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A B S T R A C T

The geology of pegmatite systems encompasses lithology, shape, and structure while the chemistry of major and
trace elements is indicative of the ore composition; both are the “pillars” of the CMS classification scheme
(Chemical composition-Mineral assemblage-Structural geology) for barren and rare-metal pegmatites, including
their granitic affiliates. The term Variscan-type has been coined to describe a style of formation linked to the
ensialic orogens and a timebound mineralization sandwiched between the Caledonides and the Alpides. The
primary formation covers the time from the Neoproterozoic through the Permian and ends with a hydrothermal
phase waning eventually in the supergene alteration and is subdivided into three stages: (1) from diatectic to
metatectic gneisses, (2) from metapegmatites, metamorphic pegmatoids to thrusting, (3) from the crust to the
mantle and from barren to rare metal pegmatites. This evolution is characterized by a retrograde metamorphism
from HP/MP to LP regimes. The tabular and stock-like pegmatitic, aplitic and granitic rocks in autochthonous
and allochthonous units are grouped into 8 types (A–H) based on the above qualifiers of the CMS scheme. On a
large scale, felsic mobilizates are accumulated by mimetic (facsimile) crystallization in anticlines with the most
effective traps encountered where the directions of great circle plunges cut each other at almost right angle
(stereonet analysis). The term “mobilizates” is used to describe felsic mobile components in the crust which
migrated to a different extent from the site of their formation. On a small scale, where southward-dipping planar
architectural elements are cut across by deep-seated lineaments the “temperature depression” of the retrograde
system occurs and rare-metal pegmatites are located. This subhorizontal plane is correlated with a gently dipping
Moho and vertical lineamentary fault zones with bulges of the Moho (chemical contour map analysis). Spider
diagrams whose element contents are normalized to a reference paragneiss are categorized into 4 chemical
patterns: (1) circular patterns (= metamorphic mobilizates, magmatic mobilizates), (2) necking-down patterns
(= different degrees of fractionation), (3) lens-shaped patterns (= wall rock alteration), (4) stellate pattern (=
different degrees of fractionation and mixing of fluids). The marker assemblages among the major elements are:
Si-Fe-P: metamorphic to magmatic (sub)crustal mobilizates, K-Na-Al: metamorphic mobilizates, Ti-Mg: restites
of metamorphic and magmatic mobilizates, Ca: remnant in the exocontact of pegmatitic systems, Mn: marker of
depth-pressure The marker assemblages among the minor elements are: As-Bi: HT hydrothermal-metamorphic
fluids, Cu-Ni-Mo: hydrothermal-deep-seated +(ultra)basic sources, U-Zn: hydrothermal-deep-seated sources, Pb:
LT hydrothermal, Nb-Ba-Rb: pegmatitic fractionation-Ba (early)-Rb (late), Zr: restites of metamorphic mobili-
zation+ fractionation, REE: metamorphic mobilizates. The marker to discriminate hypogene and supergene
kaolinization are: (1) hypogene (Ca- Mg out, Zn-Cu-Bi-Rb-Nb in), (2) supergene (Zr-Ti in).

1. Introduction

Based on their mineralogical composition and economic use, peg-
matitic rocks and their fine-grained brethren, called aplites, are sub-
divided into “barren pegmatites” with a simple mineralogical associa-
tion of quartz, alkaline feldspar and mica and into “rare-element
pegmatites” which in addition to this granite-like mineral assemblage

are abundant in incompatible elements, such as Nb, Ta, Be, Li and Cs
(Ackerman et al., 2007; Dill, 2015a). Only less than 1% of these felsic
intrusive rocks warrant the use of the term “rare-element pegmatites”.
Taking a glimpse at the wealth of publications on pegmatites, however,
may give the reader a total different picture as to the significance of
pegmatites as a source of ceramic raw materials (barren pegmatites)
and strategic metallic deposits (rare element pegmatites). More than
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90% of publications, mainly in the field of mineralogy, deal with mi-
nerals and their formation in rare-metal pegmatites. To get an im-
pression of the predominance of mineralogy in the study of pegmatites
the reader is recommended to browse the special volume of ELEMENTS
in 2012, where only one contribution is devoted to industrial minerals,
and by the way touching the geology of barren pegmatites (Glover
et al., 2012) whereas the overview by London (2008) may act as an
intro to the mineralogical and genetic papers, e.g., Linnen et al. (2012),
Simmons et al. (2012) and Černý et al. (2012). Since the first study of
Jahns (1955) on pegmatites the view on the emplacement of these rocks
was narrowed down to the mineralogical angle. One of the most com-
prehensive studies by Schneiderhöhn (1961) began outlining the mor-
phology and geology of pegmatites on a world-wide basis. But written
in German, this book gained only limited access by foreign researchers.
Detailed studies of the geology of pegmatites are either found in com-
pany reports inaccessible to an international audience or in open-file
reports issued by geological surveys whereas such studies on pegmatites
involving extensive field work are rarely conducted in the course of
projects at universities (Bauberger,1957; Norton, 1964; Derré et al.,
1986; Bettenay et al., 1988; Bassot and Morio,1989; Lahti, 1989;
Baljinnyam et al., 1993; Aryal, 2001; Kremer and Lin, 2006; Bynoe,
2014; Konzett et al., 2015; Silva et al., 2015). A holistic approach has
been taken and linking geology to the mineralogy of pegmatitic and
aplitic rocks in combination with the whole-rock chemistry of these
intrusive rocks became the key element of the CMS classification
scheme (Chemical composition-Mineral assemblage-Structural
geology). It is to mitigate the existing disproportion between miner-
alogy and geology and also constitutes the centerpiece of the current
study (Table 1) (Dill, 2015a, 2016a). None of the existing classification
schemes of pegmatites allows for a combination of geology, including
geophysical data, whole-rock geochemistry and mineralogy because all
of them are mineralogically-minded and thereby undermine what a
classification scheme is all about to cover as much as possible of the
realm it is designed for (Simmons, 2005). The descriptive CMS classi-
fication is a binary system, addressing the ore body as well as the ore
composition and also enables the user to cross the lithological border
between pegmatitic rocks and affiliated lithologies such as those of the
granitic clan, the calcsilicate rocks and skarn deposits often associated
in space and time with pegmatites and aplites (Tables 1, 2a, 2b). Of-
fering these opportunities, the CMS system directly translates into ge-
netic statements and unaddressed genetic ideas. The scope of this cur-
rent reference study of the shallow Variscan-type pegmatite system is as
follows:

– To describe the outward lithological appearance of pegmatitic and
its affiliated rocks according to the CMS system so as to be applic-
able for field work as some sort of a manual.

– To statistically manage chemical data in a D-2 manner and compare
them with structural geology and in the field (contour maps vs.
stereonet diagrams) in order to recognize the thermal hot spots and
chemical trends for a source analysis of elements

– To discuss the pegmatitic rocks in view of adjacent non-pegmatitic
mineral deposits

– To figure out to what extent the geodynamic processes in al-
lochthonous and autochthonous units played a part during the em-
placement of pegmatites

The pegmatite province in the NE Bavarian Basement has been se-
lected for its good coverage with large-scale geological and geophysical
data and because of its numerous sites well studied as to the mineralogy
but also still undernourished with regard to geological and chemical
field work (Fig. 1) (Dill, 2015b – see further literature cited there).

2. Methodology and terminology

2.1. Samples and methods

The number of samples investigated during the current study
amounts to 352 from a total of 117sites (Fig. 1b). They have been
supplemented with data from literature: 6 data sets of the Flossenbürg
and Bärnau Granites (Wendt et al., 1994), 5 of aplitic gneisses (Richter
and Stettner, 1986), 18 from older granites south of the Luhe Line listed
in unpublished exploration reports of former Saarberg-Interplan Uran
Company (1982) and 68 from an unpublished KTB report (Steiner,
1986).

It is the hand specimens which in the classical way are subjected to
visual examination. To obtain the petrographic data for the 1st and 2nd
order terms listed in the CMS classification scheme, mineralogically
uncertain cases were tackled by supplementary XRD, SEM-EDX and the
examination of thin sections. The measuring conditions have been de-
scribed in Dill et al. (2012, 2013). All chemical data were subjected to a
statistical treatment. Different interpolation methods can be used such
as directional weighing, linear interpolation, polynomial trend analysis,
inverse distance, kriging and minimum curvature. The latter method
has proved most meaningful for the data management and regional
mapping of the element abundances as contour maps (Section 4.2).
Moreover a statistical treatment of planar structural elements asso-
ciated with the pegmatitic rocks has been conducted to better under-
stand the tectonic impact on the emplacement and alteration of peg-
matites. The structural elements are plotted into a stereonet diagram
(Schmidt Net equal area presentation onto the lower hemisphere) to
show the great circles and density contour intervals of the various
features (Section 4.3). To ease a visual comparison of the chemical data
for each lithotype from A to H, spider diagrams were constructed, one
showing the major element pattern (SiO2, TiO2, Al2O3, Fe2O3, MnO,
MgO, CaO, Na2O, K2O, P2O5) and another the trace elements relevant
for the emplacement of the pegmatitic rocks (As, Ba, Bi, Cu, Mo, Nb, Ni,
Pb, Rb, U, Zn, Zr and REEtot) (Section 4.1). The major elements were
normalized to reference biotite-cordierite-sillimanite gneisses most ty-
pical of the region and their maximum and mean values plotted on a
logarithmic scale in the spider diagrams. The common x–y plots were
used to discriminate hypogene and supergene argillitization (Section
4.4).

2.2. Terminology of rocks and processes

The current study describes a lithological transition from well-
structured metamorphic rocks displaying planar features (cleavage)
which have been deformed to different degrees and laid into folds of
varying types through felsic intrusive rocks lacking any preferred or-
ientation of their rock-forming minerals and emplaced as zoned or
unzoned rock bodies (Passchier and Trouw, 2005). The latter en-
compass the felsic rocks categorized as granitic, pegmatitic or aplitic.
They are felsic mobile components within the crust which migrated to a
different degree from the site of formation and called for reasons of
presentation in the current study as “mobilizates”. The term mobilizate
is in accordance with the “Glossary of Geology “and has been translated
from the German word “Mobilisat” introduced to refer to the mobile
phase of any consistency that existed during migmatization (Bates and
Jackson, 1987). Apart from this general technical term which was used
in context with the formation of migmatites (“mixed rocks”), there are
some other terms used to specify the lithogenic processes leading
eventually to the series of felsic rocks under study (Mehnert, 1968).
They are defined in the succeeding paragraphs following the re-
commendation of the IUGS Subcommission on the Systematics of Me-
tamorphic Rocks (migmatites and related rocks) (Wimmenauer and
Bryhni, 2007).

Migmatite: A composite silicate metamorphic rock, pervasively het-
erogeneous on a meso- to megascopic scale. It typically consists of
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darker and lighter parts. The darker parts usually exhibit features of
metamorphic rocks whereas the lighter parts are of igneous-looking
appearance.

Neosome: The newly formed parts of a migmatite (metatects and
restites).

Restite: Remnant of a metamorphic rock from which a substantial
amount of the more mobile components has been extracted without
being replaced.

Metatexite: A variety of migmatite with discrete leucosomes, meso-
somes, andmelanosomes (cf. leucosome, mesosome, melanosome).

Leucosome: The lightest-colored parts of a migmatite which may end
up in a barren aplitic or pegmatitic rock.

Melanosome: The darkest parts of a migmatite, usually with pre-
vailing dark minerals. It occurs between two leucosomes or represents
the more or less unmodified parent rock if still present. As far as the
pegmatites are concerned they are representative of the felsic intrusive
rocks containing accessory minerals such as cordierite, andalusite or
sillimanite.

Diatexite: A type of migmatite where the darker and the lighter parts
form schlieren and nebulitic structures which merge into one another.

3. Geological and geodynamic setting

For geoscientists who are interested in pegmatites in Northern
America as well as Western Europe, it is inevitable to have a closer look
at the western prolongation of the European Variscides and tie up the
Variscan pegmatite provinces on both sides of the Atlantic Ocean
(Fig. 1a) (Alderton, 1993; Alfonso and Melgarejo, 2000; Martins et al.,
2011; Neiva et al., 2012; Alves and Mills, 2013; Barros et al., 2015;
Bradley et al. 2015; Garate-Olave et al. 2015; Roda-Robles et al., 2015).
By analogy with the Variscan/Hercynian orogeny in Europe, the Alle-
ghanian or Appalachian orogeny was in full swing during the Late Pa-
leozoic creating the Appalachian and Allegheny Mountains along the
Eastern coast of Northern America (Bartholomew and Whitaker, 2010)
(Fig. 1a). It is imperative to keep a keen eye on this period of time when
the plates eventually collided and the granites, pegmatites and aplites

Table 1
The CMS classification scheme (Chemical composition-Mineral assemblage-Structural geology) of pegmatitic and aplitic rocks for applied and genetic economic geology. All items are
self-explanatory and listed in the classification scheme, proper.
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came into existence in the Central European Variscides. An overview of
the geodynamics of this crustal section has been given by Matte (2001),
von Raumer et al. (2003) and Linnemann et al. (2007).

The lithology of the Central European Variscan basement is rather
complex and only treated as far as it is essential to understand the

emplacement of these intrusive rocks. For those who want to get a full-
blown picture during the Neoproterozoic and Paleozoic, the reader is
recommended to consult the book of Dallmeyer et al. (1995). For the
current investigation, the geological setting has slightly been modified
from the official map issued by the Bavarian Environment Agency

Maine- 
New Hampshire  

Province. 

