml with the 
ketone, and aspirate the ketone extract into the flame of the instrument. Interpolate 
the platinum concentrat ion from a calibration graph prepared by extraction of 
platinum in the range 0-10 μg from 2 M hydrobromic acid solution. 
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8 
Determination of the 
Platinum Group Metals and 
Gold 

I. INTRODUCTION 

Although advances in analytical instrumentat ion have been great in recent t imes, 
the basic approaches to the accura te determinat ion of the precious metals remain 
largely unchanged. In particular, the fire assay remains an essential pretreatment 
of a large variety of samples prior to the determinative step. Likewise, separational 
procedures (mainly solvent extract ion, ion exchange , distillations, and precipi-
tation) are still often necessary to minimize interference effects. 

The choice of a determinative method is usually dictated by the levels of precious 
metal to be handled, nature of the sample matrix, and availability of equipment . 
(It is to be hoped that the latter factor is not preeminent . ) For t race levels (to the 
parts per million range) flame atomic absorption and inductively coupled plasma 
(ICP) emission spectrometry can be used. ICP emission is favored because of ease 
of multielement operat ion. When levels are sub-parts per million, furnace atomic 
absorption and nuclear techniques (mainly neutron activation) are favored. Minor 
and percent concentra t ions are best handled by x-ray fluorescence, gravimetric, 
and titrimetric approaches . Solution spec t rophotometry , although diminished in 
importance, can be extremely valuable for solution composi t ion studies and for 
determination of osmium and ruthenium subsequent to distillations. Other tech-
niques such as electrochemical methods and catalytic approaches have important 
but isolated applications. 

Sampling and sample decomposi t ion are important aspects of the accurate de-
termination of precious metals . Fire assay, oxidizing fusions, mixed acid at tack, 
and chlorinations are all important sample decomposi t ion methods . 

The use of s tandard reference samples and internal and external laboratory con-
trol schemes is essential to the accura te determinat ion of precious metals . For-
tunately, a variety of s tandard reference samples are now appearing. 

251 
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The noble metals present the ultimate challenge to the analytical chemistry re-
searcher. Difficulties are encountered in every analytical step from sampling 
through to the final determinat ion. Despite volumes of research, stimulated by 
the high monetary value of these metals , many analytical problems remain un-
solved. 

Most noble metal analytical work has centered around the fire assay. The first 
comprehensive treatment of the subject of gold and silver assaying was by Lazarus 
Ercker in his book ' T r e a t i s e on Ores and Assay ing , " published in 1574. This 
work is a detailed account of procedures used in the assay laboratory of the Holy 
Roman Empire . It is surprising to note the attention paid to the running of blanks 
and duplicates, the latter being repeated if satisfactory agreement was not obtained. 

With the increasing economic interest in the platinum metals at the beginning 
of this century, there was a corresponding increase in research activity. F . E. 
Beamish records the frustration he experienced in entering the field in the 1930s 
because of secretive research practices of the few rival industrial groups engaged 
in noble metal production (1). This problem persists in a number of companies 
even today. 

II. FIRE ASSAY 

A. CLASSICAL LEAD ASSAY 

Without any doubt the classical lead assay has proved to be the most important 
procedure for the concentration and isolation of the noble metals. In 1972 Beamish 
stated that during 40 years of research in this field he had not experienced a single 
example of failure of the classical assay to find a paying ore . The continued pop-
ularity of the assay is borne out by a 1975 South African ore certification study 
(2). This work showed that 92% of all platinum analyses received were accom-
plished by fire assay, the largest number of these being done by the classical lead 
method. 

The reasons for the success and popularity of the classical lead assay are not 
clearly unders tood. In fact, the mechanism by which lead quantitatively extracts 
and collects the noble metals is not clear, particularly in the case of ruthenium, 
iridium, osmium, and rhodium, which are not very soluble in the lead collector. 
Noble metals are often present in samples at submicrogram levels. In addition, 
particularly in the case of gold, the distribution of the metals can be very inho-
mogeneous . These two factors favor the fire assay approach, where a large sample 
size may be used and the noble metals are concentra ted into a small bead or prill. 
An additional benefit is achieved because the metals are extracted from a complex 
matrix into a relatively simple metal alloy. The latter effect is particularly important 
in view of the complex interference problems encountered in noble metal analytical 
chemistry. Another at tractive feature of the fire assay is its wide applicability to 
ores , concent ra tes , rocks , and many industrial products . 
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Although the fire assay has been proved to work well, achieving success with 
the method is very much dependent on the exper ience and skill of the assayer . 
It is not uncommon, therefore, for problems to be encountered . 

Losses of noble metals during assays have been, and still a re , the subject of 
much research. Whether losses occur depends on the particular metal , the min-
eralogy, and the skill and exper ience of the assayer . 

By the latter half of the 19th century a large number of publications existed on 
assay work. However , T. Wilm stated in 1885 that in his opinion no satisfactory 
procedure had yet been recorded (3). As recently as 1940 F . E . La the (4) recorded 
a similar s ta tement . These comments refer to the quanti tat ive capabilities of the 
procedures and not their ability to find an ore. Frequently, problems can be related 
to the nature of the slag. An exper ienced fire assayer , faced with a new sample 
type, will try a number of flux composi t ions . A reassay of pots , surface fragments, 
and slags must be done each time to check for losses. This trial-and-error process 
is necessary because the acidity or basicity of the slag can be calculated only 
approximately. 

A number of studies have been done in an at tempt to bet ter outline steps in the 
assay which are prone to losses. A good example of such a study was reported 
by Wall and Chow (5). In this research the effects of fusion tempera ture , lead 
button weight, flux composition, cupellation temperature, and use of a cover during 
fusion on losses of gold were reported. These studies were based on gold recoveries 
and on use of radioactive gold t racer (

, 9 5
A u ) added to the sample. (The latter 

approach is a particularly powerful method of studying fire assay losses.) The 
results of the work showed that a total loss of gold of less than 1% occurred under 
ideal condit ions. 

In general , gold, plat inum, palladium, and rhodium are readily collected by lead 
and appear quantitatively in a silver cupellation bead. Achieving efficient collec-
tions of these e lements , however , may require extensive experimentat ion with 
flux composit ion and assay condi t ions. A reassay of the slag may be necessary 
for best results . 

Ruthenium, iridium, and osmium collection is more seriously affected by flux 
composit ion and assay condit ions. Ruthenium losses are not closely related to the 
degree of slag acidity. Collection of osmium and ruthenium is favored by high 
tempera ture . Appreciable losses of osmium are experienced with basic fluxes, and 
a minimum button size of 25 g must be maintained. Basic or subsilicate slags cause 
severe iridium losses. A reassay of slags is usually necessary for quantitative re-
covery of iridium because of its low affinity for lead. 

Using cupellation involving a silver bead, losses to the cupel may be high for 
iridium and ruthenium. Gold beads are often employed for iridium collection. N o 
cupellation is possible when osmium is to be analyzed because of its ext reme 
volatility as the te t roxide. 

For both osmium and ruthenium the cupellation step is invalidated. However , 
well-proven procedures exist for the separat ion and recovery of these elements 
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by perchloric acid decomposition of the lead button directly, followed by distillation 
of the volatile tetroxides. 

One of the important areas for continued fire assay research is the development 
of improved procedures for the separation and recovery of the platinum metals 
and gold obtained from the dissolution of the lead but ton. 

A recent example of such work is the paper by Diamantatos (6). A conventional 
lead assay was performed and the lead button thus produced was then treated 
according to the outline shown in Fig. 8 .1 . As can be seen, such a scheme is 
relatively complex. If accurate results are to be obtained, a very highly skilled 
analyst must be used. 

F i g u r e 8 . 1 . Flow sheet of the integrated analytical s c h e m e for Pt, P d , R h , Ir, O s , and A u . (Repr inted from Ref. 6 . ) 

Leach sample, if necessary Fuse with lead flux Leach sample, if necessary Fuse with lead flux Lead button 
(Pt, Pd, Rh, Ir, Ru, Os, Au) 

Part button with H C I O 4 
in d is t i l la t ion flask 

Co l l ec t pa r t i a l l y 
vo la t i l i zed OsO* 
in NaOH solut ion 

Determine Os 

Determine Ru 

Determine Ir 

Residue 

(Ir, Ru, Os) 

Fuse with N a 20 2 

Leach with Η,Ο 

Disti l l Os + Ru 
N a B r 0 3 + H 2S0 4 

Dilute with H 20 

Evaporate still residue 

Convert to chlorides 

Extract Ir 

Fi I re 
— r 

Fil trate 

I 
Precipi tate 

Pt + Pd +Rh+Au 
with 2-MBT 

Filter 

Precipi tate 
Fi l t rate 

(Pb, N i , etc ) 

Reiect 

Treat with H N O 3 , H2S04( HCl 
to convert to chlorides 

Determine Pt, Pd, Rh, Au 
by AAS 
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B. OTHER ASSAY PROCEDURES 

A number of alternative fire assay procedures employing other collectors have 
been proposed. The main alternative collectors are iron, copper , and nickel used 
together (or copper by itself) (7), tin (8), and nickel sulfide (9). These are particularly 
useful for the determinat ion of osmium, iridium, and ruthenium, but in general 
there is little advantage to these approaches for the other precious metals compared 
to the lead method. The nickel sulfide procedure has been found to be very im-
portant when used prior to neutron activation analysis. In the nickel sulfide pro-
cedure (9) the residue left after a hydrochloric acid decomposi t ion of the nickel 
sulfide but ton contains all the platinum group metals and gold. This residue on a 
filter paper is analyzed by neutron activation directly. 

C. DISADVANTAGES OF THE ASSAY 

Fire assay furnace equipment is expensive and often bulky. A highly skilled assayer 
is required. The technique is dirty and prevents the use of the space for other 
purposes . Large quantit ies of chemicals are used, often resulting in substantial 
contamination of the charge with silver and sometimes gold. This problem can 
usually be obviated through the use of blanks. 

A good deal more work must be done to quantify losses of noble metals during 
the fire assay procedure . This work is now being assisted by the use of radioactive 
t racers . At present , success with the assay depends to a large extent on the ex-
perience of the assayer . It would be of great benefit to have the assay on a less 
subjective footing. 

The present authors believe that the popularity of the classical lead assay will 
be maintained in the near future. Other assay procedures will gain in popularity, 
particularly for the analysis of osmium, iridium, and ruthenium. 

III. OTHER METHODS OF DECOMPOSITION 

The massive noble metals plat inum, palladium, gold, rhodium, and iridium, when 
properly annealed, are little attacked by single mineral acids. In fact, some samples 
of platinum wire have proved to be resistant to quanti tat ive at tack by even aqua 
regia. However , it has also been shown that small amounts of palladium, present 
as a finely divided metallic residue, can be completely dissolved using hydrochloric 
acid alone in the presence of oxygen. 

Beads resulting from a fire assay are often dissolved using aqua regia when 
platinum, palladium, and gold are to be determined. For beads obtained from gold 
ores it is often desirable to preferentially leach the silver from the matrix, leaving 
a gold residue, which can be annealed and subsequently weighed. For this purpose 
nitric acid is usually employed. This decomposi t ion will also at tack finely divided 
palladium. 

Fusions are sometimes used for decomposing noble metals . Most generally ef-
fective is a mixture of sodium hydroxide , sodium peroxide, and potassium nitrate. 
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In dealing with complex samples of ores, rocks, minerals, wastes, plating liquids, 
industrial products , and organic samples it is often preferable to utilize the fire 
assay as a first s tep in the decomposi t ion procedure . This will usually allow the 
analyst to proceed with a greater degree of certainty with the remainder of the 
sample decomposi t ion s teps. 

Dry chlorination at elevated tempera tures is a very effective way to corrode 
precious metal samples . It has been found especially useful for decomposit ion of 
inert substances such as iridium metal . The present authors have discovered that 
chlorination is to be recommended for a variety of complex commercial samples 
for which a fire assay would not be practical (10). An example of such samples 
is capacitor waste materials , which consist of precious metal-coated leads on bro-
ken pieces of alumina capaci tors . There are many instances where such an at tack 
would be useful. However , when chlorination is suggested, many workers are 
unwilling to consider such an approach because of the need for special equipment 
for handling such a corrosive and poisonous material. Chlorinations have been 
done frequently in the present au thors ' laboratory for a period of 20 years without 
any problems. 

IV. EVAPORATIONS 

Evaporat ions are often necessary during sample preparat ion to remove large vol-
umes of liquid obtained during the decomposi t ion s teps . The following points are 
important. Osmium and to some extent ruthenium may be lost by volatilization 
during this s tep. Osmium is particularly susceptible to this problem. Evaporat ions 
of osmium solutions should be done in the absence of oxidizing agents such as 
oxides of nitrogen, even in trace amounts . Prolonged heating of the evaporated 
residue should be avoided. Insoluble residues, including trichlorides of iridium 
and rhodium and metallic gold, may be produced. In evaporating chloride solutions 
it is useful to add a small amount of sodium chloride to minimize the latter problem. 

One of the more difficult industrial problems is the analysis of cyanide mill and 
plating solutions for gold. Although a variety of analytical schemes have been 
proposed for sample preparat ion, a critical evaluation of the effectiveness of some 
of these methods , particularly when they call for a precipitation recovery, is es-
sential. Evaporat ion of cyanide solutions in a lead vessel , followed by cupellation 
or fire assay, is a commonly employed procedure . 

More recently atomic absorption spectroscopy has been used to analyze cyanide 
solutions. This determination is usually done after a solvent extraction separation 
of gold from the cyanide solution has been accomplished (11). 

V. SEPARATION TECHNIQUES 

Historically, the hydrolytic precipitation procedures developed during the early 
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1900s for the isolation of platinum from palladium, rhodium, and iridium were 
important . These formed the basis of the comprehens ive schemes of separation 
and determinat ion of the noble metals developed in the 1920s and 1930s at the 
National Bureau of Standards in Washington, D .C . by R. Gilchrist (12) and at the 
University of Toron to by Beamish and Russell (13). 

It is of special interest to note the preeminent positions occupied by distillation 
procedures for the separat ion of osmium and ruthenium, as the te t roxides , from 
complex solution and from each other . The approach , developed shortly after the 
discovery of these e lements , is still the method of choice . Failure to recognize 
the ease with which particularly osmium tetroxide is produced has , in the present 
au thors ' opinion, led to serious losses of osmium during industrial processing and 
analytical procedures (e.g. , roasting in air). The greatest impediment to the ap-
plication of other separational techniques to the noble metals is lack of knowledge 
about the solution chemistry and reaction mechanisms of these metals in the com-
plex analytical solutions. Volumes of data exist describing noble metal species in 
simple solution. However , while it may be possible to assume that a certain pre-
cious metal species exists , for example , in a rather pure chloride solution, it is 
not logical to suppose that the same species would be present in chloride solutions 
containing a variety of o ther anions and cat ions. 

Little is known about the effect of reaction kinetics on the performance of sep-
arational procedures . For example , it is well known that while quanti tat ive cation-
exchange separation of ruthenium from base metal chloride solution can be ob-
tained using freshly prepared solutions, solutions left to stand yield low recoveries 
of ruthenium (14). 

In a biogeochemical investigation, Samiullah (15) studied losses of gold, plat-
inum, and silver on filter paper and borosilicate glass. He found that gold solutions 
containing 0 . 1 % nitric acid and in the 1-10 ng/ml metal concentrat ion range must 
not be stored for more than 48 h in borosilicate glass. Losses of up to 2 1 % were 
recorded. Filtration through paper filters has resulted in losses of up to 90% for 
gold and silver and 50% for plat inum. The magnitude of the loss was generally 
greatest for fine-porosity filter paper. The presence of calcium (2000 mg/ml) together 
with gold in the solution reduced the gold losses by about 30%. 

A. CHROMATOGRAPHY 

Despite these problems, much progress has been made in applying the very pow-
erful approach of chromatography to separational problems. Of widest applicability 
is the technique of ion-exchange chromatography. Cation exchange is used for 
separating the noble metals from other metals and anion exchange for separating 
the individual noble metals . 

Among the other chromatographic methods, paper chromatography is of greatest 
importance. A number of paper chromatographic procedures exist for separations 
of individual noble metals from one another . 
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B. SOLVENT EXTRACTIONS 

VI. ATOMIC ABSORPTION SPECTROSCOPY 

One of the major landmarks in noble metal analytical chemistry was the devel-
opment of analytical atomic absorption spectroscopy by A. Walsh in 1955 (16). 
Although not enthusiastically received in Nor th America until 1964, the technique 
was immediately investigated for noble metal analyses particularly by Australian 
and South African researchers . 

At present atomic absorption spectroscopy is the most widely used determinative 
tool for these metals . In the 1975 South African ore certification study (17), 77% 
of all results quoted were obtained by atomic absorpt ion, 12% by emission spec-
troscopy, and 9% by spect rophotometry . 

As might have been expected , the interferences experienced in the atomic ab-
sorption determination of noble metals are more complex than those for most 
other e lements . This fact is not a lways appreciated by the analyst and has led to 
some serious errors in routine work. For tunate ly , extensive interference studies 
have now been completed and a variety of remedies proposed. Much of the work 
has been done with lower temperature flames, mainly air/acetylene. A complex 
pattern of both specific and nonspecific interferences has been found. A large 

Solvent extraction procedures have played a major role in noble metal separations. 
In the past these methods have been widely used with spect rophotometry . 

At present solvent extraction methods are playing an important role in the wide-
spread acceptance of atomic absorption spectroscopy for noble metal determi-
nations. In this application not only does solvent extraction achieve a separation 
and concentrat ion of noble metal const i tuents from large volumes of complex 
solution but also the resultant organic extract often yields an enhanced atomic 
absorption signal compared to aqueous solution. Hence solvent extraction has 
retained, if not gained in, popularity as a separational technique. 

With the increasing popularity of ICP emission spectrometry, solvent extraction 
can have a new and very important role to play. Because detection limits by this 
plasma technique are relatively poor (e.g., compared to furnace atomic absorption) 
a preconcentration step is often necessary. It is very important therefore to develop 
solvent extraction schemes which will extract the precious metals as a group, thus 
taking advantage of the inherent multielement capability of plasma instrumentation. 

Many of the existing wet separational methods for isolating noble metals from 
ore wastes and industrial products are complex, tedious, and t ime-consuming. A 
great deal of effort must be expended to improve this situation. The aqua regia 
leaching of gold from a large sample of finely ground ore , followed by direct ex-
traction of the chloroaurate or bromoaura te into methyl isobutyl ketone for atomic 
absorption determinat ion, is an example of a simple, very effective procedure for 
a number of siliceous ore types . 
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variety of releasing agents and buffers have been proposed for overcoming in-
terferences. These include vanadium for Pt, Pd, Rh, Ru, and Au (18); vanadium 
or uranium for Os and Ir (19); a combinat ion of copper and sodium for Ir (20); 
lanthanum for Pt, Pd, Au, and Rh (21); and a combinat ion of cadmium and copper 
for Ru (22). 

Separat ions are widely used for interference problems. This approach , although 
more t ime-consuming, has the added advantage of effecting a preconcentrat ion 
of the noble metals . The latter considerat ion can be of great importance. Noble 
metal levels in many samples are well below the detect ion limit of flame atomic 
absorpt ion, the atomic absorpt ion sensitivity of iridium, ruthenium, and osmium 
being relatively poor in aqueous solution. 

Using solvent extract ion in which the solvent chosen is readily combustible 
often results in signal enhancement , in addition to effecting the desired separat ion. 
In this regard, methyl isobutyl ketone is most commonly employed. 

Frequently, a fire assay step precedes determination by flame atomic absorption. 
Using fire assay not only provides separat ion of the precious metals from many 
of the harmful matrix const i tuents but also allows use of a large sample size. 

Platinum, palladium, and gold can be determined in an acid solution of the silver 
bead using an air/acetylene flame. In this case a releasing agent such as lanthanum 
must be employed (23). Chemical interference in this determination can also be 
largely overcome with the use of a hot ter nitrous oxide/acetylene flame (24). How-
ever , noise levels associated with this flame often negate its use when highest 
precision and accuracy and best detect ion limits are required. Since iridium and 
rhodium are not soluble to any appreciable degree in the silver bead, a gold bead 
is employed for collection of these e lements during cupellation (25, 26). 

Atomic absorpt ion is particularly well suited to the analysis of Au, Pd, Rh, and 
possibly Pt. Relatively poor detect ion limits are obtained for Ir, Ru, and Os. Be-
cause of this, it is surprising to note the increase in numbers of atomic absorption 
determinat ions of the latter e lements in ores and rocks . The authors believe that 
for the t race analysis of Ir, Ru, and Os , solution spec t rophotometry , neutron ac-
tivation, or inductively coupled argon plasma emission should be employed. 

In recognizing that the detect ion limits for the precious metals are poorer than 
are required for many applicat ions, much recent research has centered on the 
behavior of these metals , using an electrothermal a tomizer with atomic absorption 
(27). It must a lways be emphasized that work with electrothermal atomizers is 
much more difficult and much slower than work with flame atomizers . The worker 
is thus cautioned to use flame atomic absorpt ion in preference to electrothermal 
atomic absorption whenever possible. 

Sample types currently analyzed for noble metals by atomic absorption span 
the field. With the advent of this technique many companies were , for the first 
t ime, able to under take reliable noble metal analyses in their own laboratories. 
Applications include analysis of rocks , minerals , o res , waters , waste solutions 
and solids (including nuclear wastes) , cyanide baths and other plating liquids, 
alloys, and biological, clinical, and environmental samples . In addition, atomic 
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absorption has found wide application in determining the impurities in high-purity 
noble metal alloys. 

Because atomic absorption is relatively inexpensive and relatively easy to op-
erate , it has come within the reach of most industries working with noble metals . 

VII. EMISSION SPECTROSCOPY 

This technique has the distinct advantage over atomic absorption spectroscopy 
of having simultaneous multielement capability and a much greater linear dynamic 
working range. In addition, in contrast to conventional atomic absorption, emission 
spectroscopy can easily be applied to conducting solid samples . In spite of these 
favorable points , the simplicity, low cost , and relative freedom from interference 
exhibited by atomic absorption spectroscopy until recently have resulted in its 
widespread adoption at the expense of emission spect roscopy. 

In the middle 1970s inductively coupled and direct-current (dc) argon plasma 
source emission spectrometers became commercially available. Both simultaneous 
multielement and sequential instruments can be obtained. This equipment yields 
detection limits comparable to those of flame atomic absorption and in addition 
is capable of yielding results with bet ter precision while showing greater freedom 
from chemical interference. On the negative side, because of the extremely high 
temperatures of plasmas, very rich line spectra and background shifts are obtained, 
which mean that a greater potential for spectral and background interference exists. 
Also negative in comparison with atomic absorption are the facts that the initial 
cost of good plasma emission spect rometers is very high and their operation re-
quires the attention of a well-trained spectroscopist . Compared to electrothermal 
atomic absorpt ion, detection limits by plasma emission spectrometry are poorer 
by up to two orders of magnitude. 

Choice of a dc or an inductively coupled plasma must be made . Recent research 
makes it clear that there are fewer chemical interferences with the inductively 
coupled plasma. In addition, with the inductively coupled plasma it seems that 
the atoms " s e e " a relatively higher temperature than background species, perhaps 
because of the absence of thermodynamic equilibrium. This anomaly improves 
the signal-to-noise ratio considerably compared to a dc plasma, which does not 
have the same analyte-to-background signal enhancement . 

In summary, plasma emission spectrometry can be recommended when the pre-
cious metals (28) are present in solution at microgram per milliliter levels, when 
simultaneous multielement analysis is an advantage , and when best precision is 
essential. Also, iridium, osmium, and ruthenium are bet ter done by this approach 
than by flame atomic absorpt ion. 

It is important to emphasize that plasma emission spectrometry is, as it is applied 
to the analysis of precious metal samples , in its infancy. Thus extensive research 
is still necessary to evaluate its potential for application to a particular precious 
metal analysis problem. 
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Conventional arc/spark optical emission spect roscopy remains preeminent for 
a variety of applicat ions. For the determinat ion of individual noble metals in pre-
cipitates and residues the technique has no peers . In addition, it is widely used 
for the detect ion and determinat ion of impurities in high-purity noble metals . Be-
cause emission spect roscopy is applicable to solids, it is often employed for the 
direct analysis of assay beads . 

Preparing s tandards for arc/spark emission analysis is a difficult problem. In 
general these should be in a form and in a matrix similar to those encountered in 
the samples . When a fire assay is employed this problem is somewhat simplified. 

A renewed interest is evident in the Grimm-type glow discharge tube for use 
in emission analysis of alloys (29). This source has been used with conventional 
prism and grating monochromators and with resonance spect rometers . In the case 
of the latter, the flame resonance spect rometer is particularly at tractive because 
of the ease with which a multielement capability may be achieved. Glow discharge 
emission techniques , like cathodic sputtering absorption cells, should find useful 
application in the analysis of noble metals in alloys in the near future. 

VIII. NEUTRON ACTIVATION SPECTROSCOPY AND OTHER 
NUCLEAR TECHNIQUES 

Neut ron activation spect roscopy occupies a unique position in the analytical 
chemistry of the noble metals . Sensitivities, under ideal condit ions, are several 
orders of magnitude lower than those obtainable by other approaches . Unfortu-
nately, these sensitivities are not readily achieved on real samples because of the 
complexity of interferences. 

As a result of interference problems it is often necessary to employ separational 
procedures . To compensa te for losses , the chemical yield approach is often used. 
There was a tendency, particularly in early work , for researchers to employ an-
alytical separat ions and other manipulat ions which are of quest ionable usefulness 
on the assumption that chemical yield would correct for errors encountered. For 
example, it is not uncommon to find the isolation of a final precipitate accomplished 
using a zinc or magnesium reductant . This pract ice, even controlled by a chemical 
yield determinat ion, is unacceptable . 

It is important in applying chemical yield methodology to add the carrier in a 
form similar to that of the element in the sample. Complete isotopic exchange 
must occur between sample element and carrier. Failure to recognize this pitfall 
can lead to serious er rors . 