Iberic  
Province 

Amorican-
Central 
Massif

Province 

Central  
European
Province 

Study Area 

a 
Fig. 1. Sampling sites and geological setting of the
Variscan-type pegmatites in the NE-Bavarian
Basement, Germany. a) Reconstruction of the moun-
tain belt produced in the course of the Alleghanian/
Appalachian and Variscan/Hercynian orogenies during
the Late Paleozoic on both sides of the present-day
Atlantic Ocean, amalgamating Laurussia and
Gondwana and giving host to four pegmatite pro-
vinces. b) Sites and sampling density in the study area
of Fig. 1c. Rectangle denotes position of the chemical
maps of Fig. 7. c) The geological setting of the NE-
Bavarian Pegmatite Province. The geological map has
been modified from the map “Geological map of the
Upper Palatinate Forest” 1:150,000 issued by the
Bavarian Environment Agency (2009). To ease corre-
lation with lithostratigraphic units referred to into the
text and avoid a permanent repetition of age and li-
thology the various shades given in boxes are supple-
mented with Arabic numerals. Towns are given for
reference: TIR=Tirschenreuth, BAR=Bärnau,
WIN=Windischeschenbach, FLO=Flossenbürg,
WEN=Weiden, VOH=Vohenstrauβ, WAI=Waid-
haus, PFR=Pfreimd, ESL=Eslarn. FLO: Flossenbürg
Granite, FAL: Falkenberg Granite, LEU: Leuchtenberg
Granite, BAR: Bärnau Granite: A-A′: Luhe Line Line-
amentary Fault Zone, B-B′: Franconian Line Line-
amentary Fault Zone, C-C′: Boundary fault between the
Moldanubian and Saxothuringian Zones. d) Legend of
the geological map in Fig. 1c.
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(2009) (Fig. 1c, d). To ease correlation with lithostratigraphic units and
avoid repetitions of age data and lithologies the legend is supplemented
with Arabic numerals (Fig. 1d).

The NE Bavarian Basement has been exposed by a strong uplift

covering the Mesozoic and Cenozoic eras. At its western rim it is en-
croached upon by Triassic and Cretaceous sediments and in parts cov-
ered by volcaniclastic and volcanic rocks of Late Paleozoic age
(Fig. 1c, d – 15) – (Dill and Klosa, 2011 – further literature cited

Fig. 2. Idealized cross section through the crys-
talline basement made up of allochthonous and
autochthonous units hosting the Variscan-type
pegmatitic, aplitic and granitic rocks (not to
scale). The position of the granitic suite (H1–H3)
relative to the pegmatitic and aplitic rocks is for
reasons of space in the cartoon and has no genetic
connotation as to the granite-pegmatite relation.
a) Morphology and composition of pegmatitic,
aplitic and granitic rocks. For more details of the
various types (e.g. A) and sub-types (e.g. A2) see
Tables 2a, 2b. The temperature of formation
during emplacement are given in white boxes the
temperature of argillic alteration in purple boxes
(pH≤ 7) and yellow boxes (pH≥ 7). b) Legend of
Fig. 2a. (For interpretation of the references to
color in this figure legend, the reader is referred
to the web version of this article.)
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Table 2a
Geology and lithochemistry of Variscan-type pegmatitic, aplitic and granitic rocks. Application of the CMS classification scheme to the transect barren pegmatic rocks- rare-element
pegmatites-granitic lithologies. The codes in the first column refer to the numbering in the text and in the cartoon of Fig. 2a. The structural, mineralogical and chemical descriptions in
column 2 through 5 follow the guidelines given in the CMS classification scheme in Table 1.

Code Type of 
pe e 

(CMS 1)

Shape and 
e 

(CMS 2)

Che a  
a e  

(CMS 3)

M ne a o a  
a e  

(CMS 4)

eodyna  
e n

S a  
ype

n e p e a on of p o e e ono  
e e an e

y a
he a  
e e

Che a
pa e n
( a o )

Che a
pa e n
( no )

A1 pegmatoid tabular (P-As) (garnet) 
feldspar- 
mica-quartz

autochthonous 
unit

an clinal
hinge to 
limb

Metamorphic felsic mobilizate 
a ected b  late-stage 
h drothermal aoliniza on

Mi ing of uids metamorphic- 
h drothermal 

feldspar, 
aolinite

P: 500°C-
600°C, Eh < 
0
S: < 400°C,
pH < 7

Circular
Shi : a, , 
P

Stellate:
As, Rb, Pb

A2 pegma te 
(pegmatoid)-
aplite

tabular-
wedge-
shaped

(Ba) (amphibole-
diopside- 
epidote-
andalusite) 
feldspar-mica-
quartz 

autochthonous 
unit

an clinal
hinge to 
limb

Metamorphic felsic mobilizate 

ncipient stage of frac ona on 

feldspar P: 400°C-
570°C, Eh 
oscilla ng 
around 0

Circular
Shi : a, , 
P, Ca

Lens-shaped
Ba, Pb, Rb

A3 pegma te-
(aplite)

stoc -
li e zoned

As-Bi-Cu-
Sn-U-Zn-
Be- a- b-
Li-P

feldspar- 
mica-quartz

autochthonous 
unit

an clinal
hinge 

Self-intrusi e and strongl  
frac onated molten felsic bod  
piled up in the topmost part of an 
an cline 
 
Mi ing of processes with uids 
deri ed from H  pegma c 
frac ona on and deep-seated 

uid sources 

feldspar, 
quartz, rare 
elements

P: 460°C-
560°C

ec ing-
down

a, , P, Al, 
Fe, Mn, Ca

Stellate:
Bi, b, Cu, 
Zn, As, Rb

A4 aplite-
(pegma te)

stoc -
li e zoned, 
veinlets-
d e-la er 
(special 
facies with 
“nigrine”)

As-Bi- Li-P
( i- b)

(tourmaline)-
feldspar- 
mica-quartz

autochthonous 
unit

an clinal
hinge

Metamorphic felsic mobilizate -
marginal part of a frac onated 
molten felsic bod  with relics

Mi ing of processes with uids 
derived from H  pegma c 
frac ona on and deep-seated 

uid sources 
(the la er dominates in 
faultbound felsic bodies)

feldspar, 
quartz, rare 
elements

Circular
Shi : a, , 
P, Ti

Stellate:
As, Bi, b, 
Rb

A5 aplite granite tabular  
graphic  
porph ri c 
fading out 
in 
stoc wor -

(Ta)- b-P (mica)-
feldspar-
quartz

autochthonous 
unit

an clinal
hinge to 
limb

Metamorphic felsic mobilizate 
una ected b  late-stage 
h drothermal aoliniza on

Mi ing of processes with uids 
derived from HT pegma c 

feldspar P: 490 C -
530°C 
S: > 400°C,
pH  7

Circular
Shi : a, , 
P

Stellate:
Rb, b, As

li e veinlets 
(  A8) 

frac ona on and deep-seated 
uid sources 

A6 aplite granite-
aplite

tabular-
stoc -li e

(P)-Bi-Ta-
b

(mica-
feldspar)-

aolinite -
quartz

autochthonous 
unit

an clinal
hinge (to 
limb)

Metamorphic felsic mobilizate 
moderatel  frac onated - 
strongl  a ected b  late-stage 
h drothermal aoliniza on

Mi ing of processes with uids 
derived from HT pegma c 
frac ona on and deep-seated 

uid sources 

aolinite P: 490 C -
530°C 
S: < 400°C,
pH  7

ec ing-
down

a, Mn, P

Stellate:
b, Rb, Bi, 

As

A7 aplite vein-la er  
stoc wor -
li e

(Mo- b-
Mn)-P

(smec te-
aolinite-

vermiculite-
chlorite) mica-
feldspar-
quartz

autochthonous 
unit

an clinal
hinge (to 
limb)

Hanging wall metamorphic roc  
(exocontact zone) proximal 
altera on zone 

Mixing of processes with uids 
derived from HT pegma c 
frac ona on and deep-seated 

uid sources

no 
economic 
signi cance 
 ore guide

S: <  400°C,
pH < 7 to 
pH  7

Lens-shaped
Mn, P, Fe

Lens-shaped
Zn, Mo, Rb, 

b
 

A8 aplite vein-la er  
stoc wor -
li e

(Sr-P)-Ca (diopside, 
clinozoisite, 
grossularite, 
dolomite) 
feldspar-mica-
quartz

autochthonous 
unit

an clinal
limb (to 
hinge)

Hanging wall metamorphic roc  
(exocontact zone) distal 
altera on zone 

T pomorphic mineraliza on

no 
economic 
signi cance 
 ore guide

P: 400°C-
570°C,
pH  7

Circular
Shi : P
Ca, Mn

Circular
U

B1 aplite-aploid tabular 
(with 
porph ri c 
reac on 
zone 
abundant in 
bio te)

(Pb-Zn-As) (chlorite-talc) 
feldspar-mica-
quartz

autochthonous 
unit

limb Marginal facies of some B-t pe 
roc s with wall roc  altera on 
and incorpora on of 
metamorphic parent material

HT and LT h drothermal 
processes with li le pegma c 
frac ona on 

no 
economic 
signi cance 
 ore guide

P: 600°C-
670°C

Circular
 ±Ca, ±Ti, 
±Fe

Lens-shaped 
(to stellate):
Pb, As, Bi, 
±Rb, ± b

B2 aploid-
pegmatoid- 
apli c gneiss

tabular-
la er  zoned

(Bi-Pb-Zn-
F-Cu-Sc-

b-U) -
Mn-As-P 
(Au?)

(cordierite-
sillimanite)-
garnet- mica-
feldspar-
quartz

autochthonous 
unit

limb Metamorphic felsic mobilizate  
resultant from retrograde 
processes with moderate wall 
roc  reac on

HT and LT h drothermal 
processes with pegma c 

Feldspar+
rare metal 
(e g  Sc)  
ore guide 
gold?

P: 350°C-
550°C

Lens-shaped
Mn, P, ±Fe, 
±Ca, ± a

Stellate:
Rb, As, Zn, 
Cu, b

(continued on next page)
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Table 2a (continued)

frac ona on
B3 aploid to 

aplogranitoid
tabular 
(boudinage)
zonal 
arrangemen
t with 
aploids and 
pegmatoids 
(central or 
marginal)

Zr (sillimanite-
cordierite) 
mica-feldspar-
quartz

autochthonous 
unit

limb Relict facies of metamorphic 
mobilizates with mainl  Si 
provo ed b  retrograde regional 
metamorphism (diaphtorites) of 
paragneisses  

Strong frac ona on  deple on 

no 
economic 
signi cance 

P: 520°C -
700°C?

Circular
Si, Ti, ± Ca

Circular (to 
nec ing 
down)
Zr

C pegma te  
pegmatoid -
aplite

tabular-
la er graphi
c -vein

(As-U-Ba-
Mn)-P

(tourmaline-  
dumor erite-
andalusite) 
feldspar-mica-
quartz

autochthonous 
unit

limb and 
structure 
zones 

Metamorphic felsic mobilizate  
resultant from retrograde 
processes with moderate wall 
roc  reac on

Moderate frac ona on

no 
economic 
signi cance 
(gemstone?
)

P: 470°C to 
670°C

Lens-shaped 
P, Mn

Lens-shaped 
to stellate
As, Ba, Pb, 
Rb, U

D aplite Shear veins-
breccia

(Sr)-Ca epidote- 
mica-feldspar-
quartz

autochthonous 
unit

tectonized 
structure 
zones

Felsic mobilizate derived from 
the metamorphic roc s along 
shear zones  

Moderate pegma c 
frac ona on  

no 
economic 
signi cance
(rela on to 
A8)

P: 400°C-
530°C
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therein). Neogene sediments and volcanites (Fig. 1c, d – 16 to 17) re-
sulted from the subsidence of the ENE-WSW striking Eger Graben
(Ulrych et al., 1999) and a pervasive chemical weathering of basement
rocks under tropical conditions (Dill, 2017a,b). Only the chemical
weathering impacted on the evolution of the pegmatitic rocks and is
resumed later in the study (Section 4.4).

The crystalline rocks of the NE Bavarian Basement pertain to two
geodynamic zones, the Saxothuringian Zone, represented by Ordovician
and Cambrian rocks at the northern margin of the study area (Fig. 1c, d
– 9) and the Moldanubian zone which encompasses a great variety of
rocks and hosts the pegmatitic and aplitic rocks (Fig. 1c, d – 1 to 8, 10 to
15). The Moldanubian Zone is made up of an autochthonous unit
(Fig. 1c, d – 1 to 8) called the Moldanubicum sensu stricto and an al-
lochthonous one (Fig. 1c, d – 10 to 11) named the Teplá-Barrandian
zone or in Bavaria as Zone of Erbendorf-Vohenstrauβ “ZEV”
(Malkovský, 1979; Weber and Behr, 1983; Stettner, 1992; Franke et al.,
1995). Their rocks are of Neoproterozoic through Early Paleozoic age.
First records of detrital material in paragneisses on zircons showed an
event around 2600–2400Ma, followed by signs referring to a medium-
pressure metamorphic event (MP) at about 380Ma and strong low-
pressure- high-temperature metamorphic event (LP) at 320Ma (Hansen
et al., 1989). The granitic rocks resemble the pegmatites with regard to
their basic chemical and mineralogical compositions but on the other
hand are very much distinct in their age of formation, structure and
last-but-not least geodynamic setting (Fig. 1c, d – in parts 4, 5 to 7, 12
to 14) (Voll, 1960; Forster, 1965; Forster and Kummer, 1974; Steiner,
1986). The granitic lithologies in the map of Fig. 1c are subdivided into
four groups.

(1) The metamorphic rocks south (No. 2) of the Luhe Line and along its
eastern extension (No. 1) are rife with leucocratic and diatectic
gneisses revealing a general W-E trend (Figs. 1c-6 and 7).

(2) Between Eslarn and the area East of Tirschenreuth garnet-cor-
dierite-sillimanite gneisses underwent retrograde regional meta-
morphism getting less intensive from the S towards the N (dia-
phtorite I⇒ diaphtorite II). They are interbedded with granitoids,
pegmatoids and aploids, only the larger lenses are plotted in the
map (Fig. 1c – 5).

(3) In the nappe of the ZEV, granitoids are intercalated into the para-
gneisses (Fig. 1c – 10).

(4) The last suite of granitic rocks in the study area shows a tripartite
subdivision. It is a series of irregularly-shaped fine-to medium-
grained granites (no 13) confined in their occurrence to the cor-
dierite-sillimanite gneisses (no 1, 2). North of the Luhe Line (Fig. 1c
– A-A′) large complexes of S-type granites crop out in a NNW-SSE
trending zone and are arranged in order of their intrusion (Fig. 1c –
14): Leuchtenberg (LEU), Falkenberg (FAL) Flossenbürg Granites
(FLO) with its eastern outlier at Bärnau (BAR). The origin of some
more basic enclaves of intrusive rocks of granodioritic through
gabbroic composition called “Redwitzites” is still enigmatic (No.
12) (Stettner, 1992). The lithological results of the late-stage
thermal events in the Moldanubian Zone of the Variscides sparked
several chronological studies yielding ages in the range
330–310Ma (Köhler et al., 1974; Wendt et al., 1986, 1992, 1994;
Kalt et al., 2000; Gerdes et al., 2006; Siebel et al., 2008).

4. Results

4.1. Lithotypes and lithochemistry – a basis for classification

The pegmatitic s.l. and granitic rocks in the study area are sub-
divided according to the CMS classification scheme into 8 lithotypes
(A–H) based on their structural and compositional features and geo-
dynamic settings (Tables 1, 2a, 2b, Fig. 2a, b). The analysis of the
structural geology and metamorphic processes affecting the pegmatites
is conducted according to the basics published by Fry (1991), Davis and

Reynolds (1996), Best (2002), Van der Pluijm and Marshak (2004),
Fossen (2010) and Lisle et al. (2011). To be applicable also for field
work as some sort of a manual, the outward lithological appearance of
pegmatites sensu lato and their affiliated rocks as well as the geological
and chemical results are treated in the text of Section 4.1 (Tables 2a, 2b,
Figs. 2–5).

4.1.1. A-type anticlinal pegmatitic and aplitic lithotypes
Geological results: A-type rocks are located in the hinge zones (A3,

A4) of anticlines and also found in their limbs (A1, A2, A5–A8) (Fig. 2a,
Table 2a). Forster (1965) published a line drawing from north of
Pleystein, characteristic of the tectonic setting in the study area
(Fig. 3a). It shows the size of the pegmatitic body to achieve a max-
imum in the hinge zone, whereas towards the limbs it gradually pinches
out. You might find these features often in hand specimens from the
study area as well as abroad, e.g., Mendoza Pegmatite Province, Ar-
gentina (Fig. 3b, c). These stock-like concentrations are common trap-
ping features of pegmatitic rocks, however, sometimes difficult to de-
tect as being refolded and exposed as an isoclinal fold which may
pretend a simple tabular felsic body. It is well represented in the study
area by the zoned Hagendorf-South, Hagendorf-North and Pleystein
pegmatites, where the feldspar rim has, however, been eaten away by
pervasive argillitization (Fig. 2a, 6b, 4a, b). The interlimb angle de-
scribes these anticlinal structures as open folds (Figs. 2, 4a, b). The
pegmatites of A3 and A4 tend to wedge out in pegmatoids of A2 as they
approximate the limbs. The latter rock types are very much different
with regard to their mineral assemblage (e.g. amphibole, diopside,
epidote, andalusite, biotite) which are moderately aligned (Tables 2a,
2b, Fig. 5a). In the present case history, A2-type pegmatoids only de-
velop along the western flanks of the fold structures attesting to an
asymmetrical host anticline (Figs. 2, 3, 4b). The structural types A5 and
A6 significantly differ from each other with respect to the intensity of
kaolinization which is widespread underneath the pegmatite in A6 and
decreases towards the pegmatite in A5 in favor of a muscovitization
(Fig. 5b). A5-type aplite veinlets are also common to the eastern foot-
wall rocks of the Kreuzberg Pegmatite (Fig. 2a). Together with A1
pegmatoids they make up the footwall facies of the A-type pegmatites
(Fig. 2a). Unlike, other tabular pegmatoids or aploids (see e.g., B-type),
A1 is also affected by kaolinization. The hanging wall facies of the A-
type pegmatites is made up of two different types of stockwork-like
veinlets and layers of aplites. A7 is representative of the proximal fa-
cies, abundant in clay minerals mainly kaolinite-group minerals,
whereas A8 is representative of the distal facies and rife with calcsili-
cate minerals and dolomite (Tables 2a, 2b, Fig. 5d, f).

Chemical results: Major elements and diagnostic minor or accessory
elements are presented in spider diagrams to allow for a genetic com-
parison among the lithological types (Fig. 6a, b) (Dill et al., 2014a,b;
Paxton et al., 2016). The major elements of the lithological types A1,
A2, A4, A5, and A 8 display a circular pattern more or less shifted to-
wards the Na2O-K2O-P2O5 circle segment. Some have a small, peak such
as A1 towards Al2O3, or type A8 towards CaO and to a minor degree
also towards MnO. The most striking pattern is the necking-down pat-
tern most conspicuously represented by A3 which is strongly enriched
in CaO, Na2O, K2O, P2O5, Al2O3, Fe2O3, and MnO but impoverished in
MgO and TiO2 (Fig. 6). Less well expressed, you might find this che-
mical pattern in type A6, too. The lens-shaped pattern is only en-
countered in type A 7 which shows a conspicuous trend P2O5 – MnO
(Fig. 6b). The minor elements, rather called accessory elements due to
its build-up of ore zones in the pegmatite only rarely come close to a
circular pattern as in A8 (Tables 2a, 2b, Figs. 2a, 6). A typical lens-
shaped pattern can be seen in A2, less well expressed in A7. The first
type A2 has a considerable Ba anomaly, the second one Zn, Mo, Rb, and
Nb peaks. The majority of spider diagrams may be denominated as a
stellate pattern.
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4.1.2. B-type limb-hosted pegmatitic and aplitic lithotypes
Geological results: Tabular type-B pegmatitic and aplitic rocks occur

outside the main anticlines along the limbs; they may be folded but they
never pile up and get accumulated in a way like A-type lithologies.
Their marginal facies is often characterized by mega crystals of biotite
(Fig. 5e). In the majority of cases pegmatitic and aplitic rocks of this
type belong to the (cordierite-sillimanite)-garnet- mica-feldspar-quartz
pegmatoids and aploids (Fig. 5g, Table 2a). B-3 rocks have already been
recorded by Forster (1965) as “Graywacke-Quartzite Gneiss”. They
form lenses as much as 2 km long and less than 100m wide with a
general strike around NNE-SSW. Some of them display boudinage and
occur in a zonal arrangement with aploids and pegmatoids of B 1 and B
2 either forming a rim around them or the core zone or genetically
bound to the diaphtorites (Fig. 1c). Based on their mineral assemblage
and their high silica content the above metasedimentary connotation is
discarded and using the term (sillimanite-cordierite) mica-feldspar-
quartz aploid – aplogranitoid assigned to the felsic mobilizates
(Table 2a).

Chemical results: The chemical signature of B1- and B3 lithotypes is
conspicuously characterized by circular patterns devoid of any shift,
being almost identical with the bulk composition of the host para-
gneisses (Fig. 6b). The majority of aploids and pegmatoids gradually
fade out in aplitic gneisses and chemically have to be classified as lens-
shaped (Tables 2a, 2b, Fig. 6b). The simplest trace element pattern
categorized as circular with a slight tendency of necking down, is ob-
served in B3 where a strong positive Zr anomaly is accompanied by
negative anomalies of Bi, Cu, Ni, Zn, Mo, and Rb (Fig. 6b). The chemical
pattern of B1 gradually converts from a lens-shaped/stellate into a true
stellate pattern.

4.1.3. C-type limb- and structure-bound pegmatitic and aplitic lithotypes
Geological results: C-type pegmatitic rocks are denominated as

(tourmaline-dumortierite-andalusite) feldspar-mica-quartz pegmatite/
pegmatoid-aplite (Fig. 5h). They exhibit the stratiform structure of
limb-hosted B-type lithologies as well as the features of structure bound

mineralizations cross-cutting through the metamorphic S planes
(Figs. 2a, 3a, b).

Chemical results: It is a lens-shaped chemical pattern as far as the
major elements are concerned with a pronounced Mn-P trend and
transitional from lens-shaped into stellate patterns with regard to the
trace element variation (Fig. 6c).

4.1.4. D-type shear-zoned hosted aplitic lithotypes
Geological results: D-type saccharoidal aplite is penetrated by shear

veins mineralized with Fe-enriched epidote (Fig. 5i). It is a facies type
mostly found at the edge of pegmatite systems.

Chemical results: The chemical pattern is dominated by calcsilicates
and lack of Mg-bearing silicates: This lead to the coiled shape of a
circular pattern with necking-down features (Fig. 6c). The trace ele-
ments are similar to that of the metamorphic country rocks which while
depleted in Ni, Cu, As, and Zn eventually yield a circular pattern (trend
to stellate pattern).

4.1.5. E-type aplitic and pegmatitic lithotypes bound to lineamentary
structure zones

Geological results: The CMS classification scheme has been designed
to integrate different rocks of a pegmatitic system even those which do
not strictly fulfill the tripartite granitic mineral assemblage of feldspar,
quartz and mica. It is mainly NW-SE striking dykes and veins of felsic
and basic composition which are common to pegmatite provinces and
whose role for the emplacement of pegmatitic and aplitic rocks is still
hotly debated (Kramer and Seifert, 1994; Baumann et al., 2000; Seifert,
2008; Dill, 2015b). While there is plenty of literature dealing with
lamprophyres and basic dykes, classification schemes applicable to the
full spectrum from the granite and pegmatite clans through to the
quartz and mineral veins is scanty (Streckeisen, 1980; Cox et al., 1979;
Le Bas et al., 1986; Pivec et al., 2002; Vasyukova et al., 2011). In the
current study, it is the gap between deep-seated quartz dykes extending
over a distance of more than 1 km and quartz veins less than 1 km in
length and 1m in thickness which are mineralized, in places, with Fe

Table 2b
Mean chemical composition of pegmatitic, aplitic and granitic rocks normalized to a reference LP paragneiss (sillimanite-cordierite-biotite gneiss) from the study area. H2a-S means south
and H2b-N north of the Luhe-Line Fault Zone, respectively (see Fig. 1c).