Neut ron activation analysis usually requires use of a relatively small sample (1 
g or less). This can be a serious problem in dealing with noble metals , particularly 
gold, which is notorious for its inhomogeneous distribution in many sample types . 
Much care is necessary in sampling the material for analysis. For the purpose a 
relatively large sample, e.g. , 30 g of finely ground sample, can be spread out in 
a thin layer on a cel lophane sheet . The sample for analysis is obtained by scooping 
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a small amount from 1.3 c m
2
 segments marked over the surface. A number of 

replicate samples must be taken to obtain the mean composit ion. 
Osmium and ruthenium are the two elements most often neglected in the analysis 

of the noble metals in samples . In the 1975 certification study of a South African 
ore (17), out of 38 participating laboratories only 6 and 10 reported results for 
osmium and ruthenium, respectively. For tunate ly , research activity is on a rel-
atively high level for the analysis of these elements by neutron activation analysis. 
To date , most researchers developing procedures have wisely employed the well-
accepted distillation separation procedures prior to the determinative s tep. 

Neutron activation analysis has been applied to a fairly broad range of noble 
metal samples. Particular note should be made of the prevalent use of this technique 
to determine trace amounts of noble metal impurities in high-purity noble metal 
samples (30). The determination of the noble metals at background levels in soils, 
rocks , and other geological samples is also noteworthy (31). It is hoped that the 
use of neutron activation analysis will become more widespread, particularly in 
the applications mentioned above . This will undoubtedly occur as the number of 
neutron sources increases . 

Some of the noble metals have analytically interesting radionuclides of very 
short half-life (e.g.,

 , ( ) 5
Rh, half-life 4.41 min). Recently, reactors of somewhat lower 

flux intensity, but requiring much less capital investment and personnel commit-
ment , have been developed which are ideal for work with such isotopes. This 
may bring neutron activation analysis within the reach of a broader segment of 
noble metal analysts . 

Neutron activation analysis is, at present , uniquely suited to the determination 
of very small concentrat ions of the noble metals . Much work is essential in per-
fecting analytical schemes which can accomplish this purpose. The present authors 
believe that this area of research must be pursued with vigor. However , in our 
opinion, electrothermal atomizers used in conjunction with atomic absorption and 
perhaps atomic fluorescence spectroscopy may be competi t ive in this field. 

IX. RADIOACTIVE TRACERS 

Tracer techniques are particularly useful for examining the efficiency of analytical 
t reatments of noble metals and for determining the losses and distribution of the 
noble metals in the various stages of industrial methods for recovery and purifi-
cation. In numerous cases this technique has been applied to the study of losses 
during fire assay. Resul ts , in general , substantiate the findings obtained by more 
laborious previous work. 

X. X-RAY FLUORESCENCE SPECTROSCOPY 

This approach is often favored, when applicable, because of the speed of analysis. 
Unfortunately, sensitivities achieved by the technique are relatively poor , being 
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limited to samples with milligram or higher concentra t ions . 
A number of procedures have been developed for the x-ray fluorescence analysis 

of noble metals , after separat ion and preconcentra t ion of these e lements . Pre-
dominant among these is the fire assay concentrat ion of noble metals into a lead 
but ton, followed by cupellation to produce a gold or silver bead. The latter alloy 
is flattened and annealed and then placed in a sample holder for analysis (32). 
Resin-impregnated filter paper has also been used for the preconcentration of noble 
metals for x-ray analysis. In this application the filter paper circle is placed directly 
into the sample holder. 

Other approaches to sample presentat ion involve analysis of solutions of dis-
solved assay beads . This is especially important when the bead const i tuents are 
not homogeneously distributed even after the annealing process. Energy-dispersive 
x-ray fluorescence equipment is leading to more extensive application of the x-
ray spectroscopy technique in precious metal analysis. The present authors look 
forward to the expanded use of this equipment in the field. 

XI. ELECTROCHEMICAL METHODS 

Prior to the development of atomic absorption spectrometry methods there was 
considerable activity, particularly in Czechoslovakia and the USSR, in applying 
Polarographie methods to the analysis of noble metals . However , the greater in-
herent simplicity of the former technique caused a sharp decline in the use of 
electrochemical methods for quanti tat ive work. 

Recently, the revolution in electronics has led to a new generation of electro-
chemical equipment. As a result, techniques such as differential pulse polarography 
and anodic stripping voltametry can be performed with relatively inexpensive 
equipment , compared to atomic absorpt ion. These techniques , together with twin 
cell and alternating-current (ac) polarography, are being investigated with renewed 
interest. However, it is the present authors ' opinion that despite certain advantages, 
such as greater sensitivity compared to atomic absorpt ion, these techniques will 
make few inroads on the widespread use of the former method for quantitative 
work. Even with the vastly improved electrochemical equipment , interference 
problems are of a severity and complexity which will discourage the routine use 
of these methods . 

Electrochemical methods have been, and still a re , important in the study of 
noble metal solution chemistry. Again, however , the complexity of interferences 
negates the possibility of using this approach to study many complex, real, an-
alytical solutions. 

XII. GRAVIMETRY AND TITRIMETRY 

Historically, these methods have been of great importance. While retaining a 
preeminence for standardizing solutions they have , in modern t imes, often been 
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supplanted by instrumental techniques . Of the two approaches , gravimetry is the 
most employed. 

A large number of précipitants have been proposed for the individual metals . 
Some produce a direct weighing form, thus obviating the need for reducing the 
precipitate to the metal . 

In spite of the substantial number of gravimetric reagents which have been pro-
posed over the past two decades , few have gained widespread acceptance over , 
for example , dimethylglyoxime for palladium, hydroquinone for gold, and thion-
alide for osmium and ruthenium (33). This is despite claims by the authors to the 
contrary, because the newer methods have little proven advantage over the well-
established familiar procedures . 

Future research is required to outline reagents which will give direct weighing 
forms for all the noble metals. These reagents should be selective and be applicable 
at a moderate acidity. Selective reagents for large amounts of the noble metals 
could also find use in refining and manufacturing processes . 

Titrimetric methods are little used. They have found limited application as rapid 
pass-fail tests for noble metal products of interest to jewellers and other manu-
facturers. 

XIII. SOLUTION SPECTROPHOTOMETRY 

Prior to 1960, spectrophotometr ic or emission spectroscopy methods were the 
techniques of choice for the analysis of t race levels of the noble metals . With the 
widespread acceptance of atomic absorption spectroscopy the general use of tech-
niques of this type has declined sharply. Spectrophotometr ic methods are still 
very important for the determination of microgram amounts of iridium, osmium, 
and ruthenium. 

In the case of osmium and ruthenium, the procedures using thiourea and related 
compounds are the methods of choice (1). These reagents are readily applicable 
to the acid solutions used as receiver solutions in the distillation procedures for 
these metals . 

In spite of the swing to atomic absorption, the number of new spectrophotometric 
methods for the noble metals proliferates. This is particularly redundant in the 
case of palladium. The volume of new spectrophotometr ic methods for palladium 
exceeds that for all the other noble metals combined, and yet this element is one 
of the easiest to determine by atomic absorption spect roscopy. Conversely, there 
has been relatively little research into spectrophotometr ic methods for iridium, 
an element which shows rather poor sensitivity by flame atomic absorption spec-
troscopy. 

Complex interference problems abound with spectrophotometr ic methods . One 
of the reasons for the popularity of these techniques for osmium and ruthenium 
determinations is that the distillation separation used produces a receiver solution 
virtually free from interfering substances . For the other e lements , laborious wet 
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chemical separation schemes are essential to produce adequate purity in the so-
lution prior to the color-forming s tep. This naturally mitigates against use of such 
methodology. 

Because of the complexity of interference problems, it is essential to test a 
proposed new spectrophotometr ic procedure extensively. Commonly this is done 
by adding a pure solution of the interfèrent to the analyte in a relatively pure 
solution. These conditions are usually quite different from those encountered when 
the interfèrent is carried through the entire procedure . Also it is common to eval-
uate the effect of one interfèrent at a t ime. Again, this approach does not mirror 
what happens in a real analysis . 

Useful field tests for the precious metals have been developed using color-form-
ing reagents . This is still an important area for the spectrophotometr ic approach. 

XIV. STANDARD REFERENCE MATERIALS 

Of ultimate importance in any field of analysis is the accuracy of the results . In 
the noble metal field, until recently, the lack of any generally available standard 
reference materials has been a cont inuous source of problems. 

The Depar tment of Energy, Mines and Resources , Ot tawa, Canada , prepared 
two s tandards in 1970, copper-n icke l mat te (PTM) and an alluvial black sand 
(PTA). In 1973 a sulfide concent ra te (PTC) was also prepared. 

In 1975 the National Insti tute of Metallurgy, Johannesburg , South Africa, dis-
tributed a s tandard produced from samples taken from the Merensky Reef. 

Other s tandard reference materials may exist , particularly in the USSR, but the 
present authors have few details about such samples . 

The scientists and groups responsible for the product ion and certification of 
noble metal s tandard reference materials are to be highly commended . It is to be 
hoped that more noble metal standards of other sample types will become available 
in the near future. 

XV. ANALYTICAL PROCEDURES 

A. LEAD FIRE ASSAY ( 1 ) 

Despite frequent claims to the contrary , a fire assay is still essential for the reliable 
analysis of noble metals in most geological samples . The classical lead assay re-
mains the most generally acceptable approach . Good additional information on 
the classical assay can be obtained from books by Beamish (1) and Bugbee (34). 

N o assay procedure has been developed that is applicable to all sample types . 
The following method may be used for the collection of platinum, palladium, gold, 
rhodium, iridium, osmium, and ruthenium from a wide range of materials . If os-
mium and ruthenium are to be analyzed, the cupellation step must be avoided. 
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T a b l e 8.1 

Suggested Flux Composit ions 

Gold ores, 
Nickel ores 

flux Flux Flux Flux 

A ( g ) B ( g ) C ( g ) D ( g ) 

O r e
3 

15 3 0 15 3 0 

P b O 8 5 . 0 2 7 5 2 5 0 2 6 6 

S i 0 2 10 15 10 6 0 

N a 2C 0 3 21 .1 4 0 12 4 6 

C a O 4 .5 12 — 12 

N a 2B 40 7 — — — — 
K N 0 3 — 16 9 18 

Flour 1 - 3 — — — 
a
For blanks, 15 g of silica replaced 15 g of gold ore and a mixture of 

12 g of silica, 3 g of copper sulfide, 3 g of nickel sulfide, and 12 g of 

iron sulfide replaced 30 g of nickel ore. 

For rhodium and iridium a cupellation into a gold rather than a silver bead must 
be done . 

Reagents and Equipment 

A furnace capable of reaching 1200°C is required. Cupels , roasting dishes, and 
assay pots are available from many brick manufacturers . 

Flux components must be free from noble metals but otherwise do not need to 
be of a high grade. Suggested flux composi t ions are given in Table 8.1. 

Procedure: Assay 

If the ore contains sulfides, the following roasting procedure must be done. Transfer 
the weighed ore to a 15 cm porcelain evaporat ing dish and place it for a few 
minutes at the front of the furnace with the door open. The initial temperature 
should be about 600°C. Over a period of about 5 min move the dish to the furnace 
center , stirring intermittently. Partially close the door and allow to roast for 2 h 
at 950°C, stirring frequently for the first 30 min to avoid agglomeration of the 
concentra te . Remove the dish, cool, transfer the contents to a mortar , and grind 
to a fine powder . Take care to avoid any loss of powder . 

From the available analytical data calculate a suitable flux composit ion. In gen-
eral, a bisilicate slag is a suitable medium for the collection of platinum metals in 
oxidizing ores . For samples with high proport ions of associated base metals— 
copper , nickel, etc.—it may be desirable to increase the proport ion of litharge, 
e.g., flux C. Decide on a proper ratio of flux to ore . If a silver bead is to be 
prepared, add to the flux an amount of silver powder or silver in solution to give 
a ratio of approximately 2 0 : 1 of silver to total platinum metals expected . Some 
suggested fluxes are given in Table 8.1. 
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Arrange a cel lophane or plastic sheet in a suitable position, and pass the roasted 
ore through a 45 mesh sieve to the center of the sheet . Add a portion of the flux 
to the sieve to remove any t races of ore . Transfer most of the remaining flux to 
the mixing sheet and mix thoroughly. Place the mixture in an assay pot of an 
appropriate size. Add the remaining flux to the sheet , mix, and transfer to the 
pot, taking care to brush the sheet free of the mixture. 

Place the pots in the furnace at about 950°C, and raise the tempera ture at the 
maximum rate to 1200°C. This fusion period should be approximately 1 h. Remove 
the pots , pour the mixture into conical iron molds, and allow to cool. Remove 
the but ton, taking care to retain all of the slag. Free the but ton of slag by gently 
tapping with a small iron rod. Set the button aside. Transfer the slag to a grinding 
mill or to a mortar , grind to pass a 45 mesh sieve, and place the sample on the 
original mixing sheet . Clean the mill, mortar , and screen with sufficient litharge 
to produce a second but ton, then transfer to the slag on the sheet . Mix well as 
before and transfer the mixture to the original pot. Fuse as before and clean the 
lead button as described above . If necessary , a fusion of the second slag can be 
made to produce a third but ton. 

When the noble metals are to be concentra ted to form a silver bead, clean the 
but ton thoroughly by gentle tapping with an iron rod and transfer it to a bone ash 
cupel that has been preheated at 900°C for at least 10 min. Cont inue heating the 
cupelling button at about 1000°C, with a plentiful supply of air. Remove the cupel 
over a period of a few minutes after the completion of the cupellation process . 
The cupellation bead may be parted and analyzed as described later for platinum, 
palladium, and gold. Lead buttons must be used for the analysis of iridium, osmium, 
and ruthenium. 

B. DISTILLATION FOR THE RECOVERY OF OSMIUM AND RUTHENIUM (35) 

Cupellation is negated when osmium and ruthenium are to be analyzed. The fol-
lowing is the accepted procedure for the recovery of these elements from a lead 
but ton. Subsequent ly , atomic absorpt ion or solution spectrophotometr ic analysis 
can be done on the receiver solutions. 

Procedure 

Transfer a lead alloy (20-50 g), obtained before cupellation by the above procedure, 
to the distillation flask (Fig. 8.2). Add 100 ml of water to the t rap , 25 ml of a 3 % 
hydrogen peroxide solution to the first receiver, and 5 ml of the same hydrogen 
peroxide to each of the o ther two receivers . Chill the receivers in an ice bath. 
Pass water through the condenser , and apply suction to produce 2 or 3 bubbles/ 
s. Add 75 ml of 72% perchloric acid to the distillation flask and heat very gently 
until the lead is completely dissolved and effervescence of hydrogen has ceased. 
Continue the heating until the white fumes of perchloric acid have disappeared 
and a colorless liquid is refluxing on the still wall. 

Cool to about 60°C and add 8 ml of 36% perchloric acid. Heat again to the 
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removal of brown fumes. Repeat the addition of 8 ml of 36% perchloric acid, 
intermittently with heating to ensure the complete removal of the osmium and 
ruthenium tetroxides. A complete distillation requires 0.5 to 1 h. Add 15 ml of 
72% perchloric acid to the t rap , and boil the solution for 30 min. Transfer the 
chilled receiving solution to a second chilled distillation flask as quickly as possible 
to prevent loss of osmium by volatilization, and wash the receivers with cold 3 % 
sulfuric acid. Then wash thoroughly with water to remove the sulfuric acid. 

Add 100 ml of water to the t rap , 30 ml of a 5% thiourea solution in 1 : 1 hy-
drochloric acid to the first receiver, and 10 ml of the same solution to each of the 
other receivers . Chill the receivers in an ice bath. Add 40 ml of 30% hydrogen 
peroxide and 5 ml of concentra ted sulfuric acid to the chilled distillation flask 
containing the osmium and ruthenium distillates. Boil gently for 30 min. Add 15 
ml of perchloric acid to the t rap and boil for 25 min. Draw a stream of air slowly 
through the system (about 3 to 5 bubbles/s) . Transfer the contents of the receivers 
to a volumetric flask and dilute to volume. 

To recover the ruthenium in the pot liquid, add 100 ml of water to the t rap , 30 
ml of 3 % hydrogen peroxide and 1 ml of 48% hydrobromic acid to the first receiver, 
and 10 ml of 3 % hydrogen peroxide to each of the other two receivers . Cool the 
receivers in an ice bath. Add 10 ml of concentra ted sulfuric acid to the distillation 
flask and then add cautiously an excess of a 10% sodium bromate solution (about 
20 ml). Apply a gentle suction, and distill cautiously over a low flame for 1 h. 
Then add 15 ml of the perchloric acid to the t rap , and boil for 25 min. Disconnect 
the receivers from the water condenser , maintaining the connect ion between the 
two receivers . Add 8 ml of 4 8 % hydrobromic acid to the first receiver and 4 ml 
of the acid to the second receiver. Boil the liquid for 10 min. Transfer the contents 
of the receiver to a volumetric flask, rinse the tubes and the receivers with 10% 
hydrobromic acid, and dilute to volume. 

F i g u r e 8 .2 . Distillation apparatus for osmium and ruthenium. (Repr inted with permission from Ref. 3 5 . Copyright 

1 9 5 4 Amer ican Chemica l Society.) 
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1. Determination of Osmium in Thiourea Receiver Solutions (36, 37) 

S p e c t r o p h o t o m e t r i c M e t h o d Heat the volumetric flask containing the osmium 
receiver solutions to 85°C for 5 min. Cool to room tempera ture . Measure the 
absorbance of the solution at 480 nm. Prepare s tandards in 1 : 1 hydrochloric 
acid : ethanol and treat in a similar manner to the sample above . 

A t o m i c Absorption M e t h o d Dest roy the osmium thiourea complex of samples 
and s tandards by adding 2 ml of 30% hydrogen peroxide for each 5 ml of thiourea 
solution to a 25 ml volumetric flask. Dilute to volume with distilled water . Stopper 
and allow to stand at room tempera ture for 2.5 h to allow the reaction to proceed 
to complet ion. Aspirate the osmium solution into the nitrous oxide flame of the 
atomic absorpt ion unit. Use the 290.9 nm osmium line, a lamp current of 8 mA, 
94 kPa acetylene, and 224 kPa nitrous oxide. Adjust the burner height so that the 
light beam passes directly over the thin white part of the flame. 

2. Determination of Ruthenium in Receiver Solutions (38) 

Transfer an aliquot portion containing 100-500 μg of ruthenium to a 10 ml volu-
metric flask and add 0.4 ml of the uranium solution and 0.8 ml of aqua regia. Dilute 
to the mark with 40% hydrochloric acid. If an aliquot portion of more than 3 ml 
is required, evapora te the respect ive aliquot portion to about 3 ml, add 0.4 ml of 
uranium solution (1 ml = 250 mg uranium) and 0.8 ml of aqua regia, and, after 
transferring the solution to a 10 ml volumetric flask, dilute to volume with 40% 
hydrochloric acid. 

Using the following instrumental parameters for the atomic absorption spec-
t rometer , measure the absorpt ion of the ruthenium and compare it with that of 
suitable s tandards measured at the same time: 

W a v e l e n g t h 3 4 9 . 9 n m 

Width of slit 5 0 μη ι 

L a m p current 10 m A 

Air pressure 1 0 5 k P a 

Acetylene flow is adjusted to give opt imum readings. In the same way, measure 
the absorpt ion of a reagent blank and subtract the value obtained from the values 
obtained for the samples . 

Prepare a 2000 μg/ml s tandard ruthenium solution from metal or sponge. Dilute 
this solution so that it contains 100 μg Ru/ml in 40% hydrochloric acid. Take 
aliquot port ions of 1, 2, 3 , 4, and 5 ml, add 0.4 ml of uranium solution and 0.8 ml 
of aqua regia, and dilute to 10 ml in a volumetric flask with 40% hydrochloric 
acid. This procedure gives s tandard ruthenium solutions of 10, 20, 30, 40, and 50 
μg Ru/ml. Measure the absorpt ion of s tandards and samples relative to a blank 
solution containing uranium, aqua regia, and 40% (v/v) hydrochloric acid in a 10 
ml volume. 
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C. DETERMINATION OF GOLD, PLATINUM, AND PALLADIUM IN SILVER ASSAY BEADS BY FLAME 

ATOMIC ABSORPTION ( 2 3 ) 

The method, as originally published, recommends sample solutions containing 6 
M hydrochloric acid to keep the silver in solution. This high acid content may 
not be desirable when used with some atomic absorption equipment because of 
its corrosive propert ies . It is possible to work with dilute hydrochloric acid so-
lutions as long as the silver chloride is allowed to settle prior to the analysis. 

A variety of interference problems were encountered . These were eliminated 
by using 1% lanthanum as a releasing agent. 

Reagents and Equipment 

A Perkin-Elmer 303 atomic absorption spect rometer fitted with a Boling burner 
was used. The following wavelengths , slit widths , and lamp currents were used, 
respectively: platinum, 265.9 nm, 1.0 nm, 25 mA; palladium, 247.6 nm, 1.0 nm, 
30 mA, gold, 242.8 nm, 3.0 nm, 14 mA. 

Standard solutions were prepared from pure metals of each material. Other 
reagents were Fisher certified grade and were checked for the absence of the 
precious metals . 

Procedure 

Add 5 ml of nitric acid to a silver bead in a 50 ml beaker and heat to leach the 
silver. Evapora te the solution to 0.5 ml and add several milliliters of concentrated 
hydrochloric acid. After all bubbling has ceased, add additional portions of con-
centrated hydrochloric acid until no further gases are evolved. Add enough lan-
thanum to make the final concentrat ion in the flask 1%. Wash the mixture into a 
volumetric flask and dilute to volume with 6 M hydrochloric acid. Determine the 
platinum, palladium, and gold absorbances against s tandards containing 1% lan-
thanum and 6 M hydrochloric acid by running closely a lower concentrat ion stan-
dard, the sample, and a higher concentrat ion sample in quick succession. 

Aspirate water frequently to minimize corrosion. 

Detection Limit 

In these sample solutions, the detection limits (micrograms per milliliter) are: pal-
ladium, 1; gold, 1; platinum, 5. 

D. DETERMINATION OF PLATINUM IN ORES BY FIRE ASSAY AND X-RAY FLUORESCENCE ( 3 9 , 4 0 ) 

Comment on the Method 

Platinum in ores is concentra ted in lead by means of a fire assay. The silver bead 
obtained by cupellation is flattened to constant thickness for x-ray determination 
of the platinum content . Results of analyses of two ores were in good agreement 
with the results obtained by previous analyses . There was no interference from 
the other noble metals . 
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Equipment and Chemicals 

• Fire assay furnace. 

• X-ray fluorescence spectrometer . The operating condit ions for the spectrometer 
are shown in Table 8.2. The x-rays were filtered through 5 mm molybdenum 
foil and then collimated. The detector was placed immediately below the sample 
out of the path of the main beam and was maintained at the temperature of 
liquid nitrogen. The output signals were amplified and sorted by a 1024-channel 
pulse height analyzer . The data were recorded in digital form on a teletype read-
out. 

• Platinum standard solution, 1 mg/ml: One gram of pure platinum wire was dis-
solved in aqua regia. Nitrogen oxides were removed by repeated evaporat ions 
with hydrochloric acid. The solution was filtered and diluted to 1 liter. 

Preparat ion of Standard Si lver-Plat inum Beads 

Prepare silver beads of approximately 11 mg which contain 0 .2-4 .2% platinum by 
salting lead boats . Form the boats of thin lead foil. Carry a blank through the 
procedure . Heat magnesia cupels at 960°C for 10 min before use. Place the boat 
on a cupel in the furnace. Close the furnace door for 5 min to melt the lead. Then 
open the door by placing a 0.6 cm steel plate under the door . These conditions 
will result in driving the lead at the rate of 1 g/min. When driving has been com-
pleted, shut the door for 5 min. Withdraw the cupels slowly and allow them to 
cool. Flatten the cool beads in two stages. Scrape away any adhering cupel material 
from the bead. Flat ten the bead to a thickness of about 5 mm between two steel 
blocks. Heat the bead in a porcelain crucible at red heat for 2-3 min. Then flatten 
the bead in a hydraulic press at 10 tons . The bead should be 0.10-0.12 mm thick 
and 3.70-4.10 mm in diameter . 

Preparat ion of Calibration Curve 

Mount the bead on Mylar foil (450 μg/cm
2
) s t retched over aluminum foil and held 

in position by vacuum grease. Place the sample in the chamber of the x-ray in-

T a b l e 8 .2 

Instrumental Condit ions 

T u b e M o l y b d e n u m 

Vol tage 4 0 kV 

Fi lament current 2 0 m A 

Detector Kevex Si(Li) with a n active 

a r e a of 3 0 m m
2
 and 

resolution of 1 9 5 e V full 

width at ha l f -max imum 

( F W H M ) at 5 .9 k e V 

Counting t ime 8 min 

Source: Ref. 39. 
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strument and evacuate the chamber . Use the conditions in Table 8.2. Count the 
sample for 8 min. Record the Pt La and Ag Ka lines. Subtract a blank for the Pt 
La line. Calculate the intensity ratios of Pt L a/Ag Ka, and plot these against per-
centages of platinum. The calibration is linear over the range specified. 

Analysis of Ores 

Crush the ore to pass 100 and 200 mesh sieves. Place the entire sample (0.5-1 kg) 
on a large cellophane sheet . Mix it by tumbling (see Chapter 4) for about 25 min. 
Spread the ore evenly and divide it into 2.5 cm squares with a spatula. Obtain an 
assay sample by removing small port ions from each square . Place the sample in 
a small plastic bag together with 85 g lead oxide, 21.1 g sodium carbonate , 4.5 g 
calcium oxide, and 2 g flour. Add some silica to reduce some of the basicity of 
the mixture. Use 15 g of silica as a blank ore . Add a known quanti ty of silver as 
silver nitrate solution. Place the bag in a fire assay pot , and dry the sample in a 
70°C oven for several hours . Break up the lumps and shake the mixture for 4-5 
min. 

Place the pot in a 950°C furnace, and raise the tempera ture to 1200°C at the 
maximum rate . After 15 min at the high tempera ture , remove the pot and pour 
the contents into a conical iron mold. Separate the lead from the cool slag. Cupel 
the lead as described above under preparat ion of s tandards . 

Measure the platinum content of the silver bead following the same procedure 
as in the preparat ion of the calibration curve . 

Comparison with Other Results 

Data for three ores are shown in Table 8.3. 