Type SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 As Ba Bi Cu Mo Nb Ni Pb Rb U Zn Zr REE
A1 1.11 0.07 1.03 0.12 0.08 0.12 0.33 1.83 1.67 1.19 2.83 0.15 0.90 0.17 0.91 0.50 0.10 1.60 1.58 0.89 0.36 0.06 0.85
A2 1.11 0.27 0.84 0.21 0.27 0.31 1.48 1.69 2.28 1.92 0.62 4.31 1.00 0.30 0.93 0.50 0.15 1.83 1.67 0.94 0.42 0.51 1.05
A3 1.10 0.02 0.83 0.31 0.65 0.01 0.49 1.59 1.83 5.67 54.06 0.07 465.42 120.57 0.83 215.01 0.08 2.59 10.21 39.59 58.72 0.23 0.63
A4 1.34 0.50 0.48 0.20 0.35 0.17 0.29 0.87 0.71 2.13 59.86 0.25 10.11 0.49 0.57 1.94 0.83 1.13 1.18 0.61 0.39 0.25 0.52
A5 1.22 0.21 0.74 0.16 0.34 0.11 0.48 2.22 1.06 2.42 1.12 0.28 1.18 0.20 0.94 2.27 0.14 0.89 4.28 1.02 0.34 0.76 0.94
A6 1.14 0.05 0.96 0.20 0.83 0.07 0.14 0.82 1.02 0.98 1.56 0.15 3.08 0.45 0.74 7.15 0.16 1.26 5.04 0.75 0.92 0.23 0.70
A7 1.09 0.37 0.86 0.66 7.62 0.26 0.17 0.56 1.19 1.84 0.91 0.90 0.92 0.88 2.11 1.72 0.54 0.82 3.08 1.22 1.77 0.60 1.08
A8 1.11 0.47 0.88 0.29 1.22 0.10 4.86 0.78 0.72 1.66 0.69 0.63 0.46 0.47 0.39 0.84 0.25 1.05 0.76 0.97 0.31 0.84 0.64
B1 1.14 0.37 0.78 0.37 0.28 0.45 1.51 1.38 1.81 1.38 1.87 0.77 0.92 0.16 0.86 0.88 0.44 2.44 1.20 0.83 0.54 0.09 0.78
B2 1.14 0.14 0.80 0.40 2.60 0.16 0.74 1.87 1.16 4.94 42.27 0.29 0.76 0.73 0.68 1.14 0.25 1.25 8.64 0.95 0.57 0.30 0.64
B3 1.29 0.65 0.51 0.41 0.47 0.39 0.81 0.81 0.58 0.69 1.20 0.74 0.17 0.25 0.37 0.59 0.35 0.79 0.58 0.98 0.37 1.85 0.86
C 1.16 0.09 0.87 0.21 1.50 0.17 0.54 1.46 1.61 2.16 2.11 0.86 0.91 0.24 0.84 0.62 0.16 2.01 1.38 1.12 0.37 0.14 0.76
D 1.05 0.62 0.84 0.47 0.24 0.02 4.96 0.93 2.32 1.08 0.46 1.15 1.00 0.16 1.11 0.75 0.12 0.37 1.85 0.97 0.35 1.16 0.92
E 0.23 0.28 0.56 8.05 46.37 0.04 0.16 0.13 0.77 7.76 2.62 1.43 1.67 13.01 9.36 4.68 0.52 0.57 4.96 3.22 8.52 0.12 2.39
F 1.04 0.25 0.70 1.07 0.23 0.45 1.85 2.21 0.86 0.74 23.10 0.51 1.50 1.12 1.20 0.62 0.31 2.78 0.95 1.11 1.43 1.04 1.79
G 1.09 1.01 0.83 0.42 0.48 0.42 0.75 1.69 1.69 0.91 6.05 1.07 2.17 0.37 0.38 0.95 0.44 8.27 0.72 0.63 23.97 1.66 0.48
H1 1.03 0.77 0.88 0.51 0.51 0.65 3.01 1.59 1.88 2.08 0.46 1.46 1.00 0.30 1.00 0.86 0.28 1.93 1.19 0.94 0.44 0.81 0.98
H2a-S 1.18 0.49 0.75 0.44 0.26 0.18 0.65 1.46 1.77 0.38 0.69 0.49 0.71 0.31 0.68 0.91 0.11 2.46 2.58 1.40 0.50 0.69 0.90
H2b-N 1.19 0.17 0.76 0.17 0.29 0.10 0.59 1.91 1.56 1.96 1.18 0.25 0.83 0.27 0.76 1.00 0.22 2.19 3.08 1.11 0.47 0.37 0.90
H3 1.20 0.05 0.78 0.08 0.17 0.04 0.32 1.65 1.92 1.79 0.46 0.84 1.42 0.40 0.93 1.39 0.10 1.74 2.93 1.22 0.34 0.08 0.86
H4a-S 1.17 0.22 0.79 0.22 0.31 0.17 0.63 2.06 1.42 3.32 1.60 0.26 0.39 0.17 0.52 0.45 0.12 1.44 1.41 0.82 0.39 0.36 0.86
H4b-N 1.19 0.08 0.79 0.10 0.27 0.05 0.33 2.15 1.52 2.92 1.23 0.25 0.69 0.13 0.52 0.46 0.07 1.74 1.45 0.72 0.22 0.25 0.86
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and rare elements, on one side and the pegmatitic, aplitic and granitic
rocks on the other that has to be bridged by the CMS classification. Such
an association of quartz dykes and pegmatitic rocks is not uncommon to
pegmatite fields (Dill, 2010; Neiva et al., 2008; BurIánek et al., 2011).
E-type structures range from (kaolinite) – goethite-mica quartz veins
through magnetite-hematite-feldspar-quartz veins. Iron oxides occur as
mushketovite (magnetite pseudomorphic after hematite) or specularite
(Fig. 5j). Quartz veins with this glittering vein hematite are known from
Merritt, Canada (Laznicka, 1985) and from N of the study area at
Gleissinger Fels, in granites of the Fichtelgebirge Mts. (Dill et al.,
2008b).

Chemical results: The spider diagram of the major element of E-type
veins is lens-shaped (Mn-Fe-P). Its chemical pattern comes close to what
has been observed in B2 pegmatoids which show a strong depletion in
MgO (Fig. 6c). The minor elements, however, give a vaguely expressed
lens-shaped pattern with a pronounced necking-down for Zr.

4.1.6. F-type limb- and faultbound aplitic and pegmatitic lithotypes in
allochthonous units

Geological results: The F-type rocks are exclusive to metabasic rocks

of allochthonous tectonic units. This is underscored by the presence of
minerals such as amphibole, clinopyroxene, zeolite and chlorite in the
quartz-feldspar matrix of the Na-enriched pegmatoids and aploids
(Fig. 5k).

Chemical results: The major elements make up a typical circular
pattern whereas the minor elements point to a lens-shaped pattern with
As and Pb with a stellate trend (Fig. 6c)

4.1.7. G-type limb- and hinge-related metapegmatitic lithotypes in
allochthonous units

Geological results: G-type rocks stand out from the afore-mentioned
ones owing to their dynamo- and regional metamorphic overprinting in
the allochthonous units of the ZEV which lead to two generations of
white mica very much different in size, with mega-crystals measuring
4×4×0.5 cm (Figs. 1c, 5l). The metapegmatites went through dif-
ferent metamorphic processes, with youngest of which taking place
under MP and HT conditions (Dill, 2015b). They are quite similar to the
garnet-bearing barren pegmatoids from the autochthonous units. Only
one metapegmatite at Püllersreuth is exceptional for its occurrence of
beryl and columbite (Linhardt, 2000).

Bi-Pg-Gn

Quartz (Q), calcsilicate rocks (Ks), biotite-plagioclase gneiss (Bi-Pg-Gn),
biotite gneiss (Bi-Gn), pegmatoid (Pe), aploid (Ap)

a

KsKs Ap

1 cm b

c

Fig. 3. Limb- and hinge-zone hosted anticlinal pegmatitic
and aplitic rocks. a) Line drawing published by Forster
(1965) showing the pegmatites concentrated in the hinge
zone of folds which gradually pinch out along the limbs (see
also Fig. 2A3). Lenses of pegmatites controlled by the
schistosity may be traced over 50m. Locality: Peugen-
hammer Quarry north of Pleystein. b) Hand specimen from
the Kupferholz (mica)-feldspar quartz pegmatoid. c) Peg-
matoid at outcrop in the Mendoza Pegmatite Province, NW
Argentina, for comparison. The fractures fanning out in the
hinge zone are marked with black lines.
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Chemical results: The circular chemical pattern is common to many
sampling sites under study with a shift either to Na or K (Fig. 6c).
Unlike their major elements, the trace elements exhibit a stellate pat-
tern dominated by Zn, Pb, Bi and As.

4.1.8. H-type granitoids and granitic pegmatites straddling the Luhe-Line
fault zone

Geological results: H-type lithologies are subdivided into 5 subtypes,
only one of which can be named granitic pegmatite sensu stricto (Tables
2a, 2b, Fig. 6c – H3). In contrast to the lithotypes mentioned in Sections
4.1.1–4.1.7, which do not attain a size to qualify them for being plotted
on the map of Fig. 2c, H-lithotypes do so, excluding the granitic peg-
matites H3 and H5 in the allochthonous unit which resemble meta-
pegmatites of lithotypes G (Table 2a). H1 lithotypes are scattered
complexes of Early Carboniferous age (Fig. 1c-12). They are the basic
predecessors to the large Late Carboniferous to Permian granite intru-
sions (Fig. 1d – 15, 14, Tables 2a, 2b – H2a, H2b) exposed on both sides
of the Luhe-Line (Fig. 1c – A-A′). H-1 lithotypes mainly show a grano-
dioritic to dioritic composition in terms of Streckeisen’s diagrams
(1976) (Dill, 2016a,b). The post-orogenic monzo- to syenogranitic in-
trusions of H2a and H2b are attributed to the category 3 of Finger et al.
(1997) which were emplaced between 340 and 310Ma in Central
Europe, particularly along the western rim of the Bohemian Massif and
described as S-type and high-K I-type granites (Richter and Stettner,

1986).
The lithotypes H 4 are straddling the Luhe-Line and represented by

the lithologies 7, 6, 5, and 4 in the geological map (Fig. 1c – A-A′, d). In
general, they can be denominated as (cordierite-sillimanite-garnet)-
mica-feldspar-quartz granitoids and metagranites in the current study
and described as to their lithological evolution according to Dill (1983)
and Steiner (1986). The metagranites and orthogneisses south of the
Luhe Line (lithotypes H4a) reveal a blastocataclastic texture and un-
derwent two metamorphic processes, the first one during Ordovician to
Silurian/Devonian times at a depth of 15 km and 690 ± 50 °C (am-
phibolite facies) and the second one leading to a homogenization of the
matrix, post-late Devonian in age (Fig. 5m). The latter is characterized
by strong albitisation, muscovitization, chloritisation all of which are
common to greenschist facies conditions. H4b lithotypes N of the Luhe-
Line are strongly affected by muscovitization and accompanied in their
host rocks by a striking petrological change reflected by a retrograde
metamorphism from diaphtorite II to diaphtorite I (Fig. 1c). The
northernmost H4b lithotypes (Fig. 1d) E of Tirschenreuth no longer
qualify as metagranites but true mobilizates and need to be termed
granitoids which are intercalated into the Neoproterozoic to early Pa-
leozoic biotite-sillimanite gneisses of diaphtorite II.

Chemical results: Not unexpectedly, the H1 granodiorites to diorites
show an enrichment in Ca and P and a moderate shift towards Na and K
(Fig. 6c). The minor element variation is a mirror image of the major

100 m

SW NE

Phosphate

Gneiss

Quartz

K feldspar pegmatite

Biotite granite

a

b

A A`

A`A

Fig. 4. The zoned stocklike As-Bi-Cu-Sn-U-Zn-Be-Ta-Nb-Li-P
(aplite)-pegmatite Hagendorf-South. a) The uppermost part
(A3+A4) at outcrop in the open pit above the 67-m level
(photograph: Rank 1984). b) Cross section unraveling the
geology of the Hagendorf-South Pegmatite. The horizontal
red lines are drawn for correlation of the cross section and
the photograph. (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article.)
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elements and reflects a primitive or initial stage of evolution with little
deviation from the paragneiss standard. The major elements of litho-
types H2a and H2b, both belonging to the granitoid clan and similar in
their felsic state (silica) are categorized as circular pattern with a shift

towards, Na, K and P. H2b reveals some necking down for Ti and Mg.
There are characteristic chemical changes depending on where the
granitoids formed. The chemical pattern of the minor elements of H2a
and H2b strongly differ from each. In the S, it is a circular pattern with
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necking-down for Ni, whereas in the N it is a lens-shaped one with a
relative enrichment of Rb, Pb and As. H3 lithotype is representative of a
pegmatitic mineralization in druses and schlieren in the Leuchtenberg
Granit (H2b lithotype) and its necking-down chemical pattern a logic
consequence in the evolution from the host granite to the granitic

pegmatite (Fig. 6c). The same holds true for the chemical pattern from
lens-shaped (H2b) to a necking-down pattern with a strong depletion in
Ni and Zr and a moderate increase in Rb, Nb, Pb and Bi. The couple H4a
and H4b representative of granitoids, metagranites, and orthogneiss
closely resemble the couple H2a-H2b in their chemical patterns despite

Fig. 5. Structural types in hand specimen. a) Zoned tabular amphibole-feldspar pegmatoid A2, W of the Kreuzberg Pegmatite at Galgenberg. b) Cross section through the proximal
footwall facies from A6 (strongly kaolinized) through A5 (strongly muscovitized), underneath the Kreuzberg Pegmatite at Pleystein. c) Kaolinized tabular pegmatoid A1 from the Weiss
Pit near Pleystein. d) Different generations of aplite veins (A7) intersecting biotite gneiss in the proximal hanging wall facies of the A-type pegmatites, underground storage system in the
town of Pleystein. e) Marginal facies enriched in biotite mega crystals of an aploid type B1 at Schafbruck. f) A-7 rotational breccia with fragments of biotite gneiss floating in a
saccharoidal aplitic matrix (hydraulic breccia). Pleystein underground storage room. g) B-2 pegmatoid-aploid with spessartine-enriched garnet mega crystals and schorl crystals aligned
parallel to the contact of the mobilizates at Miesbrunn. h) C-type pegmatoid with mega crystals in a graphic matrix at Gsteinach. i) D-type sheared sacharoidal aplite with abundant green
epidote. W of Pleystein pegmatite. j) E-type Fe ore minerals magnetite and tiny plates of hematite are altered to goethite W of Pleystein. k) F-type Na-enriched pegmatoids and aplite veins
in metabasic rocks of the ZEV allochthonous unit at Remmelberg open pit. Red arrowhead denotes person for scale. l) Metapegmatite (G lithotype) at Neustadt a.d. W. in the al-
lochthonous unit. m) Patchy aploid (H4a) characterized by porphyroblasts of cordierite, south of the Luhe-Line near Böhmisch Bruck. See biro for scale. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Chemical patterns (“spider diagrams”) revealing the increase of major and minor elements of pegmatitic, aplitic and granitic rocks relative to a paragneiss standard of the study
area in the NE Bavarian Basement. The data are plotted on a logarithmic scale with the “red ring” denoting the reference line 1. Below 1 means depletion and above enrichment of
elements. Excluding A3 minor elements (max. 1000.00), all other diagrams display the same range 0.01–100.00 of depletion and enrichment, respectively. Rock types discussed in the
text and shown in Fig. 6b and c are plotted at a lower magnification than in Fig. 6a. side-by-side with each other so as to allow for a quick-look visual comparison. For individual elements
see Fig. 6a and for numerical data (mean value) Table 2b. a) Key for the spider diagrams. b) Major and minor element spider diagrams of A- and B-type pegmatitic and aplitic rocks. c)
Major and minor element spider diagrams of C-, D-, E-, F-, G- and H-type pegmatitic, aplitic and granitic rocks. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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their different evolutions indicated by the petrographic, structural and
chronological differences. A comparison of the necking-down factor of
the circular patterns (CaOnorm+ SiO2norm)/(MgOnorm+TiO2norm)major

elements reveals that this factor is more pronounced in the pre-to syn-
metamorphic granitoids (H4) than in the younger post-metamorphic

granites (H2) (Tables 2a, 2b).

4.2. 2D-geochemical mapping and element variation

To correlate the major and trace elements relevant for the genesis of

Fig. 6. (continued)
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pegmatitic and granitic systems different approaches have been taken
and suggested in studies mainly conducted by geological surveys (De
Vos et al., 2005; Reimann et al., 2014) and applied in mineral ex-
ploration (Saffarini and Lahawani, 1992; Moon et al., 2006; Paz-
Ferreiro et al., 2010). In the current study, the area hosting the majority

of granitic rocks, pegmatites and aplites, among others the Hagendorf-
Pleystein Pegmatite Province, was selected to design the contour maps
(Figs. 1b, 7a, b). The trends and clusters are correlated with the geo-
logical map of Fig. 1c. The chemical patterns on display in Fig. 7a and b
are subdivided into two types, coherent belts and trends, including

Fig. 6. (continued)
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Fig. 7. Chemical maps and element trends. For precise positioning of the chemical maps see Fig. 1b. a) Aerial distribution of Si, K, and N in pegmatitic, aplitic and granitic rocks; these
chemical maps are reproduced on a larger scale than those of Fig. 7b to show some relevant pegmatite and aplites deposits and occurrences for positioning (see also Fig. 1b and c). The
abbreviation refer to the name of mining and sampling sites: BU1: Burkhardsrieth, ESL: Eslarn, GEO: Georgenberg, GST1: Gsteinach, HGN: Hagendorf-North, HGS: Hagendorf-South,
KAP1: Kaplansteig, LOH: Lohmar, MIS1: Miesbrunn, PLE1: Pleystein town, PLE5: Kreuzberg, PLE6: Kühbühl, PLE7: Weiss Mine, GLA: Glaubendorf, STE: Steinach, REM1: Remmelberg,
ZES: Zessmannsrieth, WIE: Weiβenstein, RHR: Reinhardsrieth, THM: Trutzhofmühle, WAI: Silbergrube Mine. b) Aerial distribution of Ba, As, Mo, Ti, Mn, Rb, P, and Nb in pegmatitic,
aplitic and granitic rocks. These plots of element variation are reproduced on a smaller scale for the assessment of chemical trends only.
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clusters and described as to their orientation in Table 3. In the study
area there is one belt shown by the Si, Al, REE and K distribution which
stretches W-E, turns towards the NE and coincides with the lithologies
6, 7 and 13 (Fig. 1c, d). The pegmatites cluster in the turning point of
the directions (Fig. 7a). Sodium, iron and phosphorus reveal trends in
NE-SW direction. Another set of elements, As, Ni, Ti, Nb, Bi, Cu and Fe
display a marked E-W extension of their anomalies. The SW-NE and E-
W trends are controlled by swarms of fault zones, the latter by the Early
Variscan lineamentary fault zone of the Luhe Line (Fig. 1c). The NW-SE
trend line is characterized by concentrations of K, Ba, Mo, Mn, Zn, Ti,
Rb, Pb, Zr, Mg, Ca, and P. It runs parallel to the Late Variscan em-
bryonic Franconian Line terminating today the basement towards the W
and controlled by a spate of quartz dykes intersecting the basement
rocks. At the turning point of direction in the chemical belt NW-SE
trending quartz dykes cut through and last-but-not least mark the zone
where the pegmatites cluster. The N-S trend is a trend of subordinate
order only vaguely expressed in the chemical plots and spanned by the
REE, Zr, Ca and Mg distribution. It may be correlated with the Late
Variscan Lineament of Bad Elster-Bad Brambach-Marienbad/Mariánské
Lázně-Taus/Domažlice (Teuscher and Weinelt, 1972).

4.3. 1D-geochemical profiling and structural geology

The 1-D chemical mapping or vertical profiling follows the same
rules and methods applied to the chemical mapping in plan view
(Section 4.2) (Table 3). The fine-tuning of the chemical variation of
those elements relevant to the emplacement of pegmatitic rocks is
achieved by the current chemical approach (Section 4.3) which is
corroborated by a structural analysis based on field surveys and

interpreted by means of equal area presentations in the lower hemi-
sphere of stereonet diagrams. The profiling has been performed by
capturing digital data in the field or underground (Fig. 8a) or collecting
samples from drill holes along a transect (Fig. 8b) (Dill et al., 2014a,b,
2017).

4.3.1. Chemical profiling
The cross section of Fig. 8a covers the transition zone from biotite

gneisses into granitoids – type H4 at the 120m-level of the Poppenreuth
U deposit (Fig. 2a). The rock series pertains to the Neo-Proterozoic to
Early Paleozoic biotite-sillimanite gneisses (Fig. 1c, d- unit 4). The in-
tensity of the gamma radiation along the wall can be deduced from the
colored contour map based on a survey with a hand-held scintillometer
(Fig. 8a). The ore mineralization consists of chalcopyrite-pyrite veinlets
bound to vertical joints and U oxides with brannerite in a matrix of
impsonite cross-cutting the contact of gneiss towards H-4 granitoids
(Table 2a). The U mineralization is mainly bound to subvertical joints
extending from the granitoid into its gneissic footwall rocks. The
granitoids H-4 (G2) are bounded by sub parallel faults (U2) mineralized
with U minerals (Figs. 8a, 9a). The cross cutting U-bearing faults (U1)
control the position of the U which took place only near the intersection
of the granitoids and faults (Fig. 8a- inset).

The second case-history is centered on the F pegmatoids in meta-
basic rocks (Figs. 2a, 8b, Tables 2a, 2b). The pegmatoids strike WNW-
ESE and dip towards the N (Fig. 9b). A couple of reverse and normal
faults in the hanging wall rocks similar in strike but different in the dip
directions accompany these pegmatoids (Fig. 9c). Seven drill holes
sunken along a transect into the metabasic rocks and the F-type peg-
matoids formed the basis for the profile of Fig. 8b. The major elements

Table 3
Aerial distribution of major and minor elements expressed as belts, trends and clusters.

Element Trends Geodynamic control 
Si Belt: W-ENE-NNE
Al Belt: W-ENE-NNE
K Belt: W-ENE 
REE Belt: W-NNE-ENE

Belt coincides with lithologies 6,7,13 south of the Luhe. Pegmatite cluster in the 
turning point where W NNE-ENE. Hot spot lies in the intersection of the NW-
SE quartz veins with this belt. 

Na Trend: SW-NE 
Fe Trend: SW-NE 
P Trend E: SW-NE

Trend coincides with lithologies 6,7,13 east of the Luhe. Hot spot lies in the 
intersection with this trend lines

As Trend: W-E 
Fe Trend: W-E 
Ni Trend: W-E
Ti Trend: W-E 

Nb Trend : W-E
Bi Trend: W-E
Cu Trend: W-E

Early Variscan Luhe Line is the controlling lineamentary fault zone 

K Trend: NW-SE 

Ba Trend: NW-SE
Mo Trend: NW-SE

Mn Trend: NW-SE
Zn Trend: NW-SE 
Ti Trend NW-SE (2nd order)
Rb Trend: NW-SE (1st  order)

Pb Trend: NW-SE 
Zr Trend: NW-SE (1st  order)

Trend: N-S  (2nd order)
Mg Trend: NW-SE (1st  order)

Trend: N-S  (2nd order)
Ca Trend: NW-SE (1st  order)

Trend: N-S  (2nd order)
P Trend W: NW-SE

Late Variscan embryonic Franconian Line is the controlling  lineamentary fault 
zone

Late Variscan Lineament of Bad Elster-Bad Brambach Marienbad-Taus is the 
controlling lineamentary fault zone (Teuscher and Weinelt , 1972)

U Unspecific structural event
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Si and Na and the minor elements Pb, As, Cu, and Zn which are in-
dicative of the rare-element introduction into the pegmatites have been
selected to depict the lithology and chemical variation of the F-type
pegmatite system (Fig. 6c). A strong Na anomaly denotes the presence
of pegmatoids, whereas the base metals and As are strongly enriched

along fractures intersecting the metamorphic rocks in the profile from
60m to 140m (Fig. 8b). The rare elements above are bound to sub-
vertical faults and faults dipping at an angle around 45°, well in ac-
cordance with the dip angle deduced from the stereonet diagrams
(Fig. 9c). The rare element contents in the fracture zones are some

Fig. 8. Chemical profiling by means of capturing digital data at outcrop or subcrop and collecting samples for laboratory-based analysis. a) Cross section along the wall of a cross-cut of
the 120m – level of the Poppenreuth uranium deposit, showing the distribution of U ore mineralization within the exocontact of granitoid H4. The gamma-radiation was determined
using a hand-held scintillometer. b) 7 drill holes were sunken along a transect through the F-type pegmatoid and its metabasic wall rocks. The pegmatoid rocks are characterized by the
marker elements Si and Na, whereas the elements bound to the marginal faults Pb, As, Cu, and Zn are indicative of the rare-element introduction (see also the spider diagram Fig. 6c).
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orders of magnitude higher than those obtained from the whole-rock
analysis of the pegmatites used for the calculation of the spider diagram
in Fig. 6c. Faultbound element concentration in the border zone of
pegmatitic, aplitic or granitic rocks has not been considered for the li-
thochemical assessments in Fig. 6.

4.3.2. Structural analysis
Irrespective of the host lithologies of the various pegmatitic and

granitic rocks in allochthonous (F-type) or autochthonous units (H-
type) and their structure, the position may be defined by the general dip
direction and dip angles projected onto the lower hemisphere of ste-
reonet diagrams (Fig. 9a, b, d–f, h, i). The structural analysis refers to
pegmatitic and aplitic bodies unless stated otherwise. The anticlinal A-
types, some of which are renowned for their rare element contents show
rather complex structural patterns which can be grouped as to their
facies (Fig. 2a), their great circle azimuth as well as great circle plunge
(Fig. 10). The orientation of these anticlinal types have been de-
termined by measuring the planar elements of this structural type using
data derived from underground mining plans. Hagendorf-North and
Hagendorf-South show steeply dipping great circle plunges; Hagendorf-
South represents a horizontal upright fold, its neighbor Hagendorf-
North a horizontal inclined fold with its steeper limb facing eastward. A
similar scenario cannot be determined for the Kreuzberg quartz

pegmatite whose feldspar rim was completely destroyed as a result of
argillitization (Fig. 2a, Tables 2a, 2b, A3–A4). Its present-day quartz
reef is highlighted by the colored contour lines and its strike by the
great circle azimuth (Fig. 10c). The well preserved A5-A6-type footwall
aplite granite underneath the Kreuzberg quartz pegmatite shows a great
circle azimuth of 319° and a great circle plunge of 77° (Fig. 10c). It is on
open fold whose axis gently dips approx. 10°/230°. The same hold true
for the aplite veinlets, towards the east of the footwall aplite granite
which form a plunging inclined fold (Fig. 10d). The stockwork aplite
veins of the proximal and distal facies in the hanging wall rocks do not
differ from each other with regard to their structural signature but
contrast with the overall patterns as they have great circle data oriented
almost perpendicular to the principal pegmatite bodies and their foot-
wall facies (Fig. 10e, f). A8-types fade out in the S-planes of the me-
tamorphic country rocks. There is a negative correlation between the
plunge of the great circle and the accumulation of pegmatites in the
hinge zones of the folds (Fig. 10).

4.4. Chemical signature of hypogene and supergene argillitization

Kaolin (kaolinite, dickite, nacrite with different degrees of Si/Al
disorder and halloysite) is a common argillic alteration encountered in
a wide range of parent rocks, predominantly on felsic rocks such as

Fig. 9. Stereonet diagrams projected onto the lower hemisphere of tabular, layer-shaped and sheet-like pegmatitic and granitic rocks; for categorization see Fig. 2a and Tables 2a, 2b. a)
H-4 granitoid (G) with U-bearing faults sub parallel to and cross-cutting the granitoids of autochthonous unit 4 in Fig. 2a. Poppenreuth U deposit E of Tirschenreuth (Fig. 1c, d). The inset
illustrates the accumulation of U ore minerals at the edge of the granitoids where they are cut by NW-SE-trending faults. b) F pegmatoid W of Vohenstrauss at outcrop in the allochthonous
units. c) Marginal faults in the hanging wall rocks of F-type pegmatoids of Fig. 9b. d) Type-A5 aplite/aplite granite at Silbergrube Mine near Waidhaus (dip direction 45°/dip angle 60°). e)
Type-A2 pegmatite at Burkhardsrieth Haunerberg Mine (dip direction 235°/dip angle 45°). f) Type-A1 pegmatoid of Weiss Mine S of Pleystein (dip direction 300°/dip angle 83°). g) Type-
B2 aploid at Trutzhofmühle (dip direction 220°/dip angle 45°). h) Type-C pegmatite at Brünst Mine (dip direction 30°/dip angle 50°). i) Type-G metapegmatite at Püllersreuth Mine (dip
direction 225°/dip angle 50°).
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those of the granite- and pegmatite-aplite suites (Dudoignon et al.,
1988; Kitagawa and Köster, 1991; Bristow and Exley, 1994; Psyrillos
et al., 1998; Beurlen et al., 2001, 2009; LeBoutillier, 2002; Scott and
Bristow, 2002; Dill et al., 2014b, 2015, Dill, 2016b). Tirschenreuth
kaolin is still mined in a large granite-hosted supergene kaolin deposits,
whereas in the Hagendorf-Pleystein kaolin is present in relic patches
left over as the feldspar rim was eaten away by this hypogene alteration
(Fig. 11). The major elements reveal significant differences in the Mn
and P contents which are accumulated in the hypogene kaolinization
relative to the supergene one (Fig. 11a). Among the minor elements Ba,
Bi, Cu, Mo, Nb, Sr, Ta, and Zn are enriched by some orders of magni-
tude relative to the supergene kaolin, whereas Ni, Pb, U, V and Zr show
a reverse trend.