Samples S4 and Float Concentra te (National Institute of Metallurgy, Johan-
nesburg, South Africa) were analyzed previously by means of fire assay-flame 
atomic absorpt ion. Sample USBM 31 (U .S . Bureau of Mines , Reno , Nevada) was 
analyzed by eight laboratories using fire assay and various instruments; it is an 
average value. (There was no satisfactory explanation of the high result.) 

Table 8 .3 
Plat inum Contents of O r e s 

S 4 Float Concentra te U S B M 31 

X-ray, ppm 5.31 ± .69 9 1 . 0 ± 1.7 6 .55 ± 0 .75 

η (this work) 7 5 8 

Previous 5 .23 8 2 . 6 4 . 9 

analysis, ppm 

Source: Ref. 39. 



273 

Ε. DETERMINATION OF IRIDIUM IN GOLD ASSAY BEADS BY FLAME ATOMIC ABSORPTION ( 2 5 ) 

Cupellation into silver assay beads is not permissible because of the insolubility 
of iridium in silver. The following procedure involves a classical fire assay followed 
by cupellation into a gold bead. A copper-sodium sulfate buffer system is employed 
to overcome any potential interferences. The procedure was found to give excellent 
results for iridium on a s tandard dunite sample. The fire assay is also suitable for 
rhodium, plat inum, and palladium, although no details are given by the authors 
for the determination of these e lements . 

Reagents and Equipment 

Gold wire, 99.999% pure , was used. For the mixed copper - sod ium solution, dis-
solve 13.75 g of copper sulfate pentahydra te and 4.64 g of sodium sulfate in 50 
ml of hydrochloric acid and make up to 100 ml with water . 

Standard solutions of iridium prepared from ammonium hexachloroir idate, a 
stock solution containing 1.000 mg/ml iridium in 2% (v/v) hydrochloric acid, were 
used. Prepare other solutions by dilution with 2% (v/v) hydrochloric acid. 

Cylindrical alumina crucibles, 2 ml capaci ty, were used for sodium peroxide 
fusions. Coors AD-999 alumina ceramic crucibles are available from Coors Por-
celain Company , Golden, Colorado. 

A Perkin-Elmer Intensi tron hollow-cathode tube with a Perkin-Elmer model 303 
instrument was used in the exper iments . The condit ions were as follows: wave-
length, 264.0 nm; slit, 0.3 nm; hollow-cathode current , 30 mA; fuel acetylene pres-
sure 69 kPa (10 psi), flow meter setting, 8.5; oxidizer air pressure 190 kPa (28 psi), 
flow meter setting 7.5; flame, oxidizing; burner, standard head; aspiration, adjusted 
for uptake of 3 ml/min. Condit ions for o ther ins t ruments must be found by trial 
and error . 

Procedure 

The fire assay fusion and cupellation procedures used here follow generally ac-
cepted pract ices as described by Bugbee (34). A bisilicate slag composit ion is to 
be preferred. For a 20 g sample of duni te , a flux consisting of 50 g of lead(II) 
oxide, 35 g of sodium carbonate , 159 g of silica, 19 g of sodium te t raborate , and 
4 g of flour will yield both a satisfactory lead button and a bisilicate slag. The 
fusion is made in the presence of 50 mg of added gold for the quantitative collection 
of iridium, palladium, plat inum, and rhodium. 

Transfer the gold bead obtained on cupellation to a small beaker . Add 5 ml of 
aqua regia, cover , and allow the mixture to react at room temperature for ap-
proximately 1 h. Heat on a s team bath for several hours more . Add 3 ml of water 
and a small amount of paper pulp, mix, and filter through a 42.5 mm medium-
porosity filter paper . Wash the iridium residue with water . Ignite the residue in a 
2 ml alumina crucible at 60°C, starting with a cold furnace. Add 100 ± 10 mg of 
sodium peroxide by calibrated dipper and carefully fuse the residue. Heat for 5 

XV. Analytical Procedures 
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min more , maintaining in the molten s tate , and then cool. Add 1.5 ml of water , 
cover , and allow to stand at room temperature for approximately 15 min. Warm 
the mixture until the melt disintegrates, and transfer the solution to a 25 ml beaker 
by several alternating washes with 1 ml port ions of concentra ted hydrochloric 
acid, nitric acid, and water . Add 0.15 ml of sulfuric acid 1 : 1 by pipet to convert 
sodium salts into sulfate and evapora te the solution on a steam bath. Add 2 ml 
of hydrochloric acid (1 : 1), warm briefly to dissolve salts, and transfer the solution 
to a 10 ml volumetric flask with water . Dilute to volume with water and mix. 
Transfer a 5 ml aliquot of the solution to another 10 ml volumetric flask. Add 1 
ml of hydrochloric acid (1 :1) and 1 ml of copper sulfate solution. Adjust to volume 
with water and mix. Prepare iridium standards and a blank, each containing 1 ml 
of mixed copper - sod ium solution in a 5 ml volume. Determine iridium in all so-
lutions by atomic absorpt ion. Samples containing as low a concentrat ion as 2.5 
ppm iridium can be determined. 

F. DETERMINATION OF RHODIUM IN CHROMITE CONCENTRATES BY FLAME ATOMIC 

ABSORPTION ( 2 6 ) 

Two procedures for the collection of rhodium are given, a tellurium precipitation 
and a fire assay. In the former, a sodium peroxide fusion of the sample is followed 
by dissolution and then coprecipitation of the rhodium with tellurium. The fire 
assay procedure includes a cupellation step yielding a gold bead. Atomic absorption 
analysis can be performed on sample solutions of either product . To overcome 
potential interferences, 1% lanthanum sulfate is used. 

Reagents and Equipment 

• Tellurium solution: Prepare 1 mg/ml in 10% hydrochloric acid. Dissolve tellurium 
metal in aqua regia and remove nitrate by evaporat ion with hydrochloric acid. 

• Tin(II) chloride solution: Dissolve 20 g of fresh s tannous chloride dihydrate in 
17 ml of hydrochloric acid. Dilute to 100 ml with water . 

• Gold wire for fire assay, 99.999% pure and 0.1 mm in diameter; cut into 2.5 mg 
segments . 

• Lanthanum sulfate solution: Dissolve 14.66 g of lanthanum oxide in 25 ml of 
hydrochloric acid and then add 15 ml of 1: 1 sulfuric acid. Evaporate the solution. 
Dissolve the residue in 125 ml of hydrochloric acid and dilute to 500 ml with 
water . 

• Standard solutions of rhodium: Prepare from the ammonium chloro salt a stock 
solution containing 1.00 mg/ml rhodium in 2% (v/v) hydrochloric acid. Prepare 
other solutions by dilution by factors of 10 with 2% (v/v) hydrochloric acid. 

• Alumina crucibles for sodium peroxide fusions, Coors Ad-999 alumina ceramic, 
available from Coors Porcelain Company , Golden, Colorado. 
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• Instrument parameters and sett ings. A Perkin-Elmer model 303 instrument was 
used with the following operat ing condit ions: 

Procedure 

Tellurium précipitation procedure 

Fuse over a burner in an alumina crucible 3.0 g of chromite concentra te with 10 
g of fresh sodium peroxide. Heat for approximately 15 min after the charge becomes 
molten. After cooling the melt, place the crucible in approximately 100 ml of water 
in a beaker and carefully add 60 ml of hydrochloric acid. Detach the melt and 
remove the crucible. 

Heat the solution to approximately 60°C and then, while stirring, very carefully 
add 5-7 ml of 30% hydrogen peroxide. Heat this solution on the steam bath for 
30 min or more to destroy peroxide and then filter the solution through Schleicher 
and Schüll 589 White Ribbon paper (or equivalent) . 

Add 2.5 ml of tellurium solution, then 25 ml of tin(II) chloride solution by pipet 
while stirring. Adjust solution volume to approximately 200 ml. Digest the tellurium 
precipitate on a s team bath for approximately 2 h, filter it off on a Schleicher and 
Schüll 589 White Ribbon paper , and then wash with hot 10% (v/v) hydrochloric 
acid. Discard the filtrate. 

Dissolve the precipitate from the paper by slowly adding 50 ml of hot aqua regia 
(8 volumes of hydrochloric acid, 2 of nitric acid, and 5 of water) , collecting the 
filtrate in a 100 ml beaker . Wash finally with hot 10% (v/v) hydrochloric acid. Pass 
this filtrate through a 15 ml medium-porosity fritted glass Buchner-type filter funnel 
to remove paper fibers. Wash the filter with 10% (v/v) hydrochloric acid and then 
evapora te , treating with 3 ml port ions of hydrochloric acid. 

Add 2 ml of lanthanum sulfate solution to the residue and warm briefly on the 
steam bath. Transfer the solution to a 5 ml volumetric flask and adjust to volume 
with water . Prepare rhodium s tandards and a blank containing 2 ml of the lan-
thanum solution in a 5 ml volume. Determine rhodium in all solutions by atomic 
absorpt ion. 

Fire assay procedure 

Add 3.0 g of sample to a flux consisting of 35 g of sodiumcarbonate , 11 g of silica, 
19 g of anhydrous sodium te t rabora te , 50 g of lead oxide, and 4.2 g of flour con-
tained in a fire assay crucible and mix thoroughly. 

W a v e l e n g t h 

Slit 

Hol low-cathode current 

Acety lene flow setting 

Air flow setting 

F l a m e 

Burner 

Aspirator 

3 4 3 . 5 m m 

0.3 n m 

2 0 m A 

6 

6 .8 

Oxidizing 

Standard h e a d 

Adjusted for opt imum uptake 
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Place in a furnace at 850°C and gradually raise the temperature to 925°C. Heat 
for 10 min at this tempera ture . Total heating time should be approximately 50 
min. Pour the melt into an iron mold. Collect the lead button and shape it into a 
cube . Make a linear indentation on one surface of the cube by tapping a knife 
edge against this surface. Place a segment of the gold wire in the indentation and 
then carefully hammer the cube to secure the wire in place. Cupel the lead button 
at approximately 950°C. Analyze the bead as for iridium. 

G . RAPID FIRE ASSAY METHOD FOR THE DETERMINATION OF PLATINUM, PALLADIUM, AND 

GOLD IN ORES AND CONCENTRATES (ATOMIC ABSORPTION) ( 4 1 ) 

A modification of the tin collection method is used to preconcentra te the noble 
metals platinum, palladium, and gold in ores and concent ra tes . Tellurium is em-
ployed to prevent dissolution of these metals during parting with hydrochloric 
acid. For this purpose , 15-20 mg of tellurium is sufficient. Although tellurium 
causes a slight depression in the absorbances of the noble metals , it presents no 
problems at the concentrat ion used. 

The procedure was verified for the determinat ion of platinum, palladium, and 
gold in four certified reference materials prepared by the Canadian Reference Ma-
terials Project and using a standard South African ore . 

Apparatus and Reagents 

• Furnaces . A 15 kW Globar type with suitable thermocouple and temperature 
controller, capable of accommodat ing six 40 g assay crucibles and maintaining 
their temperature at 1250°C; a Jelrus Handy-Melt portable electric furnace (Jelrus 
Technical Products Corp . , N e w Hyde Park, N e w York) ; or similar. The Jelrus 
is a small vertical furnace equipped with removable graphite crucibles used in 
this work for melting tin-based assay but tons before their granulation in water. 
It is recommended that after 4 -6 months of relatively constant use the bot tom 
of the crucibles be examined for small holes. 

• Tin(IV) oxide. B D H reagent grade is preferred because it has consistently given 
a suitable gold blank value of 150-200 mg/g. 

• Tellurium powder , reagent grade. 

• Standard solutions of platinum, palladium, and gold: Prepare these solutions by 
dissolving accurately weighed quantit ies of metal powder or sponge (minimum 
purity of 99.9%) in aqua regia. Evaporate each solution to dryness; then dissolve 
the residues in concentra ted hydrochloric acid, and evaporate the solutions to 
dryness again. Repeat several t imes. Finally, dissolve the salts in, and dilute to 
volume with, 1 M hydrochloric acid. Standardize the gold solution gravimetrically 
using the hydroquinone precipitation, and standardize the platinum and palladium 
solutions spectrometrically. 
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• Mixed cadmium-coppe r sulfate solution: Prepare by dissolving 98 g of C u S 0 4 

• 5 H 20 and 57 g of 3 C d S 0 4 · 8 H 20 in 500 ml of 12 M hydrochloric acid and 300 
ml of water , followed by dilution to 1 liter with water . 

• Flux for fire assay: stannic oxide 40 g, sodium carbonate 50 g, sodium tetraborate 
10 g, flour 35 g, tellurium 25 mg, silica 10-20 g according to the amount of silica 
in the sample. Make enough flux for a sample up to 1 assay ton (29.17 g) in 
size. 

Procedure 

Before the crucible fusion procedure , all samples except those of copper-nickel 
matte are roasted at 750-800°C for approximately 1 h to decompose sulfides and 
volatilize arsenic and ant imony. Place the sample on a shallow fireclay dish and 
stir it intermittently during the roasting process . In cases where only a few grams 
of material (particularly sulfides) are to be roasted, place the sample on a bed of 
silica to prevent possible loss of the resultant calcine to the surface of the dish. 
(The silica is included as part of that required in the flux above.) 

Leaching is performed to remove the bulk of the copper and nickel from the 
residue of precious metals . Place the sample, weighing up to 2 assay tons , in a 
1500 ml beaker and treat it with 25 g of ammonium chloride and 100-200 ml of 
12 M hydrochloric acid. Heat the sample until the amount of insoluble matter 
appears not to exceed 2-3 g. With large samples , it may be necessary to treat the 
residue once or twice more with fresh acid after intervening filtrations. 

Dilute the combined sample solution (—100 ml) with an equal volume of water 
and filter the solution containing most of the nickel and copper through a mod-
erately fast paper . Transfer the solids to the paper with dilute (5%) hydrochloric 
acid. Dry the washed residue and paper at ~100°C for about 1 h and then mix 
them with the recommended assay flux for fusion. 

Chromite is not completely decomposed during the fusion process , and samples 
containing appreciable proport ions must be subjected to a pre t reatment . Decom-
position is accomplished by sintering with sodium peroxide. Mix the sample with 
1.5 t imes its weight of sodium peroxide; then place it on a 10 g bed of silica in a 
roasting dish, and roast it at 700°C for about 1 h. Grind the sinter cake and un-
derlying silica together in a mortar and mix them with the flux for the crucible 
fusion process . The weights of sodium peroxide and silica are subtracted from 
the weights of sodium carbonate and silica, respectively, in the flux described 
above . 

For powdered samples , the s tandard assay practice of blending the samples 
with the flux on glazed paper and transferring the charge to a 40 g crucible is 
followed. 

When solutions are to be mixed with the flux, place approximately one-third of 
the flux in the crucible and then press a 30 cm square of thin commença i wrapping 
film into the crucible to form an envelope . Add the solution carefully to the en-
velope. Then transfer the remainder of the flux slowly to the crucible to avoid 
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wetting the film or crucible walls. Heat the crucible in a drying oven at 100°C for 
at least 2 h. After drying, grind the material in the wrapping film in a mortar , mix 
it well, and place it back in the film in the crucible. It is to be noted that, after 
drying, the salted portion of the charge is lumpy and difficult to pulverize and 
mix with the rest of the charge. This could lead to occasional spurious results. 

Fusion 

Place the crucible in the assay furnace at 1250°C for about 90 min to fuse the 
charge. At the completion of this fusion period, the melt should not be viscous 
or lumpy, nor should there be extensive crust formation at the top of the melt. 

Pour the melt into a conical steel mold and, when it is cool, separate the tin 
button from adhering slag by tapping with a small hammer . 

Place the button in the crucible of the Jelrus furnace, from which air is purged 
by nitrogen delivered through a ceramic tube placed directly over the but ton. 
Increase the temperature until the but ton melts (600-1000°C, depending on com-
position) and then pour the melt into a pail of water to granulate the alloy. Any 
large pieces are easily reduced in size with metal shears . 

Dissolution and analysis 

Treat each sample of granulated tin alloy with 150 ml of 12 M hydrochloric acid 
in a covered 600 ml beaker and heat until the excess of tin has dissolved and 
vigorous evolution of bubbles from the residue has ceased. Add another 15-25 
ml portion of acid and boil the sample for approximately 10 min. Add water to 
give a volume of approximately 400 ml and allow the residue to settle. Decant 
the supernatant solution through a filter pad. Wash the residue in the beaker several 
times, by décantation, with 15% (v/v) hydrochloric acid, the washings being passed 
through the filter pad. 

Treat the residue in the beaker with a mixture of 15 ml of 12 M hydrochloric 
acid and 5 ml of 30% hydrogen peroxide, and heat the beaker gently for a few 
minutes to ensure complete dissolution of the residue. Elute the residue on the 
filter pad with 20 ml of a 3 : 1 mixture of 8 M hydrochloric acid and 30% hydrogen 
peroxide, and add the washings to the beaker . 

Add approximately 50 mg of sodium chloride, and evaporate the sample solution 
to dryness . When the evolution of fumes has nearly ceased, remove the beaker 
from the evaporator and wash the sides with 10 ml of a 7 : 2 mixture of hydrochloric 
and hydrobromic acids. Evapora te the sample again to dryness to volatilize the 
remaining tin. Cool the beaker , add 10-15 ml of 12 M hydrochloric acid, and, 
while the beaker is being swirled, add 30% hydrogen peroxide cautiously until it 
is evident that an excess is present . Heat the beaker for a few minutes , and, after 
cooling, wash the sides with water . Filter the solution through a fast paper into 
a 400 ml beaker and wash the paper several t imes with 15% hydrochloric acid. 
Add approximately 5 ml of aqua regia and evapora te the solution to approximately 
1 ml. 

To the cooled sample solution, add 5 ml of cadmium-copper sulfate solution 
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and transfer the mixture to a 25 ml volumetric flask. Dilute to volume with water . 
The platinum, palladium, and gold content of the sample is then determined by 
atomic absorption using the manufacturer ' s r ecommended condit ions. Any silver, 
rhodium, ruthenium, or iridium remaining in the solution will not interfere. 

Notes 

For milligram amounts of the precious metals , the solution obtained after the vol-
atilization of tin is filtered into a 100-500 ml flask and diluted to volume with 15% 
hydrochloric acid to prevent hydrolysis . An aliquot is taken and treated by the 
procedure given above . 

Calibration curves for gold and palladium are linear in the ranges 0.2-3 and 
0.4-3 ppm, respectively. 

Because all batches of stannic oxide tested in this laboratory were found to 
contain gold, it is deemed necessary to carry a blank through the analytical scheme. 

H. NICKEL SULFIDE FIRE ASSAY FOR PLATINUM GROUP ELEMENTS AND GOLD IN ROCKS AND 

ORE (INSTRUMENTAL NEUTRON ACTIVATION) ( 3 1 ) 

A large sample size (up to 50 g) can be used with this p rocedure . The platinum 
group metals and gold are collected in a nickel sulfide but ton. Hydrochloric acid 
is added and the but ton is dissolved. The residue (which contains the platinum 
group metals and gold) is collected by filtration. Instrumental neutron activation 
analysis is used to analyze the residue. Losses are less than 6% for all e lements . 
This method is relatively rapid and gives very good detect ion limits. The detection 
limits are presented in Table 8.4. 

Equipment 

For the fusion procedure a large home-made muffle furnace capable of reaching 
1000°C was used. For the filtration procedure a Gelman Instrument Company 
vacuum filter appara tus (catalog N o . xx 1004720) was used. 

T a b l e 8 .4 

Detect ion Limits (2σ) 

E lement Detect ion limit (ppb) T i m e counted (s) 

Rh 1 2 0 0 

Pd 5 0 2 0 0 

5 5 0 0 - 2 5 0 0 

Pt 5 • 7 0 0 - 5 0 0 0 

Ir 0.1 7 0 0 - 5 0 0 0 

Ru 3 7 0 0 - 5 0 0 0 

O s 2 7 0 0 - 5 0 0 0 

Au 0.1 7 0 0 - 5 0 0 0 

Source: Ref. 3 1 . 
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Irradiations were performed ( S L O W P O K E II reactor , University of Toronto) 
with a thermal neutron flux of 1.0 x 1 0

n
 n /cm

2
 · s. Palladium and rhodium were 

counted on a horizontally mounted Ge(Li) detector which has a resolution of 1.93 
keV (full width at half-maximum), a peak-to-compton ratio of 3 2 : 1 for the 1332 
keV peak of ^ C o , and a relative efficiency of 6.7%. The detector was connected 
to a Canberra Instruments 8180 4096-channel analyzer. The Pd, Pt, Ir, Os , Ru, 
and Au radioisotopes were counted with a Princeton Gamma-Tech Ge(Li) detector 
with an active crystal volume of 65 c m

3
, connected to a Tracor Northern TN-

1700 4096-channel analyzer. This system has a resolution of 1.75 keV (FWHM) , 
a peak-to-compton ratio of 43.1 : 1 for the 1332 keV peak of

 6 ( )
Co, and a relative 

efficiency of 12.4%. 

Reagents 

All reagents must be tested to make sure they are free of noble metals. Com-
mercially available nickel products may contain substantial amounts of noble met-
als. Blank fire assay charges were analyzed whenever new reagent batches were 
introduced to ensure absence of noble metals . The following reagents were used 
in the fusion procedure: fused, ground sodium borate (Fisher Scientific S-252); 
calcined dry, purified sodium carbonate (Fisher Scientific S-261); silica floated 
powder, —240 mesh (Fisher Scientific S-153); sublimed sulfur (J. T. Baker Chemical 
Co. 5-4088); nickel carbonyl powder (Inco Metals Co. ) ; 30 g fire assay crucible 
(Canlab 8522-30C). During the dissolution stage 12 M HCl (J. T. Baker Chemical 
Co. 3-9535) and Metricel GA-1 (pore size 5.0 μπι, 47 mm) filter papers (Gelman 
Sciences Inc . , N o . 60003) were used. 

Sample Preparat ion 

Fusion 

Nickel sulfide fire assay but tons were prepared from 30-50 g samples according 
to the fusion procedure of Robert et al. (33) with slight modifications. Instead of 
mixing the reagents and sample on glazed paper , it was more satisfactory and 
convenient to mix them directly in the crucible; nickel powder , prepared by the 
nickel carbonyl process , was used instead of nickel oxide; after fusion the crucible 
contents were allowed to solidify in situ instead of pouring the crucible contents 
into an iron mold. 

Dissolution and filtering 

The button was crushed in a hardened steel piston-type device to obtain a particle 
size of — 1 mm. The crushed pellet was heated with 400 ml of 12 M hydrochloric 
acid in a covered beaker on a hot plate until the sample dissolved completely. 
When cooled, the solution was filtered under vacuum and washed with —400 ml 
of distilled water . The black residue on the filter paper was folded into a triangular 
shape and sealed in plastic ready for the irradiation and counting procedure . 
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Instrumental Neut ron Activation Analysis Measurements 

The noble metal content was determined by a procedure involving two to three 
countings. Rhodium and palladium were determined during the first count , pal-
ladium if required (low levels, below —50 ppb , are not detected in the first count) 
during a second count , and the balance of the noble metals in a third count . 

Rhodium and palladium 

The samples were irradiated serially for 5 min and then allowed to decay for 60 
s so that very short-lived radioisotopes , e.g. ,

 7 7 m
S e (tl/2 = 17.5 s), could decay. 

Samples and s tandards were counted for 200 s for the
 , ( ) 9 m

P d and
 , 0 4 m

R h x-rays. 
Nuclear data for the radioisotopes are given in Table 8.5 (42). Peak areas, corrected 
for background, were compared for samples and s tandards . 

Palladium, platinum, osmium, ruthenium, iridium, and gold 

U p to 40 samples , internal s tandard, and flux monitors were sealed in a 27 c m
3 

plastic irradiation container , which was irradiated for 16 h. Samples were allowed 
to decay for ~ 4 h from the end of the irradiation and were counted for

 1 0 9
Pd for 

500-2500 s, depending on the palladium content . 
The samples were allowed to decay for a further 7-9 days , depending on the 

rhenium content of the sample. The 155 keV
 1 8 5

R e 7 peak interfered with the 158 
keV

 1 9 9
Au photopeak. The samples were recounted for

 1 9 9
Au (for platinum content), 

, 9 ,
O s ,

 , 0 3
R u ,

 , 9 2
I r , and

 , 9 8
A u . Integrated peak a reas , corrected for background, 

were entered into a computer program, which took into account sample weights, 
yield through the crushing procedure, irradiation time, counting time, and duration 

T a b l e 8 .5 

Nuclear D a t a
3 

% Isotopic Half-life 

a b u n d a n c e Cross of nuclide 7 ray 

Induced nuclear Isotope target section produced used 

E lement reaction counted isotope (Θ) (barn) (tv2) (keV) 

Rhod ium 
1 0 3

R h ( n , 7)
 1 0 4 m

R h 
1 0 4 mRh 1 0 0 . 0 8 0 0 4 .41 min 51 

Pal ladium 
1 0 8

P d ( n , 7)
 1 0 9

P d 1 0 9 pd 2 6 . 7 12 13 .5 h 8 8 1 0 8
P d ( n , 7)

 1 0 9 m
P d 1 0 9 m p ç| 

2 6 . 7 0 .2 4 . 6 9 min 1 8 6 

Plat inum 
1 9 8

P t ( n , 7)
 1 9 9 m

P d 
1 9 9

A u 7.2 4 3 . 1 5 d 158 

( ß )
1 9 9

A u 

Iridium 
1 9 1

l r ( n , 7)
 1 9 2

l r 1 9 2|r 3 8 . 5 7 5 0 7 4 . 2 d 3 1 7 

4 6 8 

O s m i u m 
1 9 0

O s ( n , 7)
 1 9 1

O s 
1 9 1

O s 2 6 . 4 3 .9 14 .6 d 1 2 9 

Ruthenium 
1 0 2

R u ( n , 7)
 1 0 3

R u 
1 0 3

R u 3 1 . 5 1.4 3 8 . 9 d 4 9 7 

Gold 
1 9 7

A u ( n , 7)
 1 9 8

A u 
1 9 8

A u 1 0 0 . 0 9 8 . 8 6 4 . 8 h 4 1 2 

Source: Ref. 3 1 . a
Data from Bureau of Radiological Health and the Training Institute Environmental Control Administration (42). 
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I. DETERMINATION OF PLATINUM GROUP METALS AND GOLD IN ORES BY I C P - A E S ( 2 8 ) 

Comment on the Method 

The platinum group metals and gold are concentra ted in nickel sulfide but tons 
from fire assays . Nickel is dissolved in a solution of hydrochloric acid and am-
monium chloride, leaving a residue of precious metals . The aqua regia solution 
of the residue is used for analysis. Results were compared with recommended 
values and values obtained by atomic absorption spect rometry . The agreements 
were satisfactory. Osmium cannot be determined by this procedure because it is 
lost during the dissolution of nickel sulfide but tons . 