5. Discussion

5.1. Types and physical-chemical regimes of pegmatitic and granitic rocks

Like in many pegmatite provinces elsewhere in the world, barren
pegmatites prevail over rare metal pegmatites also in this region.
Logically, a holistic approach has been taken covering the entire
spectrum of feldspar-quartz-mica mobilizates when it comes to con-
strain the physical-chemical regime. The physical-chemical regimes of

the different types of rocks is determined based on marker minerals,
marker reactions as well as the quartz thermometry making use of trace
elements. The Ti-in-quartz geothermometer of Wark and Watson (2006)
provides a tool to determine the quartz crystallization temperature
based on the temperature dependence of the Ti4+−Si4+ substitution in
quartz and given the presence of rutile or, in its absence, an estimate of
the TiO2 activity of the system. This geothermometer is frequently used
for magmatic and metamorphic processes and can be applied to tem-
peratures up to as much as 1000 °C (Storm and Spear, 2007; Breiter and
Müller, 2009). In this region is has been used for the first time by Dill
et al. (2012) for pegmatites.

5.1.1. A-type pegmatoids, aplites, aplite granites and pegmatites
The A-type rocks show a tripartite facies zonation (Fig. 2a): Foot-

wall facies (A1, A2, A5, A6), central facies (A3, A4), hanging wall facies
(A7, A8).

Footwall facies: The felsic mobilizates of type A1 originated from
paragneisses as a consequence of metamorphic mobilization and the
temperature regime can be deduced from the presence of almandine-
enriched garnet s.s.s. Its formation facilitates by reducing environments
and its temperature of formation decreases when the partial water
pressure and total pressure diminish. The silicate marks medium-grade
conditions in a T interval of 500–600 °C (Thomas, 2005; Bucher and

Hagendorf-South 
Pegma te-aplite A3-A4 

a b 

Hagendorf-North 
Pegma te-aplite A3-A4 

c 

Kreuzberg 
Footwall aplite-aplitegranite A5-A6 

d e f 

Kreuzberg 
Footwall aplite veinlets A5 

Kreuzberg 
Hanging wall aplite A7 veinlets Kreuzberg 

Hanging wall aplite A8 veinlets 

Fig. 10. Stereonet diagrams projected onto the lower hemisphere of vein-type, stockwork and stock-like, anticlinal pegmatitic and aplitic rocks in the hinge zone; for categorization see
Fig. 2a and Tables 2a, 2b. a) A3-A4-type anticlinal stock-like pegmatite Hagendorf-South (great circle azimuth 203°/great circle plunge 87°). b) A3-A4-type anticlinal stock-like pegmatite
Hagendorf-North (great circle azimuth 286°/great circle plunge 82°). c) A5-A6-type footwall aplite layer and aplite granite of the Kreuzberg quartz pegmatite (“pegmatite ruin”) in the
city of Pleystein (great circle azimuth 319°/great circle plunge 77°). d) A5-type aplite veinlets in the footwall rock of the Kreuzberg quartz pegmatites near Finkenhammer-Pleystein (great
circle azimuth 320°/great circle plunge 60°). e) A7-type stockwork aplite veinlets in the hanging wall rocks of the Kreuzberg quartz pegmatites (proximal facies) western part of the city of
Pleystein (great circle azimuth 222°/great circle plunge 38°). f) A8-type stockwork aplites veinlets in the hanging wall rocks of the Kreuzberg quartz pegmatites (distal facies) westernmost
part of the city of Pleystein (great circle azimuth 233°/great circle plunge 43°).
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Fig. 11. Hypogene and supergene kaolinization given in a logarithmic scale. a) Minimum (green), mean (red) and maximum contents of major elements in hypogene and supergene
kaolinization of pegmatitic and granitic rocks in the study area. b) Minimum (green), mean (red) and maximum contents of minor elements in hypogene and supergene kaolinization of
pegmatitic and granitic rocks in the study area. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Grapes, 2011). The A1 pegmatoids also lie within the reaches of the
hypogene kaolinization (Fig. 2a). There is only one well-defined reac-
tion cited in many textbooks (Winkler, 1976) that gives the upper
stability limits of kaolinite: 1 kaolinite+ 2 quartz ⇔ 1 pyr-
ophyllite+ 1H2O (390 ± 10 °C 2 kbar). There was no conduit by fis-
sures between A1 pegmatoids and the remaining A-type pegmatitic
rocks during the primary emplacement of the A1 pegmatoids. By con-
trast, during latter stages such conduits existed and provoked the kao-
linization of part of the pegmatoids. A2-type rocks resemble the afore-
mentioned A1-types but opposed to them, A-2 types are also connected
in space and time with the overall pegmatite body (Fig. 2a). A2 peg-
matitic rocks contain several silicates typical of contact and regional
metamorphic processes indicative of a certain level of temperature of
formation: epidote-clinozoisite s.s.s.: 400–530 °C, diopside s.s.s:
430–570 °C. A5 and A6 only differ from each other by the degree of
argillitization. A5 shows strong muscovitization at temperatures>
400 °C and a pH≥ 7, whereas the kaolinized type A6 developed at
lower temperatures and a pH below 7. The A5 stockwork formed under
a T regime similar to A2 between 530 °C and 490 °C (Fig. 2a – right
side).

Central facies: The highly differentiate quartz-feldspar pegmatites A3
and A4 developed between 460 °C and 560 °C based on the quartz
thermometry.

Hanging wall facies: The facies type A7 is a mirror image of the
footwall facies A 6 with regard to the marker minerals and the T of
formation. With regard to the pH, however, there is a difference owing
to the presence of phyllosilicates of the smectite group attesting to a
more alkaline fluid regime than below the main pegmatite ore body
(Tables 2a, 2b, Fig. 2a). A8 is a mirror image of the A5 stockwork facies
of the footwall facies with respect to the mineral association and con-
sequently with respect to the temperature too.

The temperature gradient is “centripetal” with little variation
during the primary emplacement and the fractionation into the various
subtypes. The outer rim of calcsilicate minerals is not only meaningful
as to the temperature variation but also reflects some sort of a restite
during fractionation. A conspicuous vertical differentiation is observed
during the secondary argillic alteration process which reveals an up-
ward change from an acidic to an alkaline fluid regime.

5.1.2. B-type pegmatoids, aploids and aplitic gneisses
The B-type rocks show a steeper temperature gradient than the

afore-mentioned A types from the barren B1 through to the mineralized
B2 types. B3 which was investigated by Forster (1965) misses diag-
nostic minerals such as cordierite and sillimanite so that its upper T
limit has to be given with a question mark (Fig. 2a).

5.1.3. C-, D and E type pegmatoid, pegmatites and aplites
The C- and D-type rocks are similar as to their structural setting and

reflect a temperature drop from 670 °C down to 400 °C. Epidote is the
marker mineral to fix the lower T limit. The E veins fall into the range
490–760 °C judging by the quartz thermometry. Schmidt and Dandar
(1995) studied fluid inclusions in feldspar formed during the early
stages of such pegmatoids. They found an average temperature of
homogenization of as much as 675 °C and determined the pressure to be
350 Mpa. Physico-chemical investigations centered on these pegmatitic
mobilizates carried out by Okrusch et al. (1991) in the NE-Bavarian
Basement, Germany yielded a maximum temperature of 620 ± 30 °C.
None of these case histories saw granites close by being involved as a
heat source.

5.1.4. F type pegmatoid, aploid and aplites
The physical-chemical regime of the pegmatoid-aploid-aplite as-

semblage of type F is constrained by the Fe-poor diopside towards
higher temperatures and on the opposite side by the Ca-bearing zeolite
laumontite (Tables 2a, 2b, Fig. 2a). With regard to laumontite, the
equivalent data are 230 to 260 °C (3 kbar) (Bucher and Grapes, 2011).

These zeolites are absent in the presence of fluids containing appreci-
able amounts of CO2.

5.1.5. G type metapegmatites
The metapegmatites in the study area underwent the same P-T

conditions as their metamorphic host rocks during the Devonian high-
temperature regional metamorphism with its temperature increasing to
as much as 600 °C (Dill, 2015b).

5.1.6. H type granitic and pegmatitic rocks
The H-type rocks of the granitoid clan are ordered in a sequence as

follows based on the host rock magma interaction: H4⇒H5⇒H1⇒
H2⇒H3. The (cordierite-sillimanite-garnet)-mica-feldspar-quartz
granitoids of type H4 and H5 plot onto the ternary melt minimum at
approximately 700 °C. According to Steiner (1986) H5 granitoids are
representative of a syn- to postmetamorphic mobilization, whereas H4
granitoids are the product of (pre)-synmetamorphic mobilization from
paragneisses with two different retrograde metamorphic events starting
off from amphibolite-facies conditions and fading out under greenschist
facies conditions as muscovite-bearing granites north of the Luhe Line
(Fig. 2a). The retrograde metamorphism and creation of felsic mobili-
zates is also mirrored in the map of Fig. 1c by the lithological units 1
through 7 from S of the Luhe Line through to the boundary between the
Moldanubian and Saxothuringian Zone in the North (Fig. 1c-C-C′).

Concluding from the petrology of the H1-type granodioritic to
dioritic rocks (Fig. 1c, d- No 12) a temperature of> 800 °C may be
assumed, whereas the larger granite complexes of the Leuchtenberg-,
Falkenstein- and Flossenbürg Massifs formed at a lower temperature
typical of a granitic magma between 700 °C and 800 °C. Their contact
aureole is narrow with some diopside and only known from the
southern border of the Leuchtenberg Granite (Fig. 1c) (Voll, 1960). The
pegmatitic H5 schlieren escape any determination of the temperature of
formation due to the lack of critical minerals and non-fulfillment of the
requirements for the application of the quartz geothermometer (Wark
and Watson, 2006).

The contour lines displaying the isotherms (maximum temperature
of formation based on silicate minerals (e.g. wollastonite, diopside,
epidote, andalusite….…) and quartz thermometry) in the Hagendorf-
Pleystein Pegmatite Province and its surroundings denote a tempera-
ture high striking NNW-SSE and mark a cluster belt extending from the
W-WNW towards E-ESE (Fig. 12). The marker mineral wollastonite
cannot be created by any of the type-H2 granites. The zone of maximum
kaolinization forms an anomaly also running in NNW-SSE direction sub
parallel to the “high-T zone” as a consequence of a non-granitic heat
source either.

5.2. Structural patterns and the emplacement of pegmatites

Felsic mobilizates evolving in the wake of the LP-HT metamorphism
have to be called pegmatites or pegmatoids based on their structural
features which entails a postkinematic to late synkinematic origin
(Table 4). The type-A and B planar architectural elements shown in a
composite stereonet diagram yield a great circle azimuth of 54° and a
plunge of 89° which lies in a “temperature depression” of the NW-
striking high-T anomaly attaining a value of as much as 800 °C
(Figs. 10d, 12 – blue double arrowhead marking the 1 st generation
structural phase). The horizontal anticline inclined towards the SW and
hosting the major pegmatites – blue pattern in Fig. 12 – has an am-
plitude of several kilometers and is correlated with the F4 folding re-
cognized by Stein (1988). Considering the stereonet data, the F4 folding
structures were also crucial for the emplacement of the A7 (222°/38°)
and A8 (215°/41°) stockwork mineralization in the hanging wall of the
hinge-and-anticline bodies of type A3 and A4 (Figs. 2a, 10e, f, 13).
Their great circle azimuth is almost identical with that of the main host
anticline, whereas the plunge is steeper and in line with the tempera-
ture gradient (Fig. 12).
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The great circle azimuth of the main pegmatites at Hagendorf-North
and South runs perpendicular to the afore-mentioned steeply-dipping
pegmatite and aplite bodies similar to those of the footwall facies of the
Kreuzberg Pegmatite, all of which are aligned parallel to the elongated
temperature minimum in NE-SW direction: Hagendorf-North A3-A4:
286°/82°, Hagendorf-South A3-A4: 298°/81°, Kreuzberg A5-A6: 318°/
78°, A5: 321°/60° (Figs. 10a–d, 12 – 2nd generation green pattern.
Mimetic or facsimile crystallization did not only play a decisive role for
the tabular pegmatites and aplites emplaced along the limbs of the host
anticline but were also crucial for the emplacement of the stock-like
analogues of type A. According to the field observations by Stein
(1988), F3 generation of folding is accompanied by a retrograde me-
tamorphism, and so does the pegmatitization in the low-T zone at the
intersection of the cluster-belt and the high-T zone (Fig. 12). High heat
flow with temperatures of close to 800 °C and overprinting (F3⇒ F4) in
the host anticline are accountable for the emplacement, the asymmetric
morphology and the zonation of the hinge-zone-related pegmatites of
type A (Fig. 13a, b). Generation 1 – mobilization and differentiation
started off around 680 °C leading to the barren and unzoned tabular
pegmatites of type B along the limbs and stockwork-like hydrofracture
veinlets of A7 and A8 responsible for the basic restite rim abundant in
Fe, Mg, Ca. The onset of generation 2- mobilization can be established
at temperature below 570 °C resulting in a rim of Na-K feldspar around
a siliceous core (Fig. 13b). The classical papers on metamorphic dif-
ferentiation trying to explain K- and Na-enriched layers of granitic
gneiss interbedded with Fe- and Mg-enriched gneissic and schistose

layers were published by O’Harra (1961) and Bowes et al. (1964). There
are many pegmatoid deposits mined for their alkaline feldspar and/or
quartz which never saw a granite as heat source close by. Numerous
granite pegmatites worked for feldspar have been listed by Harben and
Kužvart (1996). It may be a bit pre-emptive in this place, but keeping to
the rules of economic geology it has to be stated explicitly, that the
numerous pegmatitic rocks mentioned even in the study area and from
the overall Bohemian Massif have been right on target for their feldspar
and not for the wealth of exotic minerals accommodating fluxing agents
such as F, Li, or Be.

To provide a realistic model of pegmatitic mineralization in ac-
cordance with nature is unfortunately often impeded by the refusal of
alternative ideas for the formation of rare-element granites such as
metamorphic processes, anatexis or fluid-induced overprinting of
barren pegmatites (Černy, 1992; Černý et al., 2005). I did not found any
reliable holistic approach, encompassing structural geology, petro-
graphy, mineralogy and geochemistry based upon which such alter-
native theories were discarded. The concept of regional metamorphism
as a modifier of preexisting, mainly sulfidic and oxidic ore deposits by
upgrading its ore grade is commonplace and does not cause much
dispute. Moreover there are numerous papers addressing the formation
of metamorphogenic ore deposits (Pohl, 1992; Barker and Foster, 1993;
Yardley and Cleverley, 2013; Corriveau and Spry, 2014).

1: Hagendorf-North 
2: Hagendorf-South 
3: Burkhardsrieth 
4: Trutzhofmühle 

5: Pleystein 
6: Miesbrunn 
7: Kaplansteig 
8: Finkenhammer 

  9: Waidhaus 
10: Reinhardsrieth 
11: Vorderbrünst 
12: Zengerhof 

 13: Zessmansrieth 
14: Remmelberg 
15: Georgenberg 
 
 

Kaoliniza on 

Crustal  T belt 

Subcrustal T zone 
Great circle plunge/  
Direc on (1st gen.) 

Great circle plunge/  
Direc on (2nd gen.) 

Fig. 12. Structures and temperature – The maximum temperature of formation based on silicate minerals (e.g. wollastonite, diopside, epidote, andalusite….…) and quartz thermometry
in the Hagendorf-Pleystein Pegmatite Province and its surroundings (see also Fig. 1b, c). The major deposits of pegmatitic and aplitic rocks are indicated full-color circles, the argillic
alteration (mainly kaolinization) is shown by the white stippled line. The structural trends are shown by arrowheads (for detailed information see also stereographic projections in Figs. 9
and 10).
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5.3. Chemical patterns of barren and rare metal pegmatites vs. geodynamic
setting

5.3.1. Mobilization of Si, Al, K, REE, Na, P and Fe at the crossing of
metatectic metamorphic lithologies and mega shear zones

Even if O’Driscoll did not focus on the structural geology and ex-
ploration of pegmatites, its idea centered on some world class mineral
deposits in Australia, his ideas of deep-seated lineaments and mega
shear zones can also be used as an innovative solution in the explora-
tion of pegmatitic deposits as demonstrated in the following paragraphs
(Bourne and Twidale, 2007). They are not handled as a stand-alone tool
but in context with the chemical patterns of the individual pegmatitic
and granitic rocks and a trend analysis of elements.

Silica, aluminum, potassium and rare-earths elements are mobilized
from the lithologies 6, 7, 13 south of the Luhe Line fault zone abundant
in felsic mobilizates (Figs. 1c, d, 7a, Table 3). The “hot spot” lies at the

intersections point of a NW-SE striking mega shear marked by the
quartz veins and the turning point (W⇒NNE-ENE) of the afore-men-
tioned lithologies. It reflects the initial state of pegmatitization in a
retrograde metamorphic regime which is gradually overprinted by an
embryonic subcrustal magmatic impact (Fig. 6a). Coupled trace ele-
ment mobilization and strain softening in quartz following high grade
metamorphism at 750 °C, in the course of retrograde fluid infiltration
has been recorded by Ellis and Obata (1992) and Sørensen and Larsen
(2009). A similar scenario as described for the NW-NNW-striking shear
zone was studied by Nouar et al. (2011) along the Raghane mega shear
zone in Algeria. The circular patterns of types A1, A2, A4, A5, A8, B1,
B3, D, F, and G of the anticlinal pegmatites originated through mobi-
lization from metamorphic rocks (Fig. 6b, c, Tables 2a, 2b). These three
elements Na, P and Fe follow as similar way as far as the mobilization is
concerned with a stronger magmatic input and contrast with regard to
the orientation of the venting structures (Table 3). Phosphorus is

Table 4
The chronology from a barren pegmatitic to a rare-metal pegmatitic system. The types mentioned in column two refer to the classification scheme used in Fig. 2a and Tables 2a, 2b. Green
bands mark metamorphic processes crucial for the formation of pegmatitic and granitic rocks, white bands denote magmatic processes of subcrustal origin. The remaining color codes are
equivalent to those used in Tables 2a, 2b Breiter and Siebel, 1995; Dill et al., 2009; Siebel et al., 1995; 1997; Wemmer and Ahrendt, 1993.

Lithology 
(reference sites)

Type 
of

rock

Whole rock Rb/Sr
- zircon-monazite 

U/Pb

Biotite Muscovite Columbite Reference for age data

Granitoid, granitoid-metagranite-orthogneiss / 
granitic gneiss (South of the Luhe Line 
Lineamentary Fault Zone)

H4 Neoproterozoic to early Paleozoic (radiometric data not available)  Voll (1960), Forster (1961, 
1965), Bauberger (1967, 1993)

Granitoid magmatism H5 480±3 Ma
523±12/-7 Ma

Dörr et al. (1995, 1996)

Metapegmatite (Menzelhof , Wildenreuth , 
Störnstein, Wendersreuth , Püllersreuth, 
Irchenrieth, Oedenthal) 

G  480+7/-9 Ma             mega crystal  
440±4 Ma 
481±5 Ma      
small  
crystal            
352±5 Ma
468±5 Ma

482±13  Ma
(outside the 
working area
from  
Domažlice 
Crystalline 
Complex 
(Czech 
Republic)

Glodny  et al.(1998) 
Glodny et al. 1995

Pegmatoid, aploid, aplite (Oberkotzau 
Münchberg Gneiss Complex

F
 

 372.5 Ma
377.0 Ma

 Kreuzer et al. (1993) 

Pegmatoid (KTB-Pilot hole 433m) F
 

375 Ma 
  

Kreuzer et al. (1993)

Pegmatoid (KTB-Pilot hole 3297 m) F
 

370 Ma 
  

Kreuzer et al. (1993)

Metamorphism (KTB-Pilot hole <3455 m)  

 

319 Ma               
316 Ma                
LP 

372 Ma          
363 Ma  
HP/MP  

Wemmer and Ahrendt (1993) 

Quartz dykes (e.g., Weißenstein, 
Burkhardsrieth)

E Younger 321 Ma – 329 
Ma

Siebel et al. (2006)
(host  granodiorites)

Aploid-pegmatoid (Georgenberg Brünst) B2    316±3 Ma  Glodny et al. (1995)
Aploid-pegmatoid (Plössberg) B2    315±3 Ma  Glodny et al. (1995)
Pegmatite (Hagendorf-South) A2-A3    317±3 Ma  Glodny et al. (1995)
Pegmatite (Hagendorf-North) A2-A3 314.0±5.5 Ma      

266.9±10.6Ma
305.3±3.4 
Ma  

Dill et al. (2013) 

Granodiorite (to diorite) “Redwitzite” H1 322 Ma Kováříková et al. (2007)

Monzogranite-granodiorite (Leuchtenberg) H1-H2 326±2 Ma    Siebel et al. 1995, 1997, 
Granite (Leuchtenberg) H2 321±8 Ma    Köhler et al. (1974) 
Lamprophyre (KTB-Pilot hole 2231 m)  

 
306.0 ± 4 Ma       
295.1± 3 Ma   

Kreuzer et al. .(1993) 

Granite (Falkenberg) H2 311±4 Ma 300±1 Ma 307±1 Ma 
310±1 Ma

 Wendt et al. (1986) 

Granite (Flossenbürg) H2 304.0±11 Ma 
311.9±2.7 Ma

292 Ma
  

Köhler et al. (1974) , 
Wendt et al. (1994)

Granite (Bärnau) H2 313.2±2.0 Ma 297 Ma                
289 Ma  
(Chlorite)

306 Ma  Wendt et al. (1994) 

Aploid (Trutzhofmühle) B2
   

302.1±3.3Ma       
376±14Ma

Dill et al. (2008) 

Aplite granite (Silbergrube) A5    302.8±1.9 Ma      Dill et al. (2009)
Pegmatite (Hagendorf South) A2-A3    299.6±1.9Ma Dill et al. (2008)
Pegmatite (Křížový kámen / Kreuzstein) A2-A3 297  ±2 Ma Breiter and Siebel (1995)
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ubiquitous in garnet and feldspar of the granitic mobilizates and their
host paragneisses a fact also recorded from elsewhere by Broska et al.
(2004) and Breiter et al. (2005). A double entry of elements in Table 3
attests to different stages of mobilization characterized by the or-
ientation of the structure zones channelizing the fluid migration.

5.3.2. Mobilization of As, Fe, Ni, Ti, Nb, Bi and Cu along the E-W trending
root zone of the nappe

The Early Variscan Luhe Line is the controlling lineamentary fault
zone for these accessory elements in the pegmatite system (Table 3).
Arsenic and bismuth are frequently found together with gold miner-
alization in the Bohemian Massif (Herzog et al., 1997; Morávek and
Lehrberger, 1997). The most proximal stratiform Au-As-Bi mineraliza-
tion is found immediately S of the Luhe Line in cordierite-sillimanite
gneisses (Lehrberger et al., 1990). Arsenopyrite, loellingite, maldonite,
native and native bismuth are concentrated in an isoclinals fold of a km-
wide amplitude at a temperature of at least 630 °C and a pressure of
2.5 kbar during a polymetamorphic process. These mobilizates are
correlative with the stratiform type B aploids and pegmatoids as to the
P-T regime and the lens-shaped and stellate patterns emplaced under
similar physical-chemical conditions (Figs. 2a, 6b). Although gold is not
a common constituent of pegmatitic ore bodies, pegmatite veins,
veinlets and quartz veins associated with gold and different styles of

argillic alteration were reported by Bakke et al. (1998) from Fort Knox,
Alaska-USA. The main minerals in question are native bismuth, mal-
donite, bismuthinite, and tellurobismutite.

Titanium stands out mostly by its negative anomalies in necking-
down patterns and is accumulated in circular pattern. It is the element
most characteristic of restites (e.g. A3, B3) left over after strong frac-
tionation during pegmatite emplacement and an indicator element for a
strong interaction with country rocks or metamorphic mobilization
from the surrounding paragneisses (e.g. A2, A4). In granitic rocks it also
stands for some kind of cumulus at the beginning of fractionation (e.g.
H1). The afore-mentioned chemical signature finds its mineralogical
expression in the “nigrine” aggregates disseminated in the metamorphic
country rocks of the pegmatites and quartzose pegmatitic rocks e.g. A4
(Dill et al., 2007, 2014a).

Copper and nickel and are common marker elements for basic and
ultrabasic rocks as underscored in many textbooks on economic geology
(Evans, 1993; Robb, 2004; Laznicka, 2006; Gilbert and Park, 2007;
Ridley, 2013; Dill, 2010; Pohl, 2011). Nickel experienced mainly de-
pletion in many of the “necking-down pattern” indicative of strong
differentiation. Only in the B-type rocks anomalous values of Ni may be
recognized. It is an element of hydrothermal origin which occurs side-
by-side with As and Cu in the wall zone of F-type pegmatoids in calc-
silicate-amphibolites (Figs. 2a, 8). This holds true also for Cu as far as
the proximity to F-type pegmatoids is concerned. The pegmatoids and
mineralized structures run sub parallel to the Luhe Line. In some cases
different from it with regard to the host rock such as A3, A7, A8, B2 and
E this theory cannot be applied. The lineamentary structure zone
marked by type E mobilizates are a strong argument that Cu in this
pegmatite province has been supply along lineamentary fault zone by
deep-seated fluid introduction which at the very end also stresses a
(ultra)basic source rock (see also Zn, Mo).

Niobium is widely used for discrimination due to its refractory
character and resistance of its host minerals against supergene and
hypogene alteration. In combination with Cr, Nb can be used for the
determination of the source rock lithology of rutile (Zack et al., 2004;
Stendal et al., 2006; Triebold et al., 2007; Meinhold, 2010; Dill and
Skoda, 2017). It occurs in metabasic, metapelitic and pegmatitic rocks
(arranged in order of increasing Nb contents). The pegmatite-aplite-
gneiss system is the most diversified one with regard to the Nb-Fe-Ti
system and contains the most elevated amounts of niobium in Ti oxide
or in minerals of the columbite-tantalite s.s.s. (Černy et al., 1989, 1999,
2000; Dill et al., 2007, 2014a). Niobium is taken as reference element
for strong pegmatitic fractionation and encountered in lens-shaped,
necking-down and stellate patterns. Pegmatitic rocks of little or almost
no differentiation and restites are poor in Nb (Fig. 6b, A8, B3). Ex-
cluding A1 and A8, being emplaced at the margin of the anticlinal
pegmatite system, all pegmatites and aplites are strongly fractionated
(Tables 2a, 2b, Fig. 6).