Equipment 

• Spectrometer , A R L model 33000 Sequentometer (1 m). The grating was ruled 
at 1920 lines/mm and had a reciprocal linear dispersion (first order) of 0.5 nm/ 
mm. The primary slit width was 20 μηι and secondary slit widths were 50 or 
75 μηι. 

• Computer , Digital Equipment Corp . PDP1105 with 8K memory . 

• Nebulizer, Meinhard design of glass pneumat ic , concentr ic nebulizer connected 
to a dual spray chamber . Solutions were fed to the nebulizer at a constant rate 
by a peristaltic pump. The carrier gas was humidified to prevent blockage of 
the nebulizer with salts. 

The operating condit ions are shown in Table 8.6. 

T a b l e 8 .6 

Operat ing Condit ions for P l a s m a 

Forward rf power 1.25 k W 

Ref lected power < 1 0 W 

Argon coolant/support 10 liters/min 

gas flow rate 

Argon flow rate for 1 liter/min 

aerosol transport (stabilized) 

Height of observat ion 2 6 m m 

above load coil 

S a m p l e solution 1.2 ml/min 

uptake rate 

Integration t ime 1 0 s 

Reprinted with permission from Ref. 28. Copyright 1978 

American Chemical Society. 

of count . Radioisotopes were corrected for decay and the activity was compared 
with s tandards of known concentra t ion. 
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Standard Solutions 

Prepare standard solutions of Pt, Pd, Ir, Rh, Ru, and Au from pure metals and 
salts at concentra t ions of 1000 μg/ml. Dilute solutions of the s tandards should 
contain 10% (vol) nitric acid. 

Interference Effects 

The mutual platinum group metal interference effects as well as the interference 
effects of the major ext raneous base metals (copper, nickel, and iron) are shown 
in Table 8.7. The analyte emission lines used were chosen on the basis of lowest 
detection limit, lowest background equivalent concentra t ion, and absence of in-
terfering lines from other platinum metals and the three major base metals . The 
interference effects were negligible for solutions containing low and comparable 
concentra t ions of platinum metals and of the base metals . 

Detection Limits 

The background equivalent concentra t ions and detection limits for this determi-
nation are shown in Table 8.8. 

Calibration 

Prepare calibration curves for the platinum metals and gold using the conditions 
described above . The calibration ranges are shown in Table 8.9. Use three com-
posite standard solutions and a blank. Analyze each standard solution in duplicate, 
and calculate the averages . 

Procedure for Low-Grade Samples 

Choose a weight of sample (50-100 g) such that the anticipated concentrat ions of 
the metals in the final solutions fall within the calibration ranges. Mix the sample 
with a premixed flux containing 32 g nickel carbonate , 45 g sodium carbonate , 90 
g sodium bora te , and 12.5 g sulfur. If the sample is low in silica, add 20 g silica. 

T a b l e 8 .7 

Additive Interferences Expressed in T e r m s of Micrograms per Milliliter Analyte 

Analyte Interferents ( 1 0 0 0 μg/ml ) 
emission 

line (nm) 
Pt Pd Rh Ir Ru O s Au C u Ni F e 

Pt 2 6 5 . 9 — 0 0 .8 7 .3 12 .4 1.4 0 0 0 0 

Pd 3 4 0 . 5 0 — 0 0 0 0 0 0 0 0.4 

Rh 3 4 3 . 5 0 0 — 3 .7 0 .3 0 0 0 0 .2 0 

Ir 3 2 2 . 1 0 0 3 .7 — 0 0 0 0 .5 0 0 

Ru 3 4 9 . 9 0 0 6 .6 0 .2 — 0 0 0 0 .2 0 

O s 2 9 0 . 9 0 0 0 0 0 .5 — 0 0 0 0 

Au 2 6 7 . 6 0 0 0 .3 0 0 .2 0 — 0 0 0 

Reprinted with permission from Ref. 28. Copyright 1978 American Chemical Society. 
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T a b l e 8 .8 

Background Equivalent Concentrat ions and 

Detection Limits for Se lected Plat inum Group 

Emission Lines 

B E C DL in solution 

E lement (^g/ml) ^ g / m l ) 

Pt 9 .8 0 . 0 5 

Pd 1.8 0 .04 

Rh 4 .2 0 . 0 5 

Ir 14 .5 0 .2 

Ru 4 .7 0 .05 

O s 2 .2 Not determined 

Au 2 .6 0 .01 

Reprinted with permission from Ref. 28. Copyright 1978 

American Chemical Society. 

Fuse the mixture at 1100°C for 2 h in a fireclay crucible. Pour the melt into a 
mold. When the sample has cooled, separate the nickel sulfide but ton from the 
slag. 

Powder the slag, and mix it with a premixed flux containing 7 g nickel carbonate, 
10 g sodium carbonate , 30 g sodium bora te , and 3 g sulfur. Fuse the mixture as 
described previously, and separate the second but ton. This t reatment removes 
any residual metals from the first slag. 

Crush the two nickel sulfide but tons , and transfer the solids to a large beaker. 
Add 300 ml of hydrochloric acid (37%) and 100 g of ammonium chloride. Boil the 
sample gently for 2 h to dissolve the base metals . Collect the residue of precious 
metals on a Millipore filter. Dissolve the metals in 20 ml of aqua regia. Make up 
the solution to a volume of 100 ml or less, depending on the anticipated concen-
trat ions. 

Measure the concentrat ions using the instrumental condit ions described above . 

T a b l e 8 .9 

Calibration R a n g e s 

Analytical line Calibration range 

(nm) M/ml) 

Pt 2 6 5 . 9 0 . 5 - 2 0 0 

Pd 3 4 0 . 5 0 . 4 - 1 0 0 

Rh 3 4 3 . 5 0 . 5 - 2 0 

Ir 322 .1 2 - 5 

Ru 3 4 9 . 9 0 . 5 - 5 0 

Au 2 6 7 . 6 0 . 1 - 1 0 

Reprinted with permission from Ref. 28. Copyright 1978 

American Chemical Society. 
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Reprinted with permission from Ref. 28. Copyright 1978 American Chemical Society. a
R; Recommended values. 

Results for Standard Materials 

The results of analyses of three low-grade standard samples are shown in Table 
8.10. The values are compared with the recommended values and also with values 
obtained by means of atomic absorption. The weights of samples and final dilutions 
were: sample 1, 100 g, 20 ml; sample 2, 50 g, 100 ml; sample 3, 100 g, 20 ml. 

J . DETERMINATION OF PLATINUM, PALLADIUM, RHODIUM, RUTHENIUM, AND IRIDIUM IN ORE BY 

ELECTROTHERMAL ATOMIC ABSORPTION (43) 

Comment on the Method 

Low concentra t ions of the five platinum metals are concentra ted in nickel sulfide 
in a fire assay. The precious metals are separated from base metals , and a hy-
drochloric acid solution is used for electrothermal atomizat ion. The limits of the 
determinat ions ranged from 0.002 to 0.03 mg/liter for the various e lements . There 
are no interelement interferences at ratios of 10: 1 of interfèrent to analyte element. 
The results of analysis of a reference material (SARM 7) were satisfactory. 

T a b l e 8 . 1 0 

Compar ison of Results Obta ined by I C P with R e c o m m e n d e d a n d Atomic Absorption V a l u e s ^ g / g ) 

Sample 
No. 

Pt Pd Rh Ir Ru Au Sample 
No. R

a
 ICP AA R ICP AA R ICP AA R ICP AA R ICP AA R ICP AA 

1A 3.7 3.6 1.3 1.5 0.3 0.2 0.1 <0.1 0.4 0.6 0.2 0.2 

1B 4.0 3.7 1.6 1.6 0.3 0.3 0.05 <0.1 0.4 0.6 0.2 0.3 

Av. 3.6 3.9 3.7 1.6 1.5 1.6 0.2 0.3 0.3 0.1 0.1 <0.1 0.4 0.4 0.6 0.3 0.2 0.3 

2A 66.0 67.6 38.4 41.6 6.4 6.8 0.4 <1 9.8 12.6 3.2 3.8 

2B 64.4 58.2 37.0 39.6 6.4 6.0 <0.4 <1 9.8 11.6 2.8 3.8 

Av. 71.4 65.2 62.9 42.7 37.7 40.6 6.5 6.4 6.4 1.9 ? <1 12.7 9.8 12.1 4.0 3.0 3.8 

3A 0.7 0.8 0.3 0.3 0.1 0.1 <0.04 <0.1 0.2 0.3 0.1 0.1 

3B 0.6 0.8 0.3 0.3 0.1 0.1 <0.04 <0.4 0.2 0.3 0.1 0.1 

Av. 0.7 0.7 0.8 0.3 0.3 0.3 0.1 0.1 0.1 0.04 <0.04 <0.1 0.2 0.2 0.3 0.3 0.1 0.1 
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Equipment 

• Pye Unicam SP9 spectrometer equipped with an SP9 video furnace programmer 
and an SP9 computer 

• Pyrolytically coated graphite tubes 

• CR 6525 two-pen chart recorder (JJ instruments) 

The instrumental condit ions are listed in Table 8.11. 

Standard Solutions 

Prepare standard solutions of the five elements from pure metals and sponges. 
Working s tandards should contain 10% (v/v) hydrochloric acid. 

Procedure 

Fire assay using nickel sulfide as a collector (33) 

Use a 50 g sample for platinum group metal concentrat ions of less than 50 ppm. 
Transfer the finely powdered sample, 60.0 g of fused borax, 30.0 g of soda ash, 
32.0 g of nickel carbonate , and 12.5 g of powdered sulfur to a glazed paper. For 
chromite samples add 90.0 g of fused borax and 45.0 g of soda ash. At least 10 g 
of silica should be present for a good fusion. This is usually contributed by the 
sample. If the sulfur content of the sample is larger than 0 .5%, reduce the amount 
of powdered sulfur added accordingly. If the sulfur content is not known, roast 
the sample. If there is a large excess of sulfur during fusion, the button will be 
much larger than 25 g and may disintegrate when it is cooled. 

Since nickel compounds can contr ibute platinum metals , a blank determination 
should be made with each new batch of nickel carbonate . 

Roll the mixture from corner to corner of the paper until it is thoroughly mixed, 
and transfer it to a N o . 1 fireclay crucible. Wipe the surface of the glazed paper 
with a piece of tissue paper , and place this on top of the mixture in the crucible. 
With the aid of furnace tongs, transfer the crucible to a furnace at a temperature 
of 1000°C. Leave the mixture to fuse for VA h. 

Remove the crucible and pour the contents into an iron mold. Allow the mold 
to cool for 30 min, and remove the but ton and the slag. 

T a b l e 8 .11 

Instrumental Condit ions 

E lement 

Wave leng th 

(nm) 

Spectral 

bandpass (nm) 

Background 

correction 

M a x i m u m ash Atomizat ion 

temperature (°C) temperature (°C) 

Plat inum 

Pal ladium 

Rhodium 

Ruthenium 

Iridium 

2 6 5 . 9 

2 4 4 . 8 

3 4 3 . 5 

3 4 9 . 9 

2 0 8 . 9 

0 .2 

0 .2 

0 .5 

0 .2 

0 .2 

U s e d 

U s e d 

Not used 

Not used 

U s e d 

1 7 0 0 

1 2 0 0 

1 6 0 0 

1 7 0 0 

> 2 0 0 0 

2 8 0 0 

2 4 0 0 - 3 0 0 0 

2 8 0 0 

2 8 0 0 

2 8 0 0 

Source: Ref. 43. 
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Weigh the but ton and record the weight. An ideal weight for the but ton is be-
tween 25 and 30 g. Break up the button by pressing it in a hydraulic press. Transfer 
the pieces to the small bowl of a Siebtechnik mill and grind for 2 min. 

Brush the sample into a 600 ml squat beaker , add 400 ml of concentra ted hy-
drochloric acid, and cover the beaker with a watch glass. Leave the beaker on a 
s team bath set at a low tempera ture for approximately 16 h. The operation is 
usually carried out overnight. Remove the beaker from the steam bath, wash down 
the lid and the sides of the beaker with water , and stir the contents with a glass 
rod. Allow the noble metal sulfides to settle and cool for about 1 h. 

Filter the solution under vacuum, using a N o . 542 11-cm filter paper in a Fisher 
funnel. Wash out the beaker with cold 50% hydrochloric acid, and wash the paper 
at least five t imes with water to remove all t races of nickel. Discard the filtrate. 
With a fine je t of water , wash the residue that can be readily removed from the 
filter paper into the original beaker . Pour 10 ml of concentra ted hydrochloric acid 
and 10 ml of 30% hydrogen peroxide onto the filter paper contained in the funnel, 
and cover it immediately with a watch glass. 

As the noble metals dissolve, collect them in the original 600 ml squat beaker . 
Wash the paper three t imes with water . Retain the filter paper together with any 
undissolved residue. Transfer the covered beaker to a hot plate, and boil until the 
solution is reduced to a volume of about 20 ml. Add 2 ml of hydrogen peroxide 
and boil for 10 min. 

Filter the solution into a 150 ml squat beaker using a N o . 540 filter paper , and 
wash with 10% hydrochloric acid. 

Ignite the filter paper together with the above washed paper in a 15 ml porcelain 
crucible. Add 10 ml of aqua regia to the crucible, cover it with a watch glass, and 
heat strongly until the residue is dissolved. Add this solution to the original solution 
in the 150 ml beaker and evapora te to near d ryness . Add 3 ml of hydrochloric 
acid and again evapora te to near d ryness . Add 5 ml of 40% hydrochloric acid and 
warm to dissolve. Dilute the solution to a suitable volume for atomic absorption 
measurements . The final solution should contain 10% hydrochloric acid. 

Atomic absorption measurements 

Use the instrument condit ions shown in Table 8.11 for analyses of s tandards and 
samples . The linear calibration ranges , detect ion and determination limits, and 
relative standard deviat ions for 10 determinat ions are listed in Table 8.12. 

Interference 

Since one fusion with nickel sulfide as the collector effectively separates the noble 
metals from the base metals and other const i tuents in the sample material , the 
resulting solutions contain only the platinum group metals , gold, silver, and a 
small amount (<10 mg) of occluded nickel. Only mutual interferences between 
the platinum group metals , gold, silver, and nickel were therefore tested. There 
were no interferences at a ratio of 10: 1 interfèrent to analyte . 
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T a b l e 8 . 1 2 

Eletrothermal M e a s u r e m e n t s of the Plat inum Meta ls 

E lement 

Linear calibration 

range (mg/liter) 

Detect ion limit
3 

in solution (mg/liter) 

Determinat ion limit
0 

in solution (mg/liter) s
c 

Platinum 0 - 0 . 4 0 . 0 0 8 0 . 0 1 6 0 .05 (0 .30) 

Pal ladium 0 - 0 . 0 6 0 .001 0 . 0 0 2 0 .08 (0 .02) 

Rhodium 0 - 0 . 0 5 0 . 0 0 2 0 . 0 0 5 0 .04 (0 .05) 

Ruthenium 0 - 0 . 1 0 . 0 1 5 0 .03 0 .05 (0 .03) 

Iridium 0 - 0 . 3 0 . 0 1 2 0 . 0 2 5 0 .08 (0 .10) 

Source: Ref. 43 

"Twice the average blank value of a used graphite furnace. 

"Four times the average blank value of a used graphite furnace. c
Relative standard deviation for 10 determinations. Figures in parentheses represent the concentrations (milligrams 

per liter) at which s was calculated. 

Accuracy 

The accuracy of the method is illustrated by the results of analysis of the reference 
material S ARM 7 in Table 8.13. 

K. CHLORINATION-ATOMIC SPECTROMETRY METHOD (10) 

This method does not involve a fire assay. It can often be used in the place of a 
fire assay for difficult to dissolve samples such as concent ra tes , alloys, precious 
metal coatings, and precious metal-containing ceramic products . The approach, 
though simple and very effective, is seldom used because of perceived dangers 
in using chlorine at high temperatures. However, experience in the present authors ' 
laboratories suggests that the method can be employed safely in a laboratory with 
a properly functioning fume hood. 

The method involves mixing the sample with NaCl and then treating the mixture 
(held in a porcelain boat) in a s tream of dry chlorine at 500-600°C for 1-2 h. The 
chlorinated product is dissolved in hydrochloric acid and then can be analyzed 

T a b l e 8 .13 

Results of Analysis of Re fe rence Mater ia l ( S A R M 7) 

Analytical R e c o m m e n d e d N u m b e r of 

E lement results (mg/liter) va lues (mg/liter) ana lyses 

Pt 3 .75 ± 0 . 1 2 3 . 7 4 ± 0 . 0 4 5 8 

Pd 1.46 ± 0 .05 1.53 ± 0 . 0 3 2 10 

Rh 0 . 2 2 ± 0 . 0 2 0 .24 ± 0 . 0 1 3 10 

Ru 0 .45 ± 0 .05 0 . 4 3 ± 0 . 0 5 7 10 

lr 0 .061 ± 0 . 0 0 4 0 . 0 7 4 ± 0 . 0 1 2 10 

Source: Ref. 43. 
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by flame atomic absorption or plasma atomic emission spectrometry. The elements 
covered are gold, plat inum, palladium, and rhodium. Results were checked by 
fire assay and satisfactory agreement was obtained. Detect ion limits are in the 
100 μg/g range. 

Equipment 

A tube furnace, Lindberg single-zone furnace, 1000°C maximum tempera ture , 
(Lindberg, Water town, Wisconsin) , which holds a Vycor tube of 31 mm o.d. and 
100 cm long, was used. The Vycor tube is fitted at each end with a rubber s topper 
through which is inserted a short length of glass tubing of 5 mm o.d. At one end 
the glass tubing is connected by Tygon tubing to a chlorine gas cylinder. At the 
other end the glass tubing is connected to a water bubbler flask which has an exit 
up the rear of a fume hood. The complete appara tus is placed in a fume hood. 
Silica boats used to hold the sample mixture were 2 cm wide by 1 cm high by 10 
cm long. 

Plat inum, palladium, gold, and rhodium were determined by a dc plasma emis-
sion spect rometer (model I I I , SpectraMetr ics Co . , Andover , Massachuset ts ) . A 
model 4000 atomic absorpt ion spec t rophotometer (Perkin-Elmer Corp . , Norwalk , 
Connect icut) was used for the determinat ion of palladium and gold. The operating 
parameters of these instruments are given in Table 8.14. 

Reagents 

All reagents were of ACS reagent grade purity. Standard solutions of precious 
metals were prepared by dissolving the pure metals or pure metal chlorides in 
hydrochloric acid and adjusting the final solution acidity to 10% hydrochloric acid. 

Calibration s tandards were prepared from these solutions. These should contain 
sodium chloride and any matrix ingredient which appears in an amount greater 
than about 0 .5% in the final sample solutions. The final acidity of calibration stan-
dards was 10% hydrochloric acid. 

T a b l e 8 . 1 4 

Instrument Operat ing Paramete rs for dc P l a s m a Emission ( D C P )
a
 a n d Atomic Absorption (AA) 

E lement 

W a v e l e n g t h 

(nm) Slit Air flow rate 

(AA) 

(liters/min) 

Acety lene 

flow rate 

(AA) 

(liters/min) E lement D C P A A 

D C P 

(μη ι ) 

A A (spectral) 

bandwidth) (nm) 

Air flow rate 

(AA) 

(liters/min) 

Acety lene 

flow rate 

(AA) 

(liters/min) 

Au 2 6 7 . 6 2 4 2 . 8 3 0 0 x 5 0 0 .7 2 .0 15 

Pt 2 5 6 . 9 — 3 0 0 x 5 0 — — — 
Pd 3 6 3 . 5 2 4 7 . 6 3 0 0 x 5 0 0 .2 2 .0 15 

Rh 3 3 9 . 7 — 3 0 0 x 5 0 — — — 

Source: Ref. 10. a
D C P conditions: nebulizer argon pressure, 140 kPa; electrode argon pressure, 350 kPa; signal an average of 

two 8 s integrations; peristaltic pump used to introduce sample at a flow rate of 2.8 ml/min. 
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Procedure 

Weigh up to a 1 g sample and mix well with 1 g of sodium chloride powder . 
Transfer the mixture to a silica boat . Place the boat in the center of a Vycor 
chlorination tube. A length of glass rod can be used for this purpose . Insert the 
rubber s toppers into the ends of the Vycor tube . Adjust the chlorine gas flow to 
about 2 bubbles per second. Inspect all lines to ensure that the fittings are secure. 
Allow 2-3 min of chlorine gas flow to be certain that all air has been displaced 
from the system before placing the tube in the furnace, and begin heating. The 
chlorination temperature should be 500°C for alloys and coatings and 600°C for 
concentra tes . When this temperature has been reached, the heating is continued 
for 1.5 h. The chlorine gas flow should be checked from time to time and adjusted 
if necessary. When the chlorination is finished, remove the Vycor tube from the 
furnace and place on a refractory brick to cool. The chlorine gas is left flowing 
during this period. After cooling, turn off the chlorine and displace the remaining 
chlorine gas with air. Remove the rubber s toppers from the ends of the Vycor 
tube. Carefully slide the silica boat out of the tube and into a beaker containing 
100 ml of hot 20% hydrochloric acid. Rinse the interior of the Vycor tube with 
hot 1% hydrochloric acid solution into the beaker . Then cover with a watch glass 
and boil for Vi h to dissolve chlorinated sample. The solution in the beaker can 
be evaporated at this stage if a concentrat ion step is necessary . Cool the solution 
and transfer to an appropriate-sized volumetric flask and dilute to volume. The 
final solution acidity should be 10% in hydrochloric acid. 

Run the samples and s tandards on a plasma emission or atomic absorption spec-
trometer . The instrument operat ion parameters are listed in Table 8.14. 
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9 
Biogeochemical Analysis 

I. INTRODUCTION 

Two biological approaches to prospect ing for ores are biogeochemical and geo-
botanical methods . Geobotanical prospect ing involves using the relationship of 
plant morphology and the distribution of species of plants for finding ores and 
minerals. (This subject will not be covered in this book.) Biogeochemical pros-
pecting involves the chemical analysis of plant t issue for the purpose of finding 
ore bodies. In the latter case there is a rapidly growing literature which shows 
the great importance of biogeochemistry used together with o ther approaches to 
the location of ores . 

Goldschmidt in the 1930s speculated that plant tissue analysis would be a useful 
approach to prospecting. Beginning in the 1950s and accelerating during the 1970s 
and 1980s, there have been many published reports on biogeochemical analysis 
methodology. Most of the very early work was on copper and zinc applications. 

Several of the so-called micronutrient e lements , e.g. , copper , manganese , mo-
lybdenum, and zinc, are important ore-forming e lements . Because these elements 
are required for plant health it was assumed that they would show useful biogeo-
chemical activity. Hence , much of the early work was concentra ted on these ele-
ments . More recently it has been shown that anomalous levels of e lements such 
as gold, silver, arsenic, selenium, lead, nickel, and mercury can be found in el-
evated amounts in plants grown on soils containing these constituents. Thus, there 
has been much recent work on the application of such elements to biogeochemistry. 
In many cases , these (so-called) toxic e lements have been bet ter for outlining 
anomalies than the essential micronutrient s. 

The toxic elements frequently become lodged in the plant root system. However, 
sufficient quantities travel to o ther plant tissue to make their use quite feasible. 
Micronutrient e lements travel readily to the t issues in which they are essential . 
For most elements it has been found that twigs of the previous year ' s growth are 
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excellent for biogeochemical surveys . Evergreen needles have been very satis-
factory for biogeochemical purposes . Deciduous tree leaves and leaves of lower 
plants have also proved to be useful in such work. However , bark and augered 
samples of wood are often unreliable in biogeochemical work. General ly, deep-
rooted vegetation has been found to be superior to shallow-rooted material in 
biogeochemistry. It is important to use only a single sample species in a biogeo-
chemical survey. 

A. CHOICE OF METHODOLOGY 

It may be necessary to begin the sample preparat ion in the field. For example , if 
deciduous tree leaves are collected, they must be field-dried. If this is not done 
the leaves wilt and tend to become mold-covered in the sample bags and thus to 
spoil. Drying should be done by spreading out the sample on a noncontaminating 
support material in the sun. The same t reatment should be used for leaves of lower 
plants and for needles . Sample containers should be noncontaminat ing. 

The moisture content of plant material varies greatly. General ly, it is advisable 
to take a wet weight of at least 25 g to ensure an ash of more than 1 g. If it is 
desirable to report results on a wet weight basis (seldom done) , several samples 
can be weighed while wet and then oven-dried and weighed once again. An average 
of these results can be used to make the convers ion. 

If dry ashing is used, twigs and s tems should be cut into small pieces prior to 
t reatment . Segments be tween 1.2 and 2.5 cm in length are satisfactory. (Care must 
be taken not to do this with a metal tool, which might cause contaminat ion) . Wet 
ashing requires that sample pieces not exceed 1 mm in extent , with 30 mesh being 
bet ter . Obviously, therefore, hard tissue samples are seldom treated directly by 
wet ashing. 

Leaf t issue can easily be reduced to a size suitable for direct wet ashing by 
freeze-drying, followed by grinding. The grinding must be done in a device which 
does not contaminate the sample with metals. Freeze-dried samples thus produced 
can be stored in appropriately sized wide-mouth plastic bott les (e.g. , 25 to 100 
ml capacity) . 

The reader is referred to sections in Chapter 4 on the virtues of wet versus dry 
ashing. In summary , the following can be stated. With dry ashing there is the 
possibility that volatile metals may be lost and/or that metals will become trapped 
in insoluble residues or on container walls. Even at tempera tures below 500°C 
several volatile metals may be lost (e.g. , arsenic , selenium, mercury) . With wet 
ashing, the sample particle size must be small and the technique is comparatively 
labor-intensive. Unless perchloric acid is used (together with excess nitric acid 
for safety), metals may not be completely released from t issues. Except in the 
case of the very volatile metals , dry ashing at about 450°C is used in the au thors ' 
laboratory. For mercury , arsenic , and selenium a highly oxidizing wet ashing 
t reatment is used to retain these very volatile e lements . 

The more recent li terature suggests low-temperature oxygen ashing as a method 
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to ensure a useful sample ash without loss of metals . In the au thors ' view this 
approach is not practical on the basis of time (too long) or size of sample (too 
small). 

Even if dry ashing is employed, an acid t reatment of the sample ash is essential 
if atomic absorption or plasma emission is used. For this purpose a mixture of 
nitric acid (added first) and hydrochloric acid (added after about 30 min of digestion) 
can often be employed. It is important to point out that such a procedure does 
not, in most cases , result in total metal recovery. However , in the majority of 
cases recoveries are greater than 80%, which is adequate in biogeochemical anal-
ysis. If a total digestion is essential , mineral acid mixtures together with hydro-
fluoric acid must be employed. 

Fusions are seldom used in biogeochemistry because of their high labor intensity 
and the high salt contents of the sample solutions. An important exception to this 
rule is the use of a sodium (or potassium) hydroxide fusion of plant material for 
the analysis of arsenic and selenium. If a fusion is used the sample solution should 
be analyzed by hydride generation atomic absorption or plasma emission. 

Sample solutions for biogeochemistry surveys are usually analyzed by atomic 
absorption or plasma emission spect rometry . If both instruments are available the 
choice is usually dependent on the number of e lements which must be determined 
per sample. In this regard, the authors recommend that when more than three 
elements are to be determined per sample plasma emission spectrometry should 
be employed. 

Some of the less abundant elements such as molybdenum may be present at 
levels which are below flame atomic absorption or plasma emission detection limits. 
In such cases furnace atomic absorpt ion may be necessary . However , this tech-
nique is very t ime-consuming and should not be used unless a definite need is 
demonstra ted . 

II. DETERMINATION OF METALS IN VEGETATION BY FLAME 
ATOMIC ABSORPTION SPECTROSCOPY (1) 

Comments on the Method 

Wet or dry ashing can be done as a first s tep in the decomposi t ion of organic 
samples. Dry ashing is generally less labor-intensive and is preferred where ap-
plicable. However , there is danger of loss of some of the more volatile metals at 
the elevated temperatures required. 

Dry Ashing Procedures 

The following procedure is commonly used for plant materials including bark, 
wood, leaves, s tems, seeds , fruit, roots , and highly organic soils. Dry ashing is 
done at 450°C. At this temperature mercury will be lost. Arsenic and the other 
chalconides will most likely be lost in varying amounts . Other volatile metals such 
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as lead, zinc, and cadmium are normally retained. When appreciable siliceous 
mat ter is present , e.g. , in leaves and s tems of many plants , hydrofluoric acid must 
be included in the acid digestion mixture . 

The main advantages of a dry ashing procedure are that large sample sizes can 
be used and perchloric acid need not be employed. As emphasized e lsewhere , 
this acid requires the use of a special fume hood and has been known to cause 
violent explosions when handled improperly. 

The sample should be broken into small pieces. Although 30 mesh is best , up 
to 1 mm lengths are permissible. Place the desired sample weight in a borosilicate 
beaker of appropriate size. Place in a large cool oven. Begin heating at a very 
low rate . The tempera ture should rise from room tempera ture to 450°C in 6-8 h. 
Heat at 450°C for 2 h or until ashing is complete . Then use the aqua regia method 
described in the next section. If no hydrofluoric acid is necessary , decomposi t ion 
can be done in the original beaker . If hydrofluoric acid is required, use Teflon 
dishes. 

Wet Ashing Procedure 

This procedure is not applicable to all sample types and all metals at all concen-
trat ions. It is designed to be a good procedure for a wide range of metals in many 
of the plant materials but not in twigs. 

Two basic approaches to decomposi t ion, both involving nitric acid, are given 
below. In one perchloric acid is employed, in the o ther aqua regia. For samples 
containing appreciable silica, hydrofluoric acid can be included in either mixture. 

Methods of dissolution involving perchloric acid are usually best . However , 
many laboratories are not equipped with proper fume hoods to allow use of this 
acid. 

A worker contemplat ing use of perchloric acid should consult the supplier on 
precaut ions to be observed. The following is a short list of the most important 
rules. 

1. Nitric acid should always be present in excess with perchloric acid at the be-
ginning of a decomposi t ion. Perchloric acid should never be used without nitric 
acid. 

2. When very easily oxidizable mat ter is present , a digestion with nitric acid alone 
should precede the addition of perchloric acid. 

3. A stainless steel fume hood with facilities for washing down the exhaust vents 
and the complete hood interior should be used. There have been many reports 
of workers using perchloric acid for years in ordinary fume hoods without in-
cident. Then , suddenly, a serious explosion occurred due to the accumulation 
of Perchlorates in the venting mechanism. 

The aqua regia ( 1 : 3 nitric acid : hydrochloric acid) method does not give as 
strongly oxidizing condit ions as fuming perchloric acid. However , in many in-
stances, this mixture leaches over 95% of the heavy metals from an organic matrix. 
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The sample sizes cited below may be altered. Samples up to 0.5 g can be handled 
in 100 ml beakers or Teflon dishes. Acid volumes should be increased but not 
proport ionately; e.g., a 1 g sample requires 25 ml nitric acid and 10 ml perchloric 
acid. 

Dissolutions can often be done in test tubes . Evapora t ions are difficult in these 
tubes and, hence , the strongly oxidizing condit ions obtained by fuming perchloric 
acid are not obtained. However , for easily dissolved samples , test tubes are sat-
isfactory. Heating of test tubes can be done in a sand bath, aluminum block, or 
boiling-water bath. The last is the least effective. 

The following metals can be analyzed after the above decomposi t ions: copper , 
manganese , iron, cobalt , nickel, chromium, zinc, cadmium, lead, bismuth, van-
adium, molybdenum, ant imony, and silver. 

In the case of silver, chloride can invalidate the results. As a rule, silver contents 
of solutions up to 0.5 ppm can be analyzed without problem in the presence of 
chloride. When silver is to be measured at parts per million and higher levels, 
hydrochloric acid must be avoided. Lead , unless in very high concentrat ion, is 
not precipitated by chloride. Sulfuric acid is avoided in the procedures to prevent 
formation of lead sulfate. 

Agemian and Chau (2) report loss of chromium as the volatile chromyl chloride 
when perchloric acid is fumed. Hence , aqua regia is preferred for this element. 

For most metals , the following method is good only down to the microgram per 
gram level. It is of great importance to employ background correction, particularly 
when working near the detection limit. 

A lean air/acetylene flame must be employed to avoid interferences in the de-
termination of chromium by several base metals. This, unfortunately, also degrades 
the detection limit. A nitrous oxide/acetylene flame obviates the interference 
problem due to base metals . 

Several of the base metals interfere significantly with nickel. Again, a lean flame 
minimizes this problem. 

A number of elements interfere in a molybdenum analysis. Preparation of sam-
ples and s tandards containing 1000 ppm aluminum overcomes this problem. 

Aluminum interferes in the determination of vanadium. It is best to prepare 
samples and s tandards to contain 1000 ppm aluminum. A fuel-rich nitrous oxide/ 
acetylene flame must be used. 

The procedure has been tested on a variety of botanical s tandard reference 
materials. Percentage recoveries depend on the element and the sample type . In 
general, the aqua regia method gives 80-100% recover ies , compared to bet ter than 
95% by the perchloric method. 

Reagents and Equipment 

Perkin-Elmer 303, 503, and 603 atomic absorption spect rometers are used in the 
au thors ' laboratory. The experimental parameters given in Table 9.1 are related 
to this equipment . 

Reagent grade concentra ted acids are generally adequate for decomposi t ions 
prior to flame atomic absorption work. 



II. Determination of Metals in Vegetation by Flame AAS 297 

T a b l e 9.1 

Instrumental P a r a m e t e r s
3 

Analytical Slit width F l a m e L a m p 

E lement line (nm) (nm) t y p e
0 

s o u r c e
0 

Cr 3 5 7 . 9 0 .7 A / A ( lean) H C L 

M n 2 7 9 . 5 0 .2 A /A H C L 

F e 2 4 8 . 3 0 .2 A /A H C L 

C o 2 4 0 . 7 0 .2 A /A H C L 

Ni 2 3 2 . 0 0 .2 A /A H C L 

C u 3 2 4 . 7 0 .7 A /A H C L 

Z n 2 1 3 . 9 0 .7 A /A H C L 

C d 2 2 8 . 8 0 .7 A /A H C L 

Pb 2 8 3 . 3 0 .7 A /A H C L 

Bi 2 2 3 . 1 0 .2 A /A H C L 

V 3 1 8 . 4 0 .7 N/A (rich) H C L 

M o 3 1 3 . 3 0 .7 N/A (rich) H C L 

S b 2 1 7 . 6 0 .2 A /A H C L 

Ag 3 2 8 . 1 0 .7 A / A H C L 

a
AII elements not indicated otherwise are run with lean flames. In the case of 

chromium this condition gives poorer detection limits but minimizes interferences 

with air/acetylene flames. Nitrous oxide/acetylene flames are often used for chromium. b
A/A, Air/acetylene; N/A, nitrous oxide/acetylene. C
HCL, Hollow-cathode lamp. 

Calibration s tandards are made by diluting 1000 μg/ml stock solutions prepared 
from pure metal or metal salts dissolved in a minimum amount of the appropriate 
acid. Stock and calibration standards must contain 1% acid. Multielement standards 
may be used for most e lements . 

Procedure 

Method 1 

Perchloric , nitric, and hydrofluoric acids. Weigh a 0.2 g sample into a 100 ml 
beaker . Add 10 ml nitric acid. Hea t on a hot plate set at medium heat (just below 
boiling) for 30 min. Top up with nitric acid to 10 ml and add 4 ml perchloric acid. 
Using medium heat , evapora te to dryness in a perchloric acid fume hood. Add 1 
ml of nitric acid and warm. Add 5 ml of water and filter into a 25 ml flask. Cool 
and dilute to volume. Make appropriate dilutions, as required, keeping the acid 
content to 1%. 

If the sample contains siliceous material , the following step should be inserted 
after addition of 1 ml of nitric acid. 

Wash the material from the beaker with a minimum of water into a 100 ml Teflon 
dish. Scrub the beaker walls with a plastic stirring rod and rinse. Evapora te to 
dryness . Add 2 ml hydrofluoric acid, 1 ml nitric acid, and evapora te to dryness . 
Add 1 ml nitric acid and warm. Proceed as above . 
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Method 2 

Nitric, hydrochloric , and hydrofluoric acids. Weigh a 0.2 g sample into a 100 ml 
beaker. Add 5 ml nitric acid and 15 ml hydrochloric acid. Place a watch glass over 
the beaker and digest at medium heat for 60 min. Evapora te to dryness . Add 1 
ml nitric acid and warm. Add 5 ml of water and warm and filter into a 25 ml flask. 
Cool and dilute to volume. Make appropriate dilutions as required, maintaining 
the acid content at 1%. If the sample contains appreciable siliceous material, do 
the above dissolution in Teflon vessels . Insert the hydrofluoric acid procedure 
above in place of the perchloric acid procedure . 

Analysis of Solutions 

Run samples and s tandards using the experimental condit ions listed in Table 9 .1 . 
Standards should be repeated every 10-20 samples . 

It is well to analyze a s tandard reference sample, e.g. , N B S Orchard Leaves , 
with each sample set. The reference sample is run together with samples and 
calibrating s tandards . 

Detection Limits 

In general , detection limits below 0.2 ppm (solution) are not obtainable. 

III. DETERMINATION OF NICKEL AND ZINC IN PLANT 
MATERIAL BY FLAME ATOMIC ABSORPTION (3) 

Comments on the Method 

This procedure was used for the determination of nickel and zinc in European 
species of Thlaspi L . (Cruciferae). Levels of nickel and zinc expected were above 
1000 μg/g dry weight. 

A dry ashing at 500°C is employed. This is followed by dissolution in 2 ml of 
2 M hydrochloric acid. Thus it is not likely that all the zinc and nickel are extracted. 
Determinations are made by flame atomic absorption spectrometry using back-
ground correct ion. N o precision or accuracy assessment was made . Detection 
limits were 2-6 μg/g dry ash for nickel. 

Reagents 

The 2 M hydrochloric acid was prepared by dilution of redistilled analytical grade 
concentrated hydrochloric acid (no instructions for preparat ion of s tandards were 
given). 

Equipment 

A Varian Techt ron AA5 flame atomic absorpt ion spectrometer was used. The 
instrument was equipped with a background correct ion sys tem. 
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Procedure 

Ash enough sample at 500°C to give an ash of at least 20 mg. Accurately weigh 
from 5 to 20 mg into appropria te size borosilicate test tubes (e.g. , 25 ml capacity). 
Add 2 ml of 2 M hydrochloric acid. Place the test tubes in a heating apparatus 
(e.g. , an aluminum block or a water bath) and heat gently for 30 min. Filter the 
solutions into 10 ml volumetric flasks. Wash with 2 M hydrochloric acid and dilute 
to volume with 2 M hydrochloric acid. Analyze the solutions for zinc and nickel 
by flame atomic absorpt ion using experimental condit ions recommended by the 
instrument manufacturer . Background correct ion should be employed. Use an 
appropriate concentrat ion range of nickel and zinc s tandards prepared in 2 M 
hydrochloric acid. 

IV. DETERMINATION OF ARSENIC AND SELENIUM IN PLANTS 
BY HYDRIDE GENERATION (ATOMIC ABSORPTION) (4, 5) 

Comments on the Method 

Samples are digested in a ternary acid solution of nitric, perchloric , and sulfuric 
acids. The hydrides are generated by means of sodium borohydr ide . The hydrides 
are carried directly into a shielded, nitrogen-diluted hydrogen diffusion flame. 
Several N B S standard reference materials (orchard and tomato leaves, spinach, 
and pine needles) were analyzed, and there were good agreements with accepted 
values. The same procedure was used for analyses of animal t issues. 

Appara tus 

A Perkin-Elmer model 403 atomic absorpt ion spect rometer equipped with three 
3-slot, 10 cm Boling-type burner head was used. Electrodeless discharge lamps 
were used for arsenic and selenium. The operating condit ions for the instrument 
are listed in Table 9.2. 

T a b l e 9 .2 

Operat ing Paramete rs 

E lement A s S e 

Source E D L
a 

E D L 

Source power or current, W 8 6 

Slit width, m m 3 3 

Spectral bandwidth, n m 2 .0 2 .0 

W a v e l e n g t h , n m 1 9 7 . 2 " 1 9 6 . 0 

Reprinted with permission from Ref. 4. Copyright 1976 
American Chemical Society. a

EDL, Electrodeless discharge lamp. 

^The 193.7 nm resonance line of As is about twice as sen-
sitive as the 197.2 nm line and can be employed with some 
sacrifice of linear range. 
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The flame is protected from room air currents by the shield illustrated in Fig. 
9 .1 . The shield improved precision approximately twofold. 

The hydride generator is shown in Fig. 9.2. The reaction vessel is a 20 cm 
heavy-wall test tube . It is connected to a reaction head made of acrylic plastic. 
The head incorporates two Teflon metering valves, a vent tube , and a rubber 
stopper. A four-cam, 90 s/rev motor-driven timer is connected to two Teflon-
bodied, relay-actuated solenoid valves. Nitrogen is controlled by a single-stage 
low-pressure gas regulator. Reagents are contained in two 1 liter reservoirs . 

The gaseous reaction products from the generator are delivered to the burner 
via latex rubber tubing and into the burner mixing chamber . The nebulizer is re-
placed by a single glass adapter . 

Reagents 

• Sodium borohydride (NaBH 4) solution, 4%: Dissolve 4 g of powder or pellets 
in 50 ml of 10% (w/v) sodium hydroxide. Dilute to 100 ml with 10% sodium 
hydroxide. 

F i g u r e 9 . 1 . F l a m e shield for Boling burner h e a d . (Repr inted with permission from Ref. 4 . Copyright 1 9 7 6 Amer ican 

Chemica l Society.) 
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S i n g l e s t a g e , low p r e s s u r e 
g a s r e g u l a t o r 

P r e s s u r i z e d r e a g e n t 
b o t t l e s 

4 - c a m m o t o r d r i v e n t i m e r ( 9 0 s e c ) 

d s o l e n o i d va lves 

Exhaust to A A 

R e a c t i o n h e a d w i th 
T e f l o n m e t e r i n g valves 

R e a c t i o n c e l l -

F i g u r e 9 . 2 . Hydride generator. (Reprinted with permission from Ret. 4. Copyright 1976 American Chemical Society.) 

• Sodium iodide solution, 10% (w/v). 

• Acid diluent: Add 50 ml of sulfuric acid to 300 ml of water . Then add 300 ml 
of hydrochloric acid and dilute to 1 liter with water . (The water must be distilled 
and deionized.) 

Procedure 

Instrumental conditions 

Stopper the burner drain tube. Adjust the hydrogen flow rate to 2 liter/min (69 
kPa) and the nitrogen flow rate to 6 liter/min (200 kPa) . Connect the nitrogen to 
the auxiliary oxidant port . Light the flame and adjust the position of the burner 
head to a height slightly below the optical path . 

Typical flow rates for N a B H 4 solution and distilled water wash are 24-32 ml/ 
min and 20-40 ml/min, respectively. Adjust the flow rates by means of the needle 
valves in the reaction head and the pressure on the reservoirs (28 kPa). Use the 
t imer to open the solenoid valve on the N a B H 4 line for 15 s and that on the water 
line for 5-15 s. The volume of N a B H 4 solution (6-8 ml) yields well-defined and 
reproducible peaks for peak height measurements . N o background correction is 
required. 

Sample preparation 

Transfer 1-3 g dry weight of sample into a 100 ml Kjeldahl flask. Add 30 ml of 
ternary acid solution. This consists of nitric, sulfuric, and perchloric acids in the 
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ratios 4 : 1 : 1 . Prepare a blank with each set of 10-12 samples . Carry out the ox-
idation with a micro-Kjeldahl digestion rack equipped with a glass manifold, water-
cooled condenser , receiving flask, and 10% (w/v) sodium hydroxide scrubbing 
tower. Heat the sample very gently until the foaming subsides. Then raise the 
temperature so that steady boiling results . Avoid charring the sample. If charring 
occurs , add 1 ml volumes of nitric acid, or cool the sample rapidly to avoid losses. 
Boil off the perchloric acid, and heat to strong fumes of sulfuric acid. All organic 
material must be oxidized so that quanti tat ive release of the hydrides can be ob-
tained. The digestion requires 1.5-2 h. Cool the digest, and transfer it to a 100 
ml volumetric flask. Add 30 ml of hydrochloric acid, and dilute to 100 ml with 
water . 

Determination of arsenic 

Transfer an aliquot (maximum 20 ml) of the diluted digest to a reaction test tube . 
If necessary, dilute to 20 ml with the acid diluent. Add 0.5 ml of sodium iodide 
reductant solution. Wait 1 min. At tach the test tube to the reaction head, and 
start the t imer. Record the transient signal. 

Prepare standards containing 0.05-0.07 μg arsenic from a 10 μg/ml stock solution 
prepared each day in 30% (v/v) hydrochloric acid. Dilute each to 20 ml with the 
acid reductant . Follow the same procedure as for the samples . 

Determination of selenium 

Follow the same procedure as described for arsenic. Do not add sodium iodide 
solution. 

T a b l e 9 .3 

Analysis of N B S Reference Mater ials 

ppm (dry weight) 

Mater ial Hydride N B S (or literature value) 

Orchard Leaves , S R M 1571 

As 11 ± 1 11 ± 2 

S e 0 . 0 5 5 ± 0 . 0 0 9 0 .08 ± 0 .01 

T o m a t o Leaves , S R M 1 5 7 3 

As 0 .29 ± 0 . 0 2 0 .27 ± 0 . 0 5 

S e < 0 . 1 0 .06 ± 0 .02 

Spinach, S R M 1 5 7 0 

As 0 .16 ± 0 .01 0 .15 ± 0 .05 

S e < 0 . 1 0 . 0 3 9 ± 0 . 0 1 5 

Pine Need les , S R M 1 5 7 5 

As 0 .19 ± 0 .03 0 .21 ± 0 .04 

S e < 0 . 1 0 . 0 4 9 ± 0 . 0 0 4 

Source: Ref. 5. 
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Accuracy 

The calibration curves are linear to about 0.5 μg of arsenic and ant imony. The 
results of analyses of several NBS standards are shown in Table 9.3. The detection 
limits based on 1 g of digested sample are 10-20 ng/g for each element . At levels 
of 0.10 μg, the measurement precision is 1-2% relative standard deviation. 

V. DETERMINATION OF MOLYBDENUM IN BOTANICAL 
MATERIAL BY GRAPHITE ROD ATOMIC ABSORPTION (6) 

Comments on the Method 

A sample is digested in nitric acid. The filtered, diluted solution is analyzed by 
electrothermal atomic absorpt ion spect rometry . Recovery of molybdenum from 
N B S Orchard Leaves was excellent . The relative s tandard deviation was 10% for 
a concentrat ion of 0.50 μg per gram of molybdenum in plant material . 

Appara tus 

A Varian-Techtron model AA6 atomic absorpt ion spect rometer equipped with a 
model 90 carbon rod atomizer was used. The instrument settings were: 

Spectral bandpass : 0.5 nm 

Wavelength: 313.3 nm 

Dry: 90°C/30 s 

Ash: 700°C/30 s 

Atomize: 2750°C/3 s 

A Varian A-25 recorder with a range of 2 mV for measurements of peak heights 
was also used. 

Reagents 

Prepare a solution containing 1000 mg/liter of molybdenum from ammonium mo-
lybdate. Use this solution to prepare s tandards containing 0, 10, 20, 30, and 40 
ng/ml molybdenum. 

Procedure 

Dry the plant material , and grind it in a stainless steel Willey mill to pass a 40 
mesh screen. Transfer a 2.000 g sample to a 250 ml Er lenmeyer flask. Add 20 ml 
of 7 M nitric acid (Baker Ultrex) . Hea t the mixture to a gentle boil. After 20 min, 
cool the sample and filter it through a Whatman N o . 42 filter paper . Collect the 
filtrate in a 100 ml flask. Dilute to volume with water . 

Use 5 ml aliquots of solution for analysis according to the conditions listed 
above . 

Treat the s tandards in the same manner as the samples . The calibration curve 
is linear over this range of concentra t ions . 
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Accuracy and Precision 

The molybdenum content of N B S Orchard Leaves determined by multiple ad-
ditions was 0.39 ± 0.03 μ ^ . A value of 0.36 ± 0.04 μg/g was obtained from 
standards . The relative standard deviation was 10.4% over a period of 1 year (for 
this s tandard) . (The certified value is 0.3 ± 0.1 μg/g.) 

VI. DETERMINATION OF MERCURY IN PLANT SAMPLES BY 
COLD VAPOR ATOMIC ABSORPTION (7) 

Comments on the Method 

The following procedure was used to determine mercury in a variety of oven-
dried (80°C) plants. These included Abies lasiocarpa, Pinus contorta, Picea glauca, 
Populus tremuloides, Populus trichocarpa, Salix sp . , Achillea millefolium, Cas-
tilleja miniata, Epibolium auqustifolium, Shepherdia canadensis, and Taraxacum 
officinale. A variety of plant organs from each species were analyzed (i .e. , roots , 
flowers, s tems, needles , or leaves). Variations in mercury contents be tween the 
species and organs were relatively small. The biggest variation was noted between 
plants growing in mineralized and nonmineralized areas . Thus , the authors con-
clude that local vegetation can be analyzed without much need for worry about 
species chosen. 

The samples are oven-dried at no greater than 80°C. Dissolution is accomplished 
in capped vials using concentra ted nitric acid alone. Sodium borohydride is used 
as the reducing agent to produce elemental Hg vapor. 

Reagents 

A 3 % solution of sodium borohydride ( N a B H 4) was prepared in 1% sodium hy-
droxide. Solutions of 5% potassium permanganate , 10% Antifoam B, and 1.5% 
nitric acid were also prepared for use in the reaction vessel. (No details were given 
on the preparat ion of mercury stock or calibrating solutions.) 

Equipment 

A Perkin-Elmer model 603 spectrometer was used. It was equipped with a Perkin-
Elmer NHS-10 cold vapor device, a Perkin-Elmer model 56 recorder , and a PRS-
10 printer sequencer . 

Procedure 

Dry samples at 80°C or below in a well-ventilated oven. Grind the dried product 
to - 4 0 mesh in a steel mill. Wash all root samples thoroughly in an ultrasonic 
bath prior to drying. 

Weigh 0.100 g sample into a scintillation vial equipped with a plastic-lined lid. 
Add 1 ml concentrated nitric acid and close the vial. Allow it to stand overnight 
at room temperature to predigest most of the organic matter . Wash down the walls 
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with an additional 2 ml of concentra ted nitric acid. Heat the samples in the closed 
vials at 80°C for 15 min. Fur ther dilutions of samples containing more than 10 μg/ 
g mercury are required. 

Add sample solutions (10-100 ml) to 10 ml 1.5% nitric acid in the reaction vessel. 
Add 5 drops of 10% Antifoam Β solution and 1-10 drops of nitric acid to ensure 
nonfoaming of the oxidized sample solution. Add sufficient 3 % N a B H 4 solution 
to fully reduce the mercury in the sample (triplicate readings were made which 
showed a variation of 10%). 

VII. DETERMINATION OF GOLD IN VEGETATION BY GRAPHITE 
ROD ATOMIC ABSORPTION (8) 

Comments on the Method 

A sample is decomposed in fuming nitric acid. The gold is extracted from a hy-
drochloric acid solution into 4-methylpentan-2-one. Iron is removed, and gold in 
the organic layer is measured by electrothermal atomic absorption spectroscopy. 
The lower limit of detect ion was 0.2 ng of gold in a sample weight of 1 g. There 
was reasonable agreement in the gold content of an N B S standard vegetation 
sample. 

Equipment 

• Varian-Techtron AA-5 spectrometer equipped with a deuterium lamp background 
corrector . 

• Varian-Techtron model 63 carbon rod atomizer . The operating conditions are 
shown in Table 9.4. 

Procedure 

Use a finely ground sample of plant material ( leaves, s talks, twigs, e tc . ) . Transfer 
1 g to a 50 ml borosilicate beaker . Add 10 ml of fuming nitric acid. Warm the 
sample on a water bath. Dissolution takes place in about 5 min. Then add 8 ml 
of hydrochloric acid and a little bromine vapor . Evapora te the sample to a volume 
of about 3 ml on the water bath. Transfer the sample to a 20 ml glass centrifuge 

T a b l e 9 .4 

Operat ing Condit ions for C a r b o n Rod Atomizer 

T e m p e r a t u r e (°C) T i m e (s) 

Dry 1 2 0 3 0 

Ash 4 0 0 15 

Atomize 2 0 0 0 2 

Source: Ref. 8 
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tube, and add 6 M hydrochloric acid to a final volume of 5 ml. Then dilute to 15 
ml with water to reduce the acid concentrat ion to about 2 M. 

Add 1 ml of 4-methylpentan-2-one (methyl isobutyl ketone, MIBK) . Stopper 
and shake the tube for 2 min. Allow the layers to separate . Remove all but 4 ml 
of the aqueous phase by means of a pipet. Add distilled water to restore the volume 
to 15 ml. Shake the sample for 2 min. Centrifuge the sample for 1 min to clarify 
the MIBK. The organic layer will be about 0.55 ml. 

Measure the gold contents of 10 μΐ aliquots of the MIB K layer according to the 
instrument conditions in Table 9.4. Carry s tandards and a blank through the same 
procedure . 

The limit of detection is 0.2 ng of gold in a sample weight of 1 g. 

Precision and Accuracy 

Gold content of 1 g sample R S D 

1 7 0 ng 1 0 . 1 % 

5 ng 2 5 % 

The gold content of N B S standard Orchard Leaves was 4.0 and 4.5 ± 1 ng/g 
as compared with a value of 1.8 ± 1 ng/g obtained by neutron activation. 

VIII. ANALYSIS OF PLANT MATERIALS BY ICP-AES (9) 

Elements Determined 

Mn, Zn, Cu, Mo, Ni , Pb, Co , Cr , Cd 

Comments on the Method 

The authors have been unable to find a suitable I C P - A E S procedure meant spe-
cifically for the analysis of plant materials for exploration geochemistry. The fol-
lowing procedure developed in the authors ' laboratory can be used for this purpose 
but was developed to allow total decomposi t ion of plants . The decomposit ion is 
carried out in a Teflon bomb. For geochemical prospecting purposes , a Teflon 
open dish would suffice. Two decomposi t ion approaches are used (methods 1 and 
2), both involving hydrofluoric, perchloric , and nitric acids. Hydrofluoric acid was 
found essential for most plant tissue because of the presence of relatively high 
levels of silicon. Method 2 is more rapid than method 1, involving no evaporat ion, 
and could probably be used for most geochemical prospecting surveys . 

The method was tested on N B S standard reference Orchard Leaves and N I E S 
(Japan) standard reference Chlorella and Pepper Bush. Acceptable agreement with 
the certified values was obtained. 

Reagents 

Reagent grade (Baker Analyzed) chemicals were found to be pure enough for the 
trace elements covered in the proposed procedures . Stock 1000 ppm standard 
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solutions were prepared from metals or metal salts. A 1:1 mixture of 
perchloric : nitric acids was added to stock and working solutions to give a 6% 
final acid content . 

Equipment 

An Applied Research Laborator ies model 34000 was employed. Wavelengths and 
operating parameters used are given in Tables 9.5 and 9.6, respectively. A com-
mercially available pressure cooker suitable for home cooking was employed. Te-
flon bombs were made at the Universi ty of Toronto from Teflon available from 
Canplas Industries Ltd . (Ontario, Canada) . 

Figure 9.3 is a photograph of the Teflon digestion vessel used. These are cleaned 
using a concentra ted nitric acid leach followed by potassium permanganate treat-
ment , which in turn is followed by hydrochloric acid cleaning to remove residual 
manganese oxide. 

Procedures 

Method 1 

Weigh about 0.5 g of dried or 0.8-1 g of wet plant tissue and transfer it to a Teflon 
vessel. Add 4 ml of aqua regia (1 ml of concentra ted nitric acid and 3 ml of con-
centrated hydrochloric acid). Keep at room tempera ture in the closed vessel for 
about 0.5 h. Heat in the oven at 100°C for 2-3 h or in a pressure cooker for 1 h. 
Evaporate the digest on a hot plate to about 1 ml. Cool and add 3 ml of concentrated 

T a b l e 9 .5 

Spectral Lines U s e d 

E lement Line (nm) Order 

Al 3 0 8 . 2 2 2 

Ag 3 2 8 . 0 7 2 

As 1 8 9 . 0 4 3 

C a 3 1 7 . 9 3 2 

C d 2 2 6 . 5 0 3 

C o 2 2 8 . 6 2 3 

Cr 2 6 7 . 7 2 2 

C u 3 2 4 . 7 5 2 

F e 2 5 9 . 9 4 2 

M g 2 7 9 . 0 8 2 

Μ η 2 5 7 . 6 1 3 

M o 2 0 2 . 0 3 3 

Ni 2 3 1 . 6 0 3 

Ρ 1 7 8 . 2 8 4 

Pb 2 2 0 . 3 5 3 

S b 2 1 7 . 5 9 3 

S e 1 9 6 . 0 3 3 

Z n 2 1 3 . 8 6 3 

Source: Ref. 9. 
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T a b l e 9 .6 

Operat ing Parameters 

P lasma and nebulizer premix c h a m b e r 

Argon flow rates, liter/min 

Coolant gas , 12 

P lasma gas , 0 .8 

Carrier gas , 1.0 

Nebul izer 

Concentr ic pneumat ic with automatic tip w a s h 

S a m p l e uptake rate, 2 .5 ml/min 

Viewing height of p lasma a b o v e coil, 15 m m 

R F generator 

Frequency 2 7 . 1 2 M H z 

Operat ing power, 1.2 k W 

Ref lected power, < 3 W 

Instrument 

A R L model I C P Q 3 4 0 0 0 

Grating spectrometer that has 3 2 fixed channels and can be evacuated 

Wavelength-scanning accessory consisting of a moving primary source 

Var iable channel comprising a 0 .25 S p e x monochromator also avai lable 

Optics 

Laser-ruled tripartite concave ΑΙ -coated on S i 0 2 blank 

1 0 8 0 l ines/mm 

Meta l -d ie lec t r i c -meta l narrow bandpass filters for order sorting 

Blaze angle , 6 0 0 n m (first order) 

Resolving power, 4 3 , 2 0 0 (first order) 

Reciprocal linear dispersion, 0 . 9 2 6 n m / m m (first order) 

Four orders used 

Primary slit, 2 0 μη ι 

Secondary slits, 3 5 - 5 0 μη ι 

Source: Ref. 9. 

nitric acid and 1 ml of concentra ted perchloric acid. Heat again in the oven or in 
the pressure cooker for 0.5 h and evaporate the digest to white fumes. After cooling, 
add 1 ml of concentrated hydrofluoric acid and evapora te the sample to near dry-
ness . (In case of a high silica content the volume of hydrofluoric acid must be 
increased.) Dilute using 10 ml of a 6% (v/v) mixture of 1 : 1 nitric acid : perchloric 
acid and heat on the hot plate for about 5-10 min. Transfer the solutions to 25 ml 
volumetric flasks and adjust the volume with the 6% acid solution. Store samples 
in polyethylene bott les. Run three blanks with each series of samples . Prepare 
calibration s tandards to have the same acid composit ion as the samples . 

Method 2 

Weigh 0.3-0.4 g of wet sample into a Teflon vessel . Add 4 ml of concentra ted 
nitric acid, 1 ml of concentra ted perchloric acid, and 0.5 ml of concentra ted hy-
drofluoric acid. Allow the mixture to react in the closed vessel at room temperature 
for about 0.5 h. Heat in the oven at 140°C for about 2-2.5 h or in the pressure 
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F i g u r e 9 . 3 . Tef lon c losed-tube digestion vessel (9 ) . 

cooker for 1.5 h. After cooling, transfer the sample to a 100 ml volumetric flask 
and adjust to volume with distilled water. Store the samples in polyethylene bottles. 
Run three blanks with each sample set. Prepare calibration s tandards to have the 
same acid composit ion as the samples . 

Note that hydrofluoric acid is necessary for complete dissolution of plant material 
because of the presence of silica. The accuracy and precision were assessed using 
the samples listed in Table 9.7. 

Method 1 is much more t ime-consuming than method 2 and is subject to con-
tamination problems. The latter should be used when applicable. It is only when 
very low levels are encountered (e.g. , nickel in these samples) that the greater 
dilution which is required in method 2 invalidates its use . 

IX. X-RAY FLUORESCENCE ANALYSIS OF VEGETATION 
SAMPLES 

A. INTRODUCTION 

Aspects of wet and dry ashing of vegetation samples which influence the recovery 
of minor and trace elements have been presented in the previous sect ions. Oxi-
dation of samples may not be necessary if the elements are determined by x-ray 
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spect roscopy. Many workers have shown that the instrumental methods have suf-
ficient sensitivity that analyses can be performed on the dried materials . The dried 
vegetation is ground to a fine powder and pressed to form small pellets. This 
usually means a saving in sample preparat ion time that can be significant when 
large numbers of samples must be analyzed. Another advantage is that s tandards 
can be prepared by adding measured amounts of solution s tandards to pure cel-
lulose powder . 

A detailed study of nine e lements of low atomic number (less than 20) and four 
of high atomic number has been made by Norr ish and Hut ton (10, 11). An example 
of an application to mineral explorat ion was reported by Smith and Ball (12), who 
showed that determinat ions of calcium, bar ium, and lead in vegetation delineated 
a barite/fluorite/galena/sphalerite ore body. 

B. DETERMINATION OF LOW ATOMIC NUMBER ELEMENTS (10) 

Elements Determined 

Ca, K, Cl, S, Ρ, Si, Al, Mg, N a 

Comments on the Method 

Pellets are formed from the dried, ground samples . Matrix and background cor-
rections are measured and applied. Calibrations are made using previously analyzed 
plants or synthetic cellulose samples. Results of analyses of 13 agricultural samples 
were compared with average chemical values obtained in five laboratories. Agree-
ments were good. 

Ins t rument and Equipment 

• The instrument used was a Phillips model PW1540 all-vacuum spectrometer . 
The instrument was equipped with 1 kW x-ray tubes , a sign θ amplifier, and a 
dead-t ime corrector . Details of instrument condit ions and counting times are 
contained in Table 9.8. 

• A ring and puck mill equipped with 10 c m
3
 or 100 c m

3
 vials for grinding samples 

• Hydraulic press 

Sample Preparat ion 

Grind subsamples of the dried vegetation in a mill. Use 0.5-1 g of material in a 
10 c m

3
 vial or 2.5 g in a 100 c m

3
 vial. A time of 2 min is sufficient for many 

samples , but an 8 min grinding time may be necessary for harder materials . 
About 0.1 g sample is sufficient for a 2.5 cm disk. The pressure applied is 10-

20 tonne . A spongy pellet can be the result of insufficient grinding or pressure . 
Calibration standards are prepared from previously analyzed vegetation, or from 

cellulose powder . After solutions are added to the dry, weighed cellulose powder , 
the s tandard is dried and ground up again. 
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T a b l e 9 .8 

Instrumental Condit ions for Determinat ion of Low Atomic N u m b e r 

E l e m e n t s
3 

T o give 

(counts/ 

E lement Crystal Count ing t i m e
0
 (s) %) 

C a G e (111 ) 2 .4 1 0
5 

Κ G e (111 ) 4 1 0
5 

Cl G e (111 ) 7 .4 4 x 1 0
4 

S G e (111 ) 8 .7 4 x 1 0
4 

Ρ G e (111 ) 7 .8 4 χ 1 0
4 

Si P E (002 ) 13 2 χ 1 0
4 

AI P E (002 ) 3 0 4 χ 1 0
4 

M g
c 

A D P (101 ) 21 2 χ 1 0
3 

M g 

N a
d 

T I A P (001 ) 3 0 1 0
4 

M g 

N a
d 

K A P (001 ) 7 3 1 0
3 

N a R b A P (001 ) 3 0 1 0
3 

N a T I A P (001 ) 2 2 2 χ 1 0
3 

Source: Ref. 10. Reproduced by permission of John Wiley and Sons Limited. a
Cr x-ray tube, 44 kV, 20 mA; 480 μπι collimator. Flow-proportional counter with 1 

μπι polypropylene window; pulse height analysis used with 0.75-1.5 V channel. All Κ 

lines; measurements made in vacuum. 

T h e scalar-timer equipment has inbuilt facilities to display total counts divided by 

4.2 or direct, and to adjust counting times automatically to compensate for losses due 

to dead time. c
For Mg Κα using ADP (101) crystal the amplifier gain was increased 2 0 % above 

the symmetrical setting to decrease the background arising from fluorescence of the 

crystal. d
For Na Κα using KAP (001 ) crystal the gas in the flow-proportional counter was 

changed from 9 0 % argon-10% methane to pure methane. 

Counting 

Table 9.8 shows information on counting for this determinat ion. 

Matrix Correct ions 

Variations in composit ion of the vegetation are sufficient that matrix correct ions 
must be used. Linear calibration procedures are not recommended . Concentrat ion 
is expressed as C = K(RP - / ^ ) μ , where C is the concentrat ion of the element, 
(Rp - Rh) is the net intensity of the line, μ is the mass absorption coefficient of 
the sample, and Κ is a constant. The authors (10) state that for samples that consist 
mainly of low atomic number elements μ can be replaced by the mass absorption 
coefficient of the sample for the fluorescent radiation. All e lements which make 
a significant contribution to variations in absorption must be measured , and the 
matrix coefficients are used to correct for interelement absorption effects. 

Measure the matrix coefficients of the elements using aqueous solutions or pre-
pared cellulose s tandards . The values obtained by the authors are shown in Table 
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T a b l e 9 .9 

Coefficients U s e d to Correct Nomina l Concentrat ion (Genera l ly Appl icable) 

Analytical line C e f C a Κ Cl S Ρ Si AI M g N a 

C a Κα 0.721 0.55 10.15 7.48 6.27 5.17 4.14 3.23 2.44 1.71 
Κ Kot 0.850 0.65 0.42 8.85 7.42 6.13 4.89 3.82 2.82 2.02 
Cl Κα 0.911 0.66 0.42 0.00 7.78 6.44 5.14 4.04 3.07 2.14 
S Κα 0.934 0.65 0.41 0.00 -0 .18 6.55 5.21 4.09 3.12 2.18 
Ρ Κα 0.951 0.65 0.40 - 0 . 0 2 -0 .19 -0 .33 5.27 4.15 3.17 2.21 

Si Κα 0.975 0.65 0.39 - 0 . 0 3 -0 .20 -0 .36 -0 .49 4.20 3.20 2.24 
ΑΙ Κα 0.975 0.61 0.37 -0 .05 -0.21 -0 .36 -0 .50 -0 .60 3.19 2.22 
M g Κα 0.922 0.60 0.35 -0 .06 -0 .24 -0 .38 - 0 . 5 2 - 0 . 6 3 -0 .72 2.24 
N a Κα 1.000 0.57 0.33 -0 .08 - 0 . 2 5 -0 .40 - 0 . 5 2 -0 .64 -0 .73 -0 .79 

Source: Ref. 10. Reproduced by permission of John Wiley and Sons Limited. a
Matrix coefficients for cellulose (Cel) and elements (element coefficients are for unit weight fraction). 

b
A carbon, oxygen, nitrogen, and hydrogen matrix assumed to have the same absorption coefficient as cellulose 

and to be constant. 

9.9. They have been normalized so that the matrix correct ion for each element 
will be 1.0 for a plant of average chemical composi t ion. 

For example , a matrix correct ion for calcium is made as follows. Let the true 
percentage concentra t ions of the elements be Ca, Κ, e tc . and the nominal con-
centrat ions be Ca*, Κ*, e tc . (The nominal concentrat ions are obtained from the 
calibration graphs.) 

Ca = Ca*[0.721 + 0.01(0.55Ca + 10.15K + 7.48C1 + - + 1.71Na)] 

In the first calculation, the nominal values for the elements are used in place 
of the true values. Then successive iterations are used until a constant result for 
each element is obtained. Usually, two iterations are sufficient. 

(The factor 0.01 conver ts percentage concentrat ion to weight fraction.) 

Background Correct ions 

Background intensities are low. Table 9.10 contains correct ions measured by the 
authors (10) for the instrumental condit ions in Table 9.8. As an example , a cor-
rection for magnesium is obtained as : 

Background % = 0.01(0.93 x Ca* + 0.50 x K* + — + 0.16 x S*) + 0.016 

Subtract background correct ions from nominal concentra t ions prior to matrix 
correct ion. 

Nominal Concentra t ions 

Nominal concentra t ions are obtained by using calibration s tandards as explained 
earlier. 
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T a b l e 9 .10 

Background Coefficients (Applicable Only to Condit ions Set Out in T a b l e 9.8) 

Constant Additional background (% due to unit weight fraction of e lement) 

Analytical background 

line (%) C a K Cl S Ρ Si 

C a Κα 0.001 
Κ Κα 0.001 0.002 
Cl Κα 0.001 0.013 0.018 
S Κα 0.001 0.017 0.017 0.037 
Ρ Κα 0.001 0.043 0.035 0.025 0.036 
Si Κα 0.002 0.032 0.021 0.017 0.027 0.037 
ΑΙ Κα 0.0008 0.031 0.022 0.015 0.014 0.010 
M g

a
 Κα 

M g
ö
 Κα 

0.016 0.93 0.50 0.20 0.16 M g
a
 Κα 

M g
ö
 Κα 0.013 0.60 0.18 0.085 0.065 0.050 

N a
c
 Κα 0.060 2.50 0.65 0.30 0.25 0.15 

N a
d
K a 0.060 1.50 0.95 0.70 0.45 0.25 

N a
ö
 Κα 0.030 0.40 0.12 0.095 0.075 0.080 

Source: Ref. 10. Reproduced by permission of John Wiley and Sons Limited. a
ADP crystal. b
TIAP crystal. C
KAP crystal and C H 4 gas. d
RbAP crystal. 

Obtain intensity readings from a series of s tandards using the instrumental con-
ditions in Table 9.8. Calculate nominal concentra t ions from the matrix corrections 
in Table 9.9. For example , 

Ca* = Ca/[0.721 + 0.01(0.55Ca + 10.15K + ··· + 1.71Na)] 

Add the background correct ion. 
Plot the resulting values for each element against intensities to obtain the cal-

ibrations, and use these for subsequent analyses of vegetation samples. 

C. DETERMINATION OF ELEMENTS WITH ATOMIC NUMBER GREATER THAN 20 (11) 

Elements Determined 

Mn, Fe , Cu, Zn 

Comments on the Method 

Pellets are formed from the dried, ground samples . Calibrations are carried out 
by means of synthetic cellulose composi t ions . Matrix and background correct ions 
are applied. Four elements in a series of 13 previously analyzed samples were 
determined. The agreement was satisfactory even at very low concentra t ions . 

Instruments and Equipment 

These were the same as in the previous method for low atomic number e lements . 
The instrumental condit ions are listed below. 
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X-ray tube: Au target. Window reduced with a 10 mm diameter circular lead 
port . 

Analyzing crystal : L iF (200). 

Collimator: 480 μπι. 

Pulse height selection: 0.75-1.50 V. 

Sample Preparat ion 

The sample is dried and ground as described in the previous method. Press a 3.2 
cm diameter disk from at least a 2.5 g sample, or a 4.0 cm diameter disk from 4.0 
g sample. 

Prepare calibration s tandards from previously analyzed vegetation. Alterna-
tively, prepare s tandards containing 250, 500, and 750 ppm of the analytes by 
adding measured volumes of s tandard solutions to cellulose powder . Then add a 
few drops of ammonium hydroxide . Dry, grind, and press the s tandards in the 
same manner as the samples . 

Mass Absorpt ion Coefficient 

The concentrat ion of an element in a plant sample is expressed by the equation 
C = K(RP - /?b)M-> where C is the concentra t ion of the e lement , (Rp- Rb) is the 
net intensity of the line, μ is the mass absorpt ion coefficient of the sample, and 
Κ is a constant . 

In this work with high atomic number e lements , μ is related linearly to μ 2, the 
mass absorption coefficient of the sample for the fluorescent radiation of the ele-
ment being measured. The authors (11) descr ibe three methods of measuring μ 2. 
The direct method is described here . The method requires the preparat ion of 
12.5 cm sample disks that can be inserted in front of the counter . The fluorescent 
radiation is obtained by placing a piece of metal foil or metal powder in the sample 
compar tment . Measurements are made with and without the sample disk in the 
beam. 

itr
2
 Tx μ 2 = — log — 

w Ts 

where w is the weight of the disk (grams), r the radius of the disk (centimeters) , 
Tx the time to accumulate Ν counts with sample in beam (seconds) , and Ts the 
time to accumulate Ν counts without sample in beam. 

Background Correct ion 

This is an important measurement . The time of the background count must be as 
long as the peak count . The background is measured in an off-peak position. This 
value must be multiplied by a factor which relates off-peak background to true 
background under the peak. The authors recommend using pure ashless cellulose 
for both measurements (11). Backgrounds must be measured for each element. 
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X. DETERMINATION OF URANIUM IN PLANTS BY LASER 
FLUOROMETRY (13) 

Comments on the Method 

Ward and Price (14) critically reviewed the major approaches for uranium explo-
ration. The most commonly used methods are ' ' conven t iona l ' ' fluorometry (i .e. , 
with other than a laser source) and delayed neutron counting. Conventional fluo-
rometry gives sensitivities of 0.1-0.2 ppm (solids). Sensitivities are less than 1 
ppm (solids) and 0.02 ppb (water—uranium trapped on resin) by neutron activation 
analysis. Laser- induced fluorescence gives 0.02-0.05 ppb sensitivity for waters 
but is subject to disadvantages because of the considerable length of time required 
for sample preparation. Nuclear fission track techniques are capable of sensitivities 
down to 0.01 ppb with water . 

This method requires a laser fluorometer (e.g. , Scintrex model UA-3). Levels 
of uranium typically found in plants are usually below the detect ion limit of con-
ventional fluorometry. The determination limit for the proposed method is 0.05 
ppm, which was found to be satisfactory for detecting uranium in all but one of 
the 74 plant samples analyzed. 

The sample is dry ashed at 450°C followed by dissolution of the ash in 2.5 M 
nitric acid saturated with aluminum nitrate. The uranium is extracted into ethyl 
aceta te . Ethyl acetate is then destroyed by ignition and the residue is redissolved 
in 0.005% nitric acid. 

Apparatus 

A model UA-3 Scintrex (Concord, Ontar io , Canada) uranium analyzer was used 
together with polyethylene bottles and syringes. 

Reagents 

• Nitric acid, 2.5 M: Mix 160 ml concentra ted acid with 840 ml water . 

• Nitric acid, 5%: Dilute 7.2 ml concentra ted acid to 100 ml. 

• Nitric acid, 0.005%: Dilute 70 μΐ concentra ted acid to 1 liter with water . 

• Nitric ac id-a luminum nitrate reagent: Dissolve 950 g of A1(N0 3) 3 · 9 H 20 in 600 
ml of 2.5 M nitric acid. This is a saturated solution. The amount of aluminum 
nitrate required to achieve saturation will vary depending on the water content 
of the nitrate; if the water content is very high, the salt will dissolve in its own 
water of hydration and saturation is not achievable. However , the solution can 
still be used. The reagent may have to be washed with ethyl acetate jus t prior 
to use to remove traces of uranium. To do this, place the reagent in a separatory 
funnel, add 10-15 ml of ethyl aceta te , and shake for 2 min. Allow the phases 
to separate before using the acid. 

• Ethyl aceta te , reagent grade. 

• Sodium hexametaphosphate reagent: Dissolve 7.4 g ( N a P 0 3) 6 in water and dilute 
to 100 ml. 
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• Uranium standard solution, 1000 ppm: Dissolve 0.211 g U 0 2( N 0 3) 2 · 6 H 20 in 
100 ml of 5% nitric acid. 

• Uranium standard solution, 100 ppm: Dilute 10 ml of the 1000 ppm standard 
solution with water to 100 ml. 

• Uranium standard solution, 10 ppm: Dilute 10 ml of the 100 ppm standard solution 
with water to 100 ml. 

• Uranium standard solution, 100 ppb: Dilute 5 ml of the 10 ppm standard solution 
with water to 500 ml. 

• Uranium standard solution, 2 ppb: Dilute 5 ml of the 100 ppb standard solution 
with water to 250 ml. 

Procedure 

Dry and grind the plant tissue to produce a homogeneous sample. Ignite a sufficient 
amount of the ground sample at 450°C to produce at least 100 mg of ash. 

Weigh 100 mg of ash into a 25 x 150 mm screw-cap culture tube . Add 8 ml of 
2.5 M nitric acid previously saturated with aluminum nitrate and heat in a boiling-
water bath for 1 h. Cool , add 10 ml ethyl ace ta te , screw the cap onto the tube , 
and shake the tube and contents for 2 min. Allow the phases to separate—centrifuge 
if necessary—and pipet a 5 ml aliquot of the ethyl acetate into a clean, dry platinum 
dish. Ignite the organic solvent and allow it to burn off. 

After ignition, dissolve the residue in 7 ml of 0.005% nitric acid. Transfer the 
dilute nitric acid sample solution to the UA-3 sample holder and read the fluo-
rescence of the solution following the procedure given in the UA-3 manual . In 
the absence of a proprietary reagent , a dilute solution of sodium hexametaphos-
phate can be substituted to establish optimum conditions for uranium fluorescence. 
The uranium content of the sample is calculated by comparison of the meter reading 
of the sample with that of a set of s tandards (containing 0, 0.005, 0 .01, 0.02, and 
0.05 μg uranium) prepared in a similar manner . 
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10 
ICP Source Mass 
Spectrometry 

I. INTRODUCTION 

One of the most exciting developments in elemental analysis is the use of an in-
ductively coupled plasma as a source for mass spect rometry . The application of 
this technique to geochemical analysis should be particularly rewarding. In addition 
to its capability for t race element analysis at sub-parts per billion levels this ap-
proach, for the first t ime, opens up the possibility of determining natural isotopic 
ratios routinely. Isotopic ratio sample throughputs should approach those obtained 
for ordinary multielement t race element analysis. Also of particular relevance to 
geochemical analysis is the possibility of doing isotope dilution mass spectrometry 
routinely. Isotope dilution mass spectrometry is the technique by which most 
other approaches are measured. 

The use of plasmas as sources for mass spectrometry dates back to the 1960s 
to work by O'Hal loran and Flügge (1). But it was the work by Gray (2), using a 
direct-current plasma, and Houk et al. (3), using an inductively coupled plasma, 
which resulted in an abrupt upswing in activity in the plasma mass spectrometry 
field. The result of this new interest was the recent introduction of commercial 
offerings by VG Inst ruments Ltd . , Winsford, Cheshire , and Sciex Co . Ltd . , 
Thornhill , Ontar io , Canada . Much of the pioneering work was done in the labo-
ratories of Gray (4-6), Fassel (7-9), and Douglas (10-12). 

Douglas and Houk (13) and Date (14) have written reviews of inductively coupled 
plasma-mass spectrometry (ICP-MS). These publications are of great use to those 
interested in acquiring a basic understanding of this technique. 

I C P - M S equipment consists of an inductively coupled plasma source , an in-
terface, and a quadrupole mass spectrometer . A typical arrangement is shown in 
Fig. 10.1 (after the Sciex instrument) . 

The inductively coupled plasma (in contrast to ICP-opt ical equipment) is in a 
horizontal position. The ions generated in the plasma are sampled by a conical 
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sampler containing an orifice be tween 0.3 and 1.0 mm in diameter . Ions which 
enter the sample orifice pass into a region which is mechanically pumped down 
to about 1 ton*. A skimmer, which has a larger orifice ( ~ 3 x ) than the sampler, 
is the entry point of ions into a region cryogenically pumped down to about 10

 6 

ton*. 
The ion opt ics , which help focus ions (while rejecting photons) into the quad-

rupole, consist of Einsel lenses and a Bessel box, Fig. 10.1 (Sciex system). A 
photon stop exists behind the skimmer and another stop is placed in the center 
of the Bessel box. An electron multiplier is the detector , and this device is kept 
out of the axis of the ions in case stray photons still exist. A deflector is used to 
direct the ions onto the detector . 

The quadrupole mass spectrometer has at its entrance and exit rf-only quadrupole 
lenses as focusing elements to overcome defocusing caused by fringing fields at 
the ends of the quadrupole . The quadrupole , as the name suggests, consists of 
four rods . These are connected so that opposi te pairs are electrically intercon-
nected. An rf signal of about 1 H z is superimposed over a dc signal on the rod 
pairs. The device acts as a mass filter so that only ions of a particular mass/charge 
ratio reach the detector for a given electrical condition of the quadrupole . A mass 
scan is done by sweeping the dc and rf potentials , keeping the ratio between them 
constant . 

A mass spectrum of a solution of a number of e lements is shown in Fig. 10.2. 
At the present state of development of ICP-MS systems the most serious problems 
are related to mass spectral overlap at mass 80 and below and ionization suppres-
sion. One of us (JCVL) obtains up to 10% drift per hour in routine operat ion. The 
drift is worst during early minutes of operat ion and often becomes more stable 
with t ime. The drift can be + v e or - v e (mainly negative) as shown in Fig. 10.3. 

F i g u r e 1 0 . 2 . M a s s spectrum of a solution of transition metals at 10 μ Ι /ml . 
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0 -
3 0 minutes 

T ime 

F i g u r e 1 0 . 3 . Drift of signal from I C P - M S . 

II. INTERFERENCES 

The worst interference problem is ionization suppression. At typical ICP tem-
peratures in the region sampled, of 5000-7000 K, and electron densities of 5 x 
10

14
 c m

- 3
 most elements of the periodic table are predicted to be efficiently ionized 

(most singly ionized). Thus at a high matrix concentration (i.e., >1000 ppm) almost 
any element (certainly all those with lower ionization energies than argon—8 eV) 
could cause ionization suppression of analyte ions. At these levels, which can 
handle up to 10,000 ppm salts without problem, the matrix ions typically become 
the plasma ions (i .e. , the plasma is now a matrix ion plasma). Ionization inter-
ference can be corrected for as follows: 

1. Matrix matching of samples and s tandards 

2. Internal standardization (but the internal s tandard must have its ionization sup-
pressed to a similar degree as the analyte) 

3. Isotope dilution 

Mass spectral overlap can occur . This type of interference is very much less 
than spectral interference in ICP emission. Mass spectral interference results from 
background peaks (due to plasma gas e tc . ) , oxide ions, isobaric singly charged 
ions, doubly charged ions, and molecular ions (due to use of acids etc . ) . 

Background peaks and possible interferences are listed in Table 10.1. 
Oxide ions of analyte compete for the singly charged positive analyte ion pop-

ulation. Thus , in the case of refractory elements a small proport ion of total analyte 
ion may be tied up as the oxide ions. This effect is present only when samples 
are aspirated into the plasma. Other techniques for sample introduction such as 
electrothermal volatilization and laser ablation do not suffer from this problem. 



322 10. ICP Source Mass Spectrometry 

T a b l e 10 .1 

Background P e a k s Observed in I C P - M S 

M a s s Assignments Interferes With 

12 C
 + 

1 2 C + 

13 
1 3

C
 +
 , C H 1 3 C + 

14 NT 

16 0
 + 

17 O H
 + 

18 H 20
 + 

19 H 30
 + 

2 0 H 2

1 8
0 \ H 2D O

 + 

21 H 3

1 8
0

 + 

2 8 N 2 \ ccr 
2 8

S i
 + 

2 9 N 2H
+
 (?) 

2 9
S i

 + 

3 0 Ncr 3 o SJ + 

31 N O T (?) 3 1 p + 

3 2 ( V 
3 3 0 2H

 + 

3 4 
1 8

0
1 6

0
 + 

3 5 1 6 Q 1 8 OH + 
3 5

c r 
3 6 3 6 Ar + 

3 7 3 6 A rH + 
3 7

c r 
3 8 3 8 Ar + 

3 9 3 9 A rH + 3 9 K. 

4 0 A r
+ 4 0

C a
+ 

41 
4 0

A r H
 + 

4 1 K + 

4 2 ^ A r D * 

4 3 ? 

4 4 C 0 2

 + 
" C a

 + 

4 5 ? 
4 6 N 0 2

+ 

5 4 A r N
 + 5 4

F e
 + 

5 6 A r O
 + 5 6

F e
 + 

7 6 3 6 A r4 o A r+ 
7 6

S e
+ 

7 8 3 8 A r4 0 Ar + 
7 8

S e
 + 

8 0 
40

 A r
40

 A r
+ 8 0

S e
 + 

81 ^ A r ^ A r H
+ 

8 1 Br + 

Reprinted with permission from Ref. 13. Copyright 1985, 
Pergamon Press, Ltd. 

III. SAMPLE PREPARATION 

To avoid a high salt content , as much as possible, fusion techniques are seldom 
used. High salt contents are more serious problems in I C P - M S than in ICP emis-
sion. Thus acid decomposition of samples is commonly used in sample preparation. 
Positively charged ions resulting from the required use of relatively high levels of 
acids can present spectral overlap problems. The following is a comment on each 
of the common acids for ICP/MS work. 
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Nitric acid: Best acid (gives only ArN
 +
 - type ions—one for each isotope). 

Hydrochloric acid: Bad (gives C I O
+
- t y p e and C l 2

+
 and all isotopes of these) . 

Sulfuric acid: Bad (gives SO
 +
 , S O H

 +
 , S 0 2

+
, S 0 2 H \ etc . and all isotopes of 

each). 

Phosphoric acid: Do not use as it e rodes the sampler. 

If organic solvents are a part of the sample preparat ion they can be introduced 
into the plasma with little problem. In this regard the most severe limitation is 
carbon buildup on the sample orifice. Addition of 10% oxygen to the plasma gas 
helps minimize this effect. Ion species which may cause potential spectral overlap 
resulting from organic solvent use a re , for example , C

 +
 , C 2

 +
 , C 0 2

 +
 , and ArC

 +
 . 

Buildup of scale on the sampler orifice can occur due to high concentrat ions of 
a variety of matrix materials . In this regard it may be necessary to scrape the 
scale off the orifice from time to t ime. 

IV. DETECTION LIMITS 

Table 10.2 (13, 15) is a list of currently obtainable detect ion limits. These are 3σ 
values for pure solutions. Work with real samples results in a degradation. These 
values are in many cases close to furnace atomic absorption spectrometry detection 
limits. 

V. NOVEL SAMPLE INTRODUCTION METHODS 

In most cases a nebulizer is used for sample introduction in I C P - M S , the pneumatic 
nebulizer being most commonly employed. There are a few reports of the use of 
ultrasonic nebulization. In these cases , signal enhancements of up to a factor of 
10 have been recorded. 

Other types of sample introduction include laser ablation (16), use of an elec-
trothermal atomizer , and a direct insertion device. These approaches all avoid 
problems related to oxygen-containing molecular ions. In addit ion, signal en-
hancements of severalfold have been recorded. If the electrothermal vaporizer is 
chosen, potentially interfering substances in the matrix can be ashed way prior 
to the atomization/ionization s tep. 

VI. LINEAR WORKING RANGE 

A linear working range of up to 5 orders of magnitude is achievable with I C P -
MS. Thus, this approach is capable of practical multielement analysis of geological 
samples for a wide range of e lements . 



324 10. ICP Source Mass Spectrometry 

T a b l e 1 0 . 2 

Compar ison of Detect ion Limits
3 

Detect ion limits (ng/ml) 

E lement I C P - M S
bc 

I C P - A E S
0 

F - A A S
0 

Li 0.1 2 .8 3 

Β 0 .4 4 .8 1 5 0 0 

B e 0 .03 

M g 0 .7 0 .15 0 .3 

Si 10 

Ti 0.1 

AI 0 .2 2 2 3 0 

Cr 0 .3 6.1 4 .5 

Μ η 0.1 1.3 4 .5 

C o 0 .01 6 7 .5 

Z n 0 .2 1.8 0 .9 

G e 0 . 0 2 1.5 7 5 

As 0 .04 5 2 1 5 0 

S e 0 .8 4 5 1 5 0 

Sr 0 .04 

Zr 0 .06 

N b 0 . 0 3 

Ag 0 .03 7 3 

C d 0 . 0 6 2 .5 1.5 

S n 0 . 0 6 

In 0 . 0 7 6 3 4 5 

T e 0 .09 4 0 105 

La 0 .05 10 2 4 0 0 

C e 0 .04 4 8 

Pr 0 . 0 2 

Nd 0 .03 

W 0 .05 3 0 7 5 0 

Au 0 . 0 6 16 15 

H g 0 . 0 2 2 5 3 0 0 

Pb 0 .05 4 2 

T h 0 . 0 2 6 4 

U 0 .03 2 5 5 1 0 , 5 0 0 

a
A signal which is greater than three standard deviations of the 

noise while running the blank. b
Ref. 15. c
Ref. 13. 

VII. TYPICAL MASS SPECTRA 

A typical mass spectrum of a plasma into which distilled water is being sprayed 
is given in Fig. 10.4. A mass spectrum of a lead solution showing the predominant 
Pb isotopes is shown in Fig. 10.5. F rom the latter spectrum it can be seen how 
readily isotopic ratio work can be done . Of particular importance to geologists 
would be the use of such data in determining the origins of magmas . 
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F i g u r e 1 0 . 4 . Background spectra with a distilled water sample , χ 10 . T h e ion optics w e r e de tuned to k e e p the major 

peaks on scale . (Repr inted with permission from Ref. 13 . Copyright 1 9 8 5 , P e r g a m o n Press, Ltd.) 

>. 3.00 

- 2.00 Η 

F i g u r e 1 0 . 5 . M a s s spectrum of lead isotopes on a logarithmic scale showing four orders of magni tude drop in signal 

be tween peaks . (Repr inted with permission from Ref. 13 . Copyright 1 9 8 5 , P e r g a m o n Press, Ltd.) 
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VIII. ADVANTAGES OVER ICP-OPTICAL EMISSION 
SPECTROMETRY 

There are several important advantages to be expected using I C P - m a s s spectro-
metry compared to ICP-opt ical emission spect rometry . These include the follow-
ing. 

1. Elemental response throughout the periodic table does not vary as greatly with 
the mass spectrometry approach. (Background noise is fairly uniform through-
out in mass range and most e lements are nearly 100% ionized.) 

2. Detection limits already achieved by the mass spectrometry technique are often 
2 to 3 orders of magnitude superior to optical values. 

3. The ratios of natural isotopes can be determined. 

4. Isotope dilution mass spectrometry can be done routinely. 

IX. ISOTOPE DILUTION (ID) MASS SPECTROMETRY 
BY ICP-MS 

Isotope dilution mass spectrometry is the technique by which other methods of 
analysis are evaluated. I C P - M S provides a rapid method of doing I D - M S . 

I D - M S is done as follows: 

1. Measure the natural isotopic abundance of two stable isotopes of an element 
in a sample. 

2. Add a spike of a solution (containing the element of interest) which has a well-
known isotopic ratio of the same two stable isotopes. (Often the spike is made 
to contain 100% of one of the two isotopes.) 

3. Measure the altered isotopic ratio. 

4. Compute the original concentrat ion of the element as follows: 

_ (Ask - R x Bsk) χ Wsk 
1 1 " (R x Bsa - Asa) χ Wsa 

where sk denotes the spike (Ask = isotope A in spike, Bsk = isotope Β in 
spike, Wsk = weight of analyte in spike in micrograms), sa the sample (Asa = 
natural isotope A abundance , Bsa = natural isotope Β abundance , Wsa = sample 
weighting), and R the altered isotopic ratio (after the spike has been added to the 
sample). 
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X. DETERMINATION OF RARE EARTH ELEMENTS 
BY ICP-MS (17) 

Comments on the Method 

This procedure is for the direct determinat ion of rare earth e lements (REE) in 
rock sample solutions. This is possible with I C P - M S (in contrast to optical emis-
sion) because of the relatively few spectral interferences and the high sensitivity 
of the technique. 

A hydrofluoric : hydrochloric : perchloric (10 : 1 : 1) acid mixture is used for the 
primary digestion, and this is followed by a t reatment using a 15% hydrochloric 
: perchloric (15 : 1) acid mixture . The residue is dissolved in hydrochloric acid and 
the sample is diluted to the mark in a volumetric flask. In this way 0.2 g of rock 
is dissolved and diluted to 100 ml. The final solutions of the sample and s tandards 
are made 10% in nitric acid. 

The procedure was tested on a variety of s tandard reference rocks available 
from the U . S . Geological Survey (USGS) , the Canada Centre for Mineral and 
Energy Technology, and the National Insti tute of Metallurgy in South Africa. 
Good agreement with the accepted values was generally obtained. 

Equipment 

All determinations were performed on an E L A N model 250 ICP-MS spectrometer 
system (Sciex). Additional data manipulat ions were carried out on an Apple He 
personal computer . I C P - M S operat ing condit ions for the determinat ions are listed 
in Table 10.3. 

It should be noted that in establishing optimum parameters for the determination 
of the R E E , a reference point for the position of the ICP torch with respect to 
the sampler interface was established while aspirating a solution containing 1000 
μg/g yttr ium. During the nebulization, two distinct features can be observed in 
the plasma: (a) a slender red inner core corresponding to the presence of Y O

+ 

and defined by Koir tyohann et al. (18) as the initial radiation zone (IRZ) and (b) 
a blue plume corresponding to the Y

+
 and neutral Y species , defined as the normal 

analytical zone (NAZ) . Since the relative positions of the IRZ and N A Z with 
respect to any chosen reference point (sampler orifice, tip of torch, load coil) 
depend on several operating parameters , including nebulizer gas flow, auxiliary 
gas flow, and plasma power , it is felt by many workers that the distance between 
the sampler orifice and the tip of the yttrium IRZ provides a more suitable reference 
point for torch positioning than does the parameter "height above the load co i l " 
commonly used in ICP optical emission work. For example , in the R E E deter-
minat ions, the torch position was established so that the tip of the yttrium IRZ 
was approximately 7 mm from the sampler orifice; at this distance the boundary 
layer be tween the plasma and the sampler exhibited minimal visible (red) YO

 +
 . 
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T a b l e 1 0 . 3 

I C P - M S Operat ing and Measur ing Condit ions 

P lasma conditions 

P lasma gas flow, 14 liters/min 

Auxiliary gas flow, 2 .0 liters/min 

Nebul izer back pressure ,
8
 1 6 6 0 k P w 

Forward power, 1 3 5 0 W 

Ref lected power, 5 W 

S a m p l e uptake 

S a m p l e flow (peristalic pump) , 1.4 ml/min 

C 2 Meinhard nebulizer 

Sciex long torch 

Distance sampler - re ference point ,
6
 7 m m 

Lens settings 

BBA, 6 0 - 4 7
c 

B B C , 6 7 

BBB, 7 5 - 6 2
c 

Ring lens, 10 

Acquisition parameters 

O n e point per peak at 0 .5 s/point 

Eight integrations 

a
Mass flow controller not yet installed, therefore actual 

flow rates not measures; reading of 0.45 liter/min on ne-

bulizer gas flow gauge on instrument. 

^Reference point defined as the distance between the 

sampler orifice and the tip of the initial radiation zone (IRZ) 

visible during the nebulization of 1000 ppm Y solution (see 

text). c
Range of lens settings used due to the need to com-

pensate for instrument drift between sample batches. 

Final adjustment of operating condit ions specifically for the rare earths was done 
while aspirating appropriate R E E solutions. 

It should also be noted that the ion lens settings in Table 10.3 (Bessel box lens 
settings on the E L A N ) cover a range of values . This was required because of an 
observable instrument drift and the need for frequent readjustment of lens settings. 

Reagents 

High-purity individual-element spectroscopic solutions (Y, La , Ce , Nd , Sm, Eu, 
Gd, Dy, Yb) at concentrat ions of 1000 μg/ml were obtained from Spex Industries 
(Metuchen, New Jersey). High-purity (99.9% pure) solid rare earth element oxides 
were obtained from Alfa Products (Danvers , Massachuset ts ) . The ion-exchange 
resin used was Amberli te CG-120 (Na) (type 1, 100-200 mesh) (BDH Chemicals) . 
Analytical grade acids and deionized water were used throughout for the prepa-
ration of samples and reference solutions. 

Individual-element standard solutions (1000 μg/ml) were prepared for Pr, Tb , 
H o , Er , Tm, and Lu by dissolving the appropriate oxides in 10% (v/v) nitric acid. 

Two calibration standard solutions were prepared. Solution A, containing Y, 
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La, Ce , Pr, Nd , Sm, Eu , Y b , and Lu at concentra t ions of 100 ng/ml, was prepared 
by combining aliquots of the appropr ia te individual-element s tandard solutions 
and serial dilution with 10% (v/v) nitric acid. 

Solution B , containing 100 ng/ml Gd , Tb , Dy, H o , Er , and Tm, was prepared 
in a similar fashion. 

Procedure 

To digest rock powders , place 0.2 g of the powder in a 50 ml P T F E beaker , and 
add 12 ml of a mixture of 10 ml 48% hydrofluoric, 1 ml hydrochloric (concentrated), 
and 1 ml perchloric (concentrated) acids. Allow the mixture to digest and evaporate 
to dryness . Then add 10 ml of a solution containing 15% (v/v) hydrochloric and 
perchloric (concentrated) acids in a ratio of 15 : 1 to the residue and evaporate the 
solution again to dryness . While the residue is still hot , add 1 ml of nitric acid 
(concentrated) and 10 drops of hydrochloric acid (concentrated). Cover the beaker 
with a watch glass, and boil the solution for a few minutes . After cooling, wash 
the watch glass and the sides of the beaker with water . Add additional water to 
the beaker to a total of approximately 12-15 ml, and heat the solution until clear. 
Transfer the contents of the beaker to a 100 ml volumetric flask and dilute to the 
mark with 10% (v/v) nitric acid. The final dilution factor is 1 : 500. 

Analyze the solutions using the experimental condit ions given in Table 10.3. 
Possible interferences are given in Tables 10.4 and 10.5. Determinat ion limit data , 
compared with R E E abundances in chrondi te , are given in Table 10.6. 

T a b l e 1 0 . 4 

I C P - M S Determinat ion of R a r e Earth E lements : M a s s N u m b e r 

Select ion a n d Isotope Interferences 

E lement M a s s 

A b u n d a n c e 

(%) Interference 

Yttr ium 

Lanthanum 

Cer ium 

Praseodymium 

N e o d y m i u m 

S a m a r i u m 

Europium 

Gadol in ium 

Terb ium 

Dysprosium 

Holmium 

Erbium 

Thul ium 

Ytterbium 

Lutetium 

8 9 

1 3 9 

1 4 0 

141 

1 4 2 

1 4 7 

153 

1 5 8 

1 5 9 

1 6 4 

1 6 5 

1 6 6 

1 6 9 

1 7 4 

1 7 5 

1 0 0 

9 9 . 9 

8 8 . 5 

1 0 0 

27 .1 

15 

5 2 . 2 

2 4 . 7 

1 0 0 

2 8 . 2 

1 0 0 

3 3 . 4 

1 0 0 

3 1 . 8 

9 7 . 4 

C e ( 1 1 . 1 % )
a 

D y ( 0 . 1 % ) 

Er ( 1 . 6 % ) 

Hf ( 0 . 2 % ) 

Source: Ref. 17. 3
Abundance of isotope causing interference. 
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T a b l e 10 .5 

I C P - M S Determinat ion of Rare Earth E lements: 

Ox ide Interferences at Se lected M a s s e s 

E lement M a s s O x i d e
3 

Europium 153 B a O ( 1 1 . 2 % B a )
0 

Gadol inium 158 C e O ( 1 1 . 1 % C e ) 

N d O ( 2 7 . 1 % Nd) 

Terb ium 1 5 9 N d O ( 1 2 . 2 % Nd) 

Dysprosium 164 N d O ( 5 . 7 % Nd) 

S m O (11 .2 S m ) 

Holmium 165 S m O ( 1 3 % S m ) 

Erbium 166 N d O ( 5 . 6 % Nd) 

S m O ( 7 . 4 % S m ) 

Ytterbium 174 G d O ( 2 4 . 7 % Gd) 

Lutetium 1 7 5 T b O ( 1 0 0 % Tb) 

Source: Ref. 17. a
Although a number of oxide interferences are listed, 

the only important correction required in most rock samples 

is for CeO and NdO at
 1 5 8

G d . 

'This interference becomes important at very high levels 

of Ba; e.g., the Eu value in NIM-S was observed to be 1.2 

ppm (0.3 ppm accepted) because of 2400 ppm Ba. 

T a b l e 10 .6 

I C P - M S Determinat ion of R a r e Earth E lements: 

Determinat ion Limits C o m p a r e d with Chondri te 

A b u n d a n c e s
3 

Chondri te Determinat ion limit 

E lement (ppm) (ppm) 

Y 1.96 0 . 0 2 

La 0 . 3 3 0 0 .05 

C e 0 .88 0 . 0 5 

Pr 0 .11 0 .05 

Nd 0 . 6 0 0 .18 

S m 0 .181 0 .15 

Eu 0 . 0 6 9 0 . 0 7 

G d 0 . 2 4 9 0 .14 

T b 0 . 0 4 7 0 .03 

Dy 0 . 3 2 5 0 .13 

Ho 0 . 0 7 0 0 .03 

Er 0 . 2 0 0 0 . 1 0 

T m 0 . 0 3 0 0 .03 

Y b 0 . 2 0 0 0.11 

Lu 0 . 0 3 4 0 .04 

Source: Ref. 17. a
Based on 4σ of blank. 
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XI. DETERMINATION OF LEAD ISOTOPES BY PLASMA 
SOURCE MASS SPECTROMETRY (12) 

Comments on the Method 

Lead isotopes are determined by the following method and then are used to help 
classify gold deposi ts . This procedure is one of the first very useful applications 
of plasma source mass spectrometry. The authors qualify the paper with the phrase 
"initial r e su l t s . " However , the methodology is of sufficient importance that it 
should be included here . 

The instrumentat ion employed is a proto type of an I C P - M S now being com-
mercially offered by Sciex Inc . in Canada . (A competi t ive instrument is also man-
ufactured by VG Ins t ruments in Great Britain.) 

The procedure was tested on N B S 1981. The ratios of Pb isotopes 206, 207, 
and 208 to 204 and of 207 and 208 to 206 were determined. The results by the 
proposed procedure varied by 0.2% for 206/204, 2% for 207/204, - 0 . 2 5 % for 208/ 
204, 1.8% for 207/206, and - 0 . 5 % for 208/206. Standard deviations on replicate 
runs ranged from ±0.013 for 207/206 to ±0 .86 for 208/204. Gold samples supplied 
by the Geological Survey of Canada with

 1
 "known" lead isotopic ratios were also 

run. Agreements were moderate to good. Because the instrument was a prototype, 
some difficulties were encountered which do not exist in the commercial model. 
For example , sensitivities are now improved by a factor of 10 compared to those 
obtainable by these au thors . 

Equipment 

A prototype model of the newly developed E L A N 250 inductively coupled plasma-
mass spect rometer (Sciex) was used throughout this s tudy. A schematic of the 
instrument is shown in Fig. 10.1. A more detailed instrument description can be 
found elsewhere (10). This instrument combines an inductively coupled argon 
plasma (ICP), as the ion source , with a quadrupole mass spect rometer . A sample 
solution is nebulized into the ICP and the metal ions are extracted from the plasma 
gas into the mass spect rometer . The interfacing arrangement be tween the plasma 
and the mass spect rometer is similar to that reported by Gray and Date (19) but 
differs in some important details . The sampling orifice lifetime is many months 
[cf. 30 h reported by Gray and Date (19)]; doubly charged ions, which are a potential 
source of spectral interference, are present at much lower levels; and no ions 
characterist ic of the orifice material (Ni) appear in the mass spectrum. This con-
figuration immediately provides the analyst with the capability of determining iso-
topic concentra t ions with the same ease as elemental analyses . In fact, any ele-
mental analyses done on this instrument are in essence isotopic analyses . Low 
detection limits (0.01-1 ng/ml) and a wide dynamic range (5-6 orders of magnitude) 
are possible, as might be expected of any instrument using an ion counter for 
spectral measurement . 
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Procedure 

Weigh about 20 mg of sample into a beaker . Add 10 ml of reagent grade hydro-
chloric acid and reflux the sample for Vi h. Add 5 ml of nitric acid and heat the 
sample to complete dissolution. Cool and dilute to 100 ml with distilled water . 
Dilute an aliquot of solution (20 ml) by a factor of 5 for measurement of the lead 
isotopes. The undiluted solution is used to determine t race element spectra. 

The lead isotope data were produced by repeated peak hopping between
 2 0 4

P b , 
2 0 6

P b ,
 2 0 7

P b , and
 2 0 8

P b using a dwell t ime of 2 s per isotope and a total measurement 
time of 10 min per sample. A total of 300 isotope measurements were obtained 
on each sample. After collecting the data on disk, each set of measurements was 
divided into seven blocks of 40 measurements each. Within each block the average 
count rate of each isotope was calculated and the isotope ratios determined. The 
individual ratios of each block were then averaged and the standard deviation 
calculated. The uncertainties of Table 10.7 (20, 21) are 1 s tandard deviation (not 
the s tandard deviation of the mean) . Approximately 1-2 mg of lead was required 
per sample. 

XII. ANALYSIS OF LEAF SAMPLES USING ICP-MS WITH 
ELECTROTHERMAL SAMPLE INTRODUCTION (22) 

Comments on the Method 

The following procedure has been proved for the determinat ion of As , Cu, Mn, 
Pb , Rb , V, and Ag in organic samples and hence is well suited for biogeochemical 
work. Preliminary work on samples containing high levels of inorganic material 
suggests that the method can be used on such samples in a semiquanti tat ive way. 
More specifically, it is suitable for solids containing a good deal of silicate mat ter 
if the relative amounts of e lements are of interest . 

Because the level of the above metals is very low in many types of organic 
samples (e.g. , leaves), a method for sample introduction which would result in 
an improvement in detect ion limits was sought. Electrothermal vaporizers (ETVs) 
have been used in ICP-opt ica l emission spectrometry for this purpose and hence 
this approach was adapted to the mass spectrometr ic technique. The detection 
limits achieved were 1-3 orders of magnitude bet ter than those in ICP-opt ical 
emission spectrometry and 1 order of magnitude bet ter than those in ICP-mass 
spectrometry when conventional nebulization was being used. Detection limits 
are given in Table 10.8. The method was tested using N B S Orchard Leaves and 
Oyster Tissue. Values obtained for As , Cu, Mn, Rb , V, and Zn were in acceptable 
agreement with the certified values . In the case of Pb and Ag the certified values 
are near the detect ion limit for this procedure . The results obtained for these 
elements by the proposed procedure were about 1.2-5 times too high. For best 
results standardization should be done by the method of s tandard addit ions. 
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T a b l e 1 0 . 8 

Detection Limits fag/g) 

(Leaves) 

As 0 . 3 2 

C u 0 .07 

M n 0.1 

Pb 1.1 

Z n 0 .2 

V 0.21 

R b 0 .04 

Equipment 

The ICP/MS apparatus used was designed by Douglas and French (23) at the 
Institute for Aerospace Studies , University of Toron to . Fur ther development by 
Sciex has resulted in a commercial product , the E L A N . 

The electrothermal vaporizer was developed for the purposes of this investigation 
and its design and opt imum operat ion are described in detail in a previous pub-
lication (24). A cross-sectional drawing of the ETV is shown in Fig. 10.6. A sum-
mary of its characterist ics is given in Table 10.9. The filament consists of 0.05 
mm thick rhenium metal ribbon (available from REMBAR Laboratory, New York) 
of sample capacity 5 μΐ, which can be resistively heated using a crude home-made 
power supply. This is constructed from a 1 kW transformer and laboratory variac. 

F i g u r e 1 0 . 6 . Cross section of electrothermal vaporizer. 
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T a b l e 1 0 . 9 

S u m m a r y of E T V Characterist ics 

V o l u m e of glass d o m e 

a b o v e f i lament 

Inert gas 

introduction 

5 ml 

Tangent ia l at b a s e (2 liters/min), 

laminar flow (Reynolds 

Fi lament 

number of system is 150) 

R e meta l (central sample 

d imple 1 m m d e e p by 5 m m 

M a x i m u m temperature 

d i a m e t e r — 5 μΙ capacity) 

1 8 0 0 ° C (above this severe 

p lasma loading occurs d u e to 

Particle size of aerosol 

Transport eff iciency
3 

at 2 liters/min (%) 

R e loss) 

0 . 5 - 1 . 0 μίτι (Zn) 

C d (85 ) , P B (83 ) , C u (84) 

F e (85 ) , Ni ( 83 ) . 

a
Greatly improved compared to previously listed devices. 

Maximum output capability is 2.5 V and 30 A. The filament is encased in a glass 
dome , which is sealed to a metallic base by an O-ring. Argon flows through the 
device to carry the vaporized sample, via the Tygon tubing, into the ICP. 

The ICP was obtained from Henry Radio (model 2500). Output powers up to 2 
kW are achievable. This device must be operated and adjusted for the most part 
manually. A standard cross-flow nebulizer for solution sample introduction, when 
required, was used for initial optimization of ion optical and MS parameters for 
each element . 

Mass selection is achieved with a quadrupole mass spectrometer. The quadrupole 
is particularly well suited for mass analysis using a plasma source . The operating 
pressures of 10

 4
 to 1 0 "

5
 torr tolerated by quadrupoles reduce the pumping speed 

requirement and allow the use of relatively large orifices. Fringing field effects, 
which are encountered at the ent rance and exit of quadrupoles , are minimized by 
the use of short sections of ac-only quadrupole rod sets . This provides improved 
resolution capability. 

The interface of the plasma to the ion optical system consists of a sample orifice 
approximately 0.4 mm in diameter. The orifice is a nickel conical structure mounted 
on a water-cooled copper flange. Immediately behind the sample, and separated 
by a region (12 x the diameter of the orifice) which is pumped mechanically to 
about 1 torr , is a skimmer orifice 1 mm in diameter . 

A cryogenic pumping sys tem, supplied by CTI-Cryogenics Ltd . , is capable of 
pumping the mass spect rometer down to a pressure of about 2 x 10"

5
 torr during 

operat ion. 
A model 9176B x-y recorder , available from Varian, was employed for display 

of spectra . Operating condit ions for the equipment are given in Table 10.10. 
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T a b l e 1 0 . 1 0 

Operat ing Condit ions 

Forward power 

Ref lected power 

1 0 0 0 W 

0 W 

14 liters/min 

0 .7 liter/min 

2 liters/min 

1 0 0 ° C for 2 0 s 

( 4 0 0 - 8 0 0 ° C )
a 

(up to 1 8 0 0 ° C )
a 

Coolant flow 

Auxiliary flow 

Carrier flow 

Drying 

Ashing 

Vaporizat ion 

a
Depends on type of sample and element. 

Reagents 

All metal salts, solvents , and acids used were reagent grade quality or better . 
Atomic absorption standard solutions of metals (As, Cu, Mn, Pb , Rb, V, Zn, and 
Ag), 1 mg/ml in concentrat ion, were obtained from Fisher Scientific. 

Calibrating solutions (micrograms per milliliter) were prepared by dilution of 
the 1000 μg/ml s tandards . For preparat ion of nanogram per milliliter calibrating 
solutions the 10 or 1 μg/ml calibration solutions were diluted. All calibration so-
lutions were for single elements and were made to contain 1% nitric acid on final 
dilution. The concentrat ion range covered was 1 ng/ml to 10 μg/ml. 

National Bureau of Standards (Washington, D.C.) s tandard reference samples 
were used to test the methodology. Samples analyzed were Orchard Leaves (SRM 
1571) and Oyster Tissue (SRM 1566). 

Pump the system down to 1 torr in the interface region and 2 x 10"
7
 torr in the 

mass spectrometer . (This takes approximately 2.5 h from a cold start.) Turn on 
all electronic systems and ignite the plasma. Aspirate a 1 μg/ml solution of the 
element to be determined. Optimize the ion optical components so that the max-
imum analyte signal is obtained. The instrument must then be left operating until 
any analyte signal drift has s topped, a minimum of 1 h. At this point the system 
is changed from nebulizer to ETV operat ion. 

Orchard Leaves (SRM 1571) and Oyster Tissue (SRM 1566) samples are dis-
solved in closed Teflon digestion vessels by the method of Brzezinska et al. (25). 
A mixture of nitric, perchloric, and hydrofluoric acids is used. The acid content 
of the solutions after dilution to final volume is 1% in nitric acid. 

Sample and standard solutions are analyzed as follows. Remove the glass dome 
from the ETV. Pipet a 2 μΐ aliquot of sample or s tandard solution onto the rhenium 
filament. (The auxiliary argon flow, 2 liters/min of argon to the plasma, bypasses 
the ETV during this operation.) Replace the glass dome and clamp it tightly onto 
the ETV base using the toggle c lamps. Divert the ETV argon flow of 2 liters/min 

Procedure 
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by means of the three-way s topcock through to a fume hood vent . Dry the solution 
at about 100°C until the drop of liquid has been completely evaporated (visual 
observat ion) . Char the s tandard or sample , if necessary , at 400-800°C for 30-60 
s. (This char step is suitable for the determinat ion of Cu, Mn, Pb , Rb , V, Zn, and 
Ag.) (If As is to be analyzed add a 2 μΐ d rop of 1% nickel nitrate solution after 
drying the sample or s tandard solution and repeat the drying step.) 

Using a three-way s topcock, switch the ETV argon flow (at 2 liters/min) to pass 
into the plasma. Then turn off the auxiliary argon flow. Vaporize the sample at 
up to 1800°C. Record the transient signal obtained. Signal integration must be 
used in computing elemental concentra t ion in Orchard Leaves and Oyster Tissue 
solutions. 

Calibration is done by the method of s tandard addit ions as follows. Run the 
sample alone, as outlined above . Then add 2 μΐ of a suitable concentrat ion of 
calibrating solution to the rhenium filament and dry as indicated above . Remove 
the glass envelope and add 2 μΐ of the sample solution and dry again as detailed 
above . Then vaporize the material on the rhenium filament according to the above 
procedure. This procedure is then repeated using a 2 μΐ spike of calibrating solution 
which is twice the concentra t ion of the first spike. Again, it is important to em-
phasize that signal integration must be employed in computing the signal values 
for these runs . 
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in rocks, soils, sediments, 138, 
180, 191, 218 

in vegetation, 294 
I C P - A E S 

in rocks, soils, sediments, 159, 

175, 200 

Boron determination 

I C P - A E S 

in clay, 147 

Bromine determination 

X R F 

in rocks, soils, sediments, 130 

Burners, 21 

Cadmium determinations 
AA 

in rocks, soils, sediments, 138, 
144, 150, 191, 218, 220, 221 

in vegetation, 294 
in water, 194 

I C P - A E S 
in clay, 147 

in rocks, soils, 136, 159, 200 

in vegetation, 306 
X R F 

in water, 196 
Calcium determinations 

AA 
in sediments, 138 

I C P - A E S 
in clay, 147 

in rocks, soils, sediments, 136, 
140, 159, 200 

X R F 
in rocks, 205, 212 
in vegetation, 311 

339 
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Calibration 
in atomic absorption 

direct comparison, 30 
high precision, 32 

standard additions, 31 
standard reference materials, 32 

in ICP-AES 

direct comparison, 42 

internal reference, 43 
standard reference materials, 44 

in X RF 

compensation, 54 
dilution, 53 

mathematical, 54 

standards, 52 

thin film, 53 
Cerium determinations 

AA 

in rocks, 228 
ICP-AES 

in rocks, soils, sediments, 159, 
200, 205, 223 

ICP-MS 

in rocks, 327 
X R F 

in rocks, soils, sediments, 130, 
236 

Chlorine determination 

X RF 
in vegetation, 311 

Chromium determinations 

AA 
in GXR standards, 149 
in rocks, soils, sediments, 144, 

150, 220 
in vegetation, 294 

ICP-AES 
in clay, 147 
in rocks, soils, sediments, 159, 

200, 205 
in vegetation, 306 

XRF 
in rocks, 212 

Cobalt determinations 
AA 

in GXR standards, 149 
in rocks, soils, sediments, 127, 

138, 144, 150, 218, 220, 221 
in vegetation, 294 

chromatographic 
in soils, 121 

colorimetric 

in geological materials, 109 

ICP-AES 

in clay, 147 

in rocks, soils, sediments, 139, 

140, 159, 200, 205 

in vegetation, 306 

XRF 

in water, 196 

Color standards, 100 

Containers 

cleaning, 61 

storage, 61 

Copper determinations 

AA 

in hydrous manganese oxide, 155 

in rocks, soils, sediments, 127, 

138, 144, 150, 152, 156, 
157, 191, 218, 220, 221 

in sulfides, 159 
in vegetation, 156, 157, 294 
in water, 194 

chromatographic 
in soils, 121 

colorimetric 
in rocks, soils, 104 

in vegetation, 109 
ICP-AES 

in clay, 147 

in rocks, soils, sediments, 136, 

139, 140, 159, 200, 205 
in vegetation, 306 

ICP-MS 
in vegetation, 333 

XRF 

in rocks, soils, sediments, 130, 
205, 212 

in vegetation, 314 
in water, 196 

Dysprosium determinations 
AA 

in minerals, rocks, 226, 228 
I C P - A E S 

in rocks, 223 
ICP-MS 

in rocks, 327 
XRF 

in rocks, 236 

Elements 

association of, 13 

background levels, 7 

detection limits, 5, 324 

Erbium determinations 

AA 

in minerals, soils, 226, 228 

ICP-MS 

in rocks, 327 

X R F 

in rocks, 236 

Europium determinations 

AA 

in minerals, rocks, 226, 228 

ICP-MS 

in rocks, 327 

X R F 

in rocks, 236 

Fire assay, 

lead, 252, 265 

nickel sulfide, 254, 279 

other metals, 254 

Gadolinium determinations 
AA 

in rocks, 228 
ICP-AES 

in rocks, 223 
ICP-MS 

in rocks, 327 
X R F 

in rocks, 236 
Gallium determinations 

AA 
in geological materials, 191 
in rocks, 218 

X R F 
in rocks, soils, sediments, 130, 

212 

Geochemical surveys, 1 
Gold determinations, 

A A 
in assay beads, 270 

in ores, concentrates, 276 
in rocks, soils, sediments, 162, 

191, 241, 246 
in vegetation, 305 
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colorimetric 

in geological materials, 110 

ICP-AES 

in ores, 282 

in rocks, soils, sediments, 160, 

200 

instrumental neutron activation 

in rocks, ores, 279 

Holmium determinations 
AA 

in minerals, rocks, 226, 228 
ICP-MS 

in rocks, 327 
XRF 

in rocks, 236 
Hydride generation, 32 

Indium determinations 
AA 

in rocks, soils, sediments, 191, 
241 

Instruments 
atomic absorption, 35 
I C P - A E S , 37, 44 
ICP-MS, 318 
XRF, 46, 55 

Interferences 
in AA 

atomic spectral, 27 

chemical, 27 

ionization, 28 

nonspecific, 27 
physical, 29 

in I C P - A E S 

nonspecific, 42 
spectral, 41 

in I C P - M S , 321 
in XRF, 53, 54 

Iridium determinations 
AA 

in assay beads, 273 
in concentrates, 288 
in ores, 285 

instrumental neutron activation 
analysis 

in rocks and ores, 279 

Iron determinations 

AA 

in rocks, soils, sediments, 138, 

150, 157, 220 

in vegetation, 157, 294 

in water, 194 

I C P - A E S 

in clay, 147 

in rocks, soils, sediments, 136, 

139, 140, 159, 200 

X R F 

in rocks, 205, 212 

in vegetation, 314 

Isotope dilution, 326 

Lanthanum determinations 
I C P - A E S 

in rocks, soils, sediments, 159, 
200, 205, 223 

ICP-MS 

in rocks, 327 
XRF 

in rocks, soils, sediments, 130, 
236 

Lead determinations 
AA 

in rocks, soils, sediments, 127, 
138, 144, 150, 156, 191, 
218, 220, 221 

in vegetation, 294 

in water, 194 
colorimetric 

in rocks, soils, 104 

in vegetation, 109 
I C P - A E S 

in clay, 147 

in rocks, soils, sediments, 136, 
140, 159, 200 

in vegetation, 306 
ICP-MS 

in rocks, 331 
in vegetation, 333 

X R F 

in rocks, soils, sediments, 130, 
205, 212 

in water, 196 
Lithium determinations 

A A 
in sediments, 138 

ICP-AES 
in rocks, 205 

Lutetium determinations 
AA 

in rocks, minerals, 226, 228 
ICP-MS 

in rocks, 327 

Magnesium determinations 
AA 

in sediments, 138 
I C P - A E S 

in clay, 147 

in rocks, soils, sediments, 136, 
139, 140, 159, 200 

X R F 

in rocks, 205, 212 
in vegetation, 311 

Manganese determinations 
A A 

in rocks, soils, sediments, 138, 
144, 150, 157, 220 

in vegetation, 157, 294 
I C P - A E S 

in clay, 147 

in rocks, soils, sediments, 136, 
139, 140, 159, 200 

in vegetation, 306 
ICP-MS 

in vegetation, 333 
X R F 

in rocks, 205, 212 
in vegetation, 314 

Mercury determinations 
AA 

in air, 129 

by cold vapor absorption, 33 
in rocks, soils, sediments, 164, 

168, 191 
in vegetation, 304 

Metals, in water 
"extractable", 3, 194 
"soluble", 4 
"total", 3, 194 

Molybdenum determinations 
AA 

in rocks, soils, sediments, 138, 
157, 218 

in vegetation, 157, 294, 303 
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Molybdenum determinations (vont.) 

colorimetric 
in rocks, soils, 113 
in vegetation, 115 

ICP-AES 
in clay, 147 

in rocks, soils, sediments, 140, 

159, 200 
in vegetation, 306 

XRF 
in water, 196 

Nebulizers, 20, 38 
Neodymium determinations 

AA 

in rocks, 228 
ICP-AES 

in rocks, 223 
ICP-MS 

in rocks, 327 
XRF 

in rocks, 236 
Nickel determinations 

AA 

in GXR standards, 149 

in rocks, soils, sediments, 127, 

138, 144, 150, 218, 220, 
221 

in sulfides, 159 
in vegetation, 294, 298 

in water, 194 
chromatographic 

in soils, 121 
colorimetric 

in rocks, soils, 112 
in vegetation, 112 

ICP-AES 
in rocks, soils, sediments, 136, 

139, 140, 159, 200, 205 
in vegetation, 306 

XRF 
in rocks, 212 
in water, 196 

Niobium determinations 
ICP-AES 

in rocks, soils, sediments, 159, 
205 

XRF 
in rocks, soils, sediments, 130, 

212 

Osmium determinations 
AA 

in ores, 269 
colorimetric 

in ores, 269 
ICP-AES 

in ores, 282 
instrumental neutron activation 

analysis 

in rocks and ores, 279 

Palladium determinations 
AA 

in assay beads, 270 
in geological materials, 191 
in ores, concentrates, 276, 285, 

288 

direct current p lasma-AES 

in concentrates, 288 
instrumental neutron activation 

analysis 
in rocks and ores, 279 

Phosphorous determinations 
ICP-AES 

in clay, 147 

in rocks, soils, sediments, 136, 
139, 159, 200 

XRF 

in rocks, 205, 212 

in vegetation, 311 
Platinum determinations 

AA 

in assay beads, 270 
in geological materials, 191, 248 
in ores, concentrates, 276, 285, 

288 

direct current p lasma-AES 
in concentrates, 288 

ICP-AES 
in ores, 282 

instrumental neutron activation 
analysis 

in rocks, ores, 279 
XRF 

in ores, 270 
Platinum metals determinations 

atomic absorption, 258 
electrochemical, 263 
emission, 260 
gravimetry, 263 

neutron activation, 261 
radioactive tracers, 262 
spectrophotometry, 264 
titrimetry, 263 

Potassium determinations 
AA 

in sediments, 138 
I C P - A E S 

in clay, 147 

in rocks, soils, sediments, 136, 
140, 200 

X R F 

in rocks, 205, 212 

in vegetation, 311 
Praseodymium determinations 

AA 

in rocks, 228 
ICP-MS 

in rocks, 327 
X R F 

in rocks, 236 
Precision, 12 

Radiation sources 
electrodeless discharge lamps, 26 

hollow-cathode lamps, 25 
plasma torch, 37 
radioisotopes, 48 
X-ray tubes, 48 

Rare earth elements determinations 
AA 

in minerals, 226 
in rocks, 228 

I C P - A E S 

in rocks, 223 
ICP-MS 

in rocks, 327 
X R F 

in rocks, 236 
Rhodium determinations 

AA 
in chromite concentrates, 274 
in concentrates, 288 

direct current p lasma-AES 
in concentrates, 288 

ICP-AES 
in ores, 282 

instrumental neutron activation 
analysis 

in rocks, ores, 279 
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Rubidium determinations 

ICP-MS 

in vegetation, 333 

XRF 

in rocks, soils, sediments, 130, 

205, 212 

Ruthenium determinations 

AA 

in ores, concentrates, 269 ,285 ,288 

direct current p lasma-AES 

in concentrates, 288 
ICP-AES 

in ores, 282 
instrumental neutron activation 

analysis 
in rocks, ores, 279 

Safety 
chemicals, 72, 99 
equipment, 71 
first aid, 71 
fire extinguishers, 72 
gas cylinders, 74 
instruments, 75 
X-ray hazards, 75 

Samarium determinations 
A A 

in rocks, 228 
ICP-AES 

in rocks, 223 
ICP-MS 

in rocks, 327 
X R F 

in rocks, 236 
Samples 

collection, 78 
decomposition 

acid attack, 91 , 104, 134, 322 

apparatus, 87 
ashing, 85, 103, 293 
comparisons, 88 

fluxes, 92 
losses , 86 
partial dissolution, 94, 153 
sintering, 94 

preparation 
crushing, 80 
drying, 80 

powder, 82 
films, 84 

Scandium determinations 

AA 

in rocks, 228 

I C P - A E S 

in rocks, 223 

Sediments, 2, 133 

Selenium determinations 

AA 

in geological materials, 182, 

191 

in GXR standards, 149 

in vegetation, 299 
I C P - A E S 

in soils, sediments, 184 
Silicon determinations 

I C P - A E S 

in soils, sediments, 136, 140 
X R F 

in rocks, 205, 212 

in vegetation, 311 
Silver determinations 

A A 

in rocks, soils, 127, 150, 191, 

218, 220 
in vegetation, 294 

I C P - A E S 

in rocks, 200 
ICP-MS 

in vegetation, 333 
Sodium determinations 

AA 

in sediments, 138 
I C P - A E S 

in clay, 147 

in rocks, soils, sediments, 136, 

139, 140, 200 

XRF 
in rocks, 205, 212 
in vegetation, 311 

Soils , 2, 132 

Standard reference materials, 32, 

44, 65, 265 
Standard solutions, 

preparation, 63 
storage, 63 

Strontium determinations 

A A 
in sediments, 138 

I C P - A E S 
in clay, 147 

in rocks, soils, sediments, 136, 
140, 159, 205 

XRF 

in rocks, soils, sediments, 130, 

205, 212 

Sulfur determinations 

XRF 

in rocks, 205 

in vegetation, 311 

Tellurium determinations 

AA 

in geological materials, 191 

in rocks, soils, sediments, 185, 

241 

Terbium determinations 

AA 

in minerals, rocks, 226, 228 

ICP-MS 

in rocks, 327 

X R F 

in rocks, 236 

Thallium determinations 

A A 

in geological materials, 191 

in rocks, soils, sediments, 218, 241 

Thorium determinations 

AA 

in minerals, 226 

I C P - A E S 

in rocks, soils, sediments, 130 

Thulium determinations 

AA 

in rocks, 228 

ICP-MS 

in rocks, 327 

Tin determinations 

AA 

in soils, sediments, 188, 191 

colorimetric 

in geological materials, 118 

I C P - A E S 

in rocks, soils, sediments, 159, 

200, 244 

Titanium determinations 

colorimetric 

in geological materials, 120 

I C P - A E S 

in rocks, soils, sediments, 136, 

139, 140, 159, 200 

X R F 

in rocks, 205, 212 
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Tungsten determinations 
ICP-AES 

in rocks, soils, sediments, 159, 
200 

Uranium determinations 

chromatographic 

in rocks, soils, 123 

fluorometric 

in vegetation, 316 

ICP-AES 

in rocks, 200 

X RF 

in water, 196 

Vanadium determinations 

AA 

in sediments, 138, 144 

in vegetation, 294 

ICP-AES 

in clay, 147 

in rocks, soils, sediments, 136, 

139, 140, 159, 200, 205 

XRF 

in rocks, 212 

Vegetation, 3, 292 

Water 

determination of metals in, 194, 

196 

quality, 58 

purification, 59, 100 

Ytterbium determinations 

AA 

in rocks, minerals, 226, 228 

ICP-AES 

in rocks, 223 

ICP-MS 

in rocks, 327 

XRF 

in rocks, 236 

Yttrium 

AA 

in rocks, 228 

I C P - A E S 

in rocks, soils, sediments, 136, 

159, 205, 223 

ICP-MS 

in rocks, 327 

XRF 

in rocks, soils, sediments, 130, 

212 

Zinc determinations 

AA 

in hydrous manganese oxide, 

155 

in rocks, soils, sediments, 127, 

138, 144, 152, 156, 191, 

218, 220, 221 

in vegetation, 294, 298 

in water, 194 

colorimetric 

in rocks, soils, 104 

in vegetation, 109 

I C P - A E S 

in clay, 147 

in rocks, soils, sediments, 136, 

139, 140, 159, 200, 205 

in vegetation, 306 

X R F 

in rocks, 205, 212 

in vegetation, 314 

in water, 196 

Zirconium determinations 

I C P - A E S 

in rocks, 200 

X R F 

in rocks, soils, sediments, 130, 

212 