5.3.3. Mobilization of Ba, Mo, Mn, Zn, Rb, Pb, Zr, Mg, Ca, and P along
NW-SE and N-S- trending deep-seated lineamentary fault zones

The Late Variscan embryonic Franconian Line Lineament and the
Lineament of Bad Elster-Bad Brambach Marienbad-Taus of the same age
are of control on the elements mentioned in the header (Fig. 1c)
(Teuscher and Weinelt, 1972). Barium is abnormally enriched in A2
where barite comes into existence as a rather rare mineral (e.g. Ploes-
berg) but still more widespread than some of the early-stage
K–Ba–Sc–Zr phosphates spotted in the Trutzhofmühle Aploid (Fig. 6b)
(Dill, 2015b). Elevated barium contents were found genetically asso-
ciated with massive sulfide deposits and their Pb and S isotopes are well
in accordance with those sediment-hosted deposits classified as Sul-
livan-type/Meggen-type deposits sensu Jiang et al. (1998) and Taylor
and Beaudoin (2000), where they occur at the margin or were accu-
mulated during early stages of mineralization. Another important
barium concentration took place in vein-type deposits bound to deep-
seated structure zone, equivalent to the Franconian Line Lineament

Fig. 13. Refolding, metamorphic mobilization and differentiation entail the formation of
zoned pegmatite bodies in an antiform. a) Refolded fold F4 in the host anticline produced
by folding F 3 (idealized model based on large-scale examples at outcrop reported by
Forster (1965) and Stein (1986). See also Fig. 3. The fractures in the hinge zone of F4
correspond to type A 7 and A 8 aplite veins in Fig. 13b. b) Zooming in Fig. 2a and focusing
on the anticlinal hinge-zone hosted pegmatites and aplites which evolved from meta-
morphic rocks through metamorphic differentiation in zones of high heat flow, mobilizing
K, Na and Si and leaving behind a chemical residue enriched in Ca, Mg and Fe in the
exocontact of the zone pegmatite.

H.G. Dill Ore Geology Reviews 92 (2018) 205–239

231



(Dillm 1989; Dill et al., 2008b). Anomalous Ba contents imply a strong
subcrustal impact. Richter and Stettner (1979) found a steady decrease
in Ba from the older towards the younger granites in the adjacent
Fichtelgebirge Mts. Barium substitutes for K and Rb in many silicates
such as feldspar and mica, many of which common to pegmatites.
Unfractionated A2 pegmatoid-pegmatite has the lowest K/Ba ratio of
0.53, followed by A8 (K/Ba: 1.15) and A7 (K/Ba: 1.32) whereas A3
pegmatite scores the highest ratio (K/Ba: 27.75), followed by A6 (K/Ba:
6.94), A5 (K/Ba: 3.80) and A4 (K/Ba: 2.90). A1 is in the reaches of the
halo of argillitization but as to the emplacement a separate entity (K/
Ba: 11.29). The Ba-Rb couple is a marker for the degree of fractionation,
with high Ba contents attesting to the initial moderately fractionated
stages in the pegmatite system and Rb to the strongest degree of frac-
tionation. Based upon these chemical parameters the anticlinal peg-
matite system evolved in a way “outside⇒ inside”. The most proximal
granites H2 (K/Ba: 6.32) and their cogenetic pegmatites H3 (K/Ba:
2.28) do not fit into this regular pattern of A2–A8 pegmatite system.
The hinge-zone pegmatite system differentiated in-situ from a meta-
morphic mobilizates unrelated to the nearest granites.

Manganese, calcium and magnesium have one thing in common the
bivalent valence state. Manganese attracts the attention of exploration
geologists as it frequently plays a similar role as Ba in many deposits

mentioned above being indicative of a subcrustal source (Hein et al.,
2006; Malahoff et al., 2006; Huang et al., 2011). In the current peg-
matitic systems this idea may be ruled out in the majority of cases
considering the lens-shaped chemical patterns, where Mn is always
bound to P anomalies (Figs. 6b – A7, B2, 6c – C, E). Manganese is hotly
contest by two host minerals in the pegmatite system, Mn-bearing
apatite and Mn-enriched garnet (spessartine). Toward a deeper level of
intrusion, as was the case in the Bayerischer Wald, S of the study area,
garnet gradually got enriched in Mn, leading at the very end to a garnet
s.s.s dominated by spessartine (Schaaf et al., 2008). At a shallower
level, as it is the case in the study area, Mn apatite is the major host
followed by various secondary Mn-bearing phosphates (Dill, 2015b).
Manganese is thus indicative of the depth or pressure exerted on the
pegmatitic system.

Magnesium contrasts with the overall major elements by its con-
spicuous negative anomalies giving rise to necking-down patterns. It
forms a restite on strong fractionation or got preserved as a remnant in
mica and chlorite during metamorphic mobilization.

While Mg plays only a passive role during pegmatite emplacement,
Ca next of kin in chemical terms to Mg, plays in parts of the pegmatite
system a leading role, e.g., A8, A2 and B, flagging the exocontact zone
of it (Figs. 2a, 6).
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Fig. 14. The 3-D representation is to show the geological setting (modified from Dill, 2015b) and supplemented with those planar architectural elements from structural geology relevant
to the explanation of the genesis of the pegmatites along the boundary between the Saxo-Thuringian and Moldanubian Zones and the contact between the allochthonous (root
zone+major trust) and autochthonous units. The lineamentary structure zones striking around the N-S direction coincide with a bulge of the Moho. Element variation as a function of
depth and geodynamic setting is given on the right-hand side. The various pegmatitic rocks are shown in blue, the Hagendorf-Pleystein Pegmatite Province (HPPP) marked by the red box.
metap.=metapegmatite, peg=pegmatite. Li-F-Si= lithium mica (e.g. zinnwaldite), Li-Al-P-F-OH= lithium-bearing Al-phosphates (e.g. montebrasite-amblygonite), Li-P= lithium-
bearing phosphate (e.g. triphylite). The subcrustal impact on the pegmatite system increases towards the S along with a steepening of the thrust plane. The categorization of felsic
mobilizates is given with letters A–H as used in Tables 2a, 2b, Fig. 2a and referred to in the text. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Molybdenum, zinc and lead share the same sort of formation,
having been derived from hydrothermal solutions at different distances
from the pegmatoid/pegmatite (Fig. 8). They are frequently coupled
with As and Cu and observed in the same structures along the walls of
pegmatitic rocks. Molybdenum which is accommodated in molybdenite
is associated with graphite and meta-bituminous substances and U
oxides (Dill, 2010). It forms part of structure bound U mineralization in
H4-type granitoids and along deep-seated quartz dykes (Fig. 2a).

Zinc follows suit to the afore-mentioned elements as long as struc-
ture bound mineral assemblages in and around pegmatites are con-
cerned. In some pegmatites, e.g., A3, Zn appears, however, during the
initial stages of pegmatite emplacement accommodated in Fe-enriched
or marmatitic sphalerite in an intimate intergrowth with the matrix
silicates. Zinc is also common to many limb- and faultbound pegmatitic
rocks of type B, E, and F but never present in the granitic suite another
fact which can be cited as evidence against a direct derivation of the
pegmatitic rocks from the adjacent granitic intrusives of type H2
(Fig. 6). It is an element from a deep-seated subcrustal source added
during an early stage of pegmatite emplacement to the felsic mobili-
zates.

Zirconium is another a member of the so-called restite elements
which stand out by a “negative anomaly” in the necking-down patterns
typical of strong differentiation (e.g. A3) or form a strong positive
anomaly in pegmatitic residues such as denoted by B 3 (Fig. 6b).

5.4. Chemical patterns of primary and secondary kaolinization

The chemical patterns in section 5.3 are diagnostic for the primary
emplacement of pegmatitic rocks. Out of them, A1 and A 6 are sub-
mitted to hypogene kaolinization (Figs. 2a, 6, Tables 2a, 2b). From the
association of major elements little information can be obtained to
discriminate between hypogene and supergene kaolinization, excluding
MgO and CaO (Fig. 11a). Magnesium and to a lesser extent Ca are
depleted in pegmatitic rocks and hydrothermal solutions provoking
kaolinite-group phyllosilicates to form are poor in Mg. Meteoric fluids
may, locally, wash Mg and Ca from outside into the regolith and ac-
count for a higher Mg and Ca content during supergene kaolinization.
Trace elements, typical of hydrothermal (e.g., Zn, Bi, Cu) and pegma-
titic (e.g. Rb, Nb) origin frequently appear in hypogene kaolin (Fig. 6a).
Moreover, these elements are less variable in hypogene argillaceous
zones. Even refractory elements such as Ti and Zr reveal a higher mo-
bility in supergene aquatic regimes (Cornu et al., 1999; Kurtz et al.,
2000; Hodson, 2002; Stiles et al., 2003).

5.5. The Variscan-type pegmatitic system and the geological setting

The evolution of Variscan-type pegmatitic systems may be deduced
from the 3-D diagram which has been designed based on data from
seismic, gravimetric and magnetic surveys (Dill, 2015b) (Tables 2a, 2b,
4, Figs. 2, 14). The pegmatitic system covers approx. 400 million years
of formation of mobilizates composed of quartz, feldspar and mica
endowed, in places, with rare metals accommodated in more than 275
minerals. They are different in composition but almost negligible in
view of the amount of siliceous melt produced in this crust (Fig. 14).

5.5.1. From metatectic to diatectic gneisses
The cluster belt in Fig. 12 coincides with Neoproterozoic to early

Paleozoic rocks running the gamut from the diatectic gneiss to grani-
toids undergoing diaphoresis from south of the Luhe-Line Lineamentary
Fault Zone towards the north (Table 4, Fig. 2c, d). These lithologies are
the start-up for the dynamo- and regional metamorphic evolution of the
feldspar-quartz-mica mobilizates, or in other words of the numerous
barren pegmatoids/pegmatites and their unmineralized analogues of
the granitic suite (Table 4 – H4) (Voll, 1960; Forster, 1961, 1965;
Bauberger, 1967, 1993). The intracrustal sialic mobilization S of the
Luhe Line Lineamentary Fault Zone, the root zone of a crustal wedge

complex, started off at temperatures around 650 to 760° C under a
pressure regime of 3 to 4 kbar (Tables 2a, 2b, 4, Figs. 2a, 14). The
chemical patterns testify that metamorphic mobilization and the en-
suing differentiation were more intensive than the magmatic differ-
entiation of the granites of type H2 (Fig. 6). The granitoids of type H5
are remnants of a Cambro-Ordovician felsic magmatism (Dörr et al.,
1995, 1996). Until the late Cambrian there was strong differentiation
on a chemical scale but with no mineralogical indication of rare-ele-
ment mobilizates.

5.5.2. From metapegmatites, metamorphic pegmatoids to thrusting
From the Ordovician through the Devonian pegmatites or pegma-

toids developed in the allochthonous complexes and brought about a
small beryl-columbite mineralization, a manifesto of isolated rare-metal
pegmatites (Glodny et al., 1995, 1998). The only age information of
columbite in the metapegmatite of the allochthonous units has been
derived from the Domažlice Crystalline Complex (Czech Republic)
which is outside the working area. Caledonian rare-element pegmatites
are known along the NE-SW East Carlow Deformation Zone in Ireland
devoid of any late Paleozoic successor of rare-metal pegmatites like in
SE Germany (Barros et al., 2015). It is an area which did not suffer from
a Late Paleozoic orogenic rejuvenation. No direct genetic tie-line can be
drawn from the Be-Nb mineralization in the metapegmatites to the late
Paleozoic Be-Nb accumulation of type A3, either. The G-type Be-Nb
mineralization is bound to host rocks in a klippen, whereas the A3-type
Be-Nb mineralization is situated tectonically in a window position. One
may draw the conclusion, that a pre- to syn-Ordovician Be-Nb con-
centration existed in the root zone from which the allochthonous units
became disconnected when they were thrusted onto the Moldanubian
autochthonous series. It is logical to assume the late Paleozoic A-type
mineralization to have been sourced from the root zone, too (Fig. 14).
During the late Devonian, the nappes underwent HP/MP regional me-
tamorphism and were converted into metapegmatites (type G) (Kreuzer
et al., 1993). The overthrusting of the allochthonous units, today pre-
sent in two discrete klippen, the Münchberg Gneiss Complex (MGC) in
the N and the Zone of Erbendorf-Vohenstrauβ (ZEV) in the S were ac-
companied by the emplacement of tectonically induced felsic mobili-
zates along their eastern boundaries derived from retrograde meta-
morphic processes (type F) during the waning stages of a MP-HP
metamorphic regime (Figs. 2a, 14, Table 4). In the MGC lineamentary
fault zones are absent and type-F pegmatoids show up as barren peg-
matoids, whereas in the ZEV, HT and LT hydrothermal mineralization
and postmagmatic/-granitic alteration linked to deep-seated crustal
sources left their imprints on the felsic mobilizates (Figs. 1, 14, Tables
2a, 2b).

5.5.3. From the crust to the mantle – from barren to rare metal pegmatites
320Ma ago a LP metamorphism overprinted the crystalline base-

ment rocks, including the feldspar-quartz-mica systems. It provided the
physical-chemical regime for a wide range of pegmatitic, aplitic and
granitic rocks to appear (Figs. 2a, 14). The entire process is character-
ized by a bimodal magmatism with huge amounts of felsic rocks ac-
companied by a minor fraction of intermediate to ultrabasic rocks, both
of which overlap each other in time and space (Fig. 1, Table 4). Felsic
intrusive rocks make use of the same structures prevalently striking
NW- to NNW as the quartz veins (type E). The same holds true for
lamprophyric rocks, which, in some places, are older while in others
younger than the aplitic, pegmatitic and granitic rocks whose sig-
nificance for rare-element concentration has been discussed (Table 4)
(Kováříková et al., 2007; Štemprok et al., 2014). In the Krušné hory/
Erzgebirge the spatial association of greisens and lamprophyres sug-
gests that the greisenizing fluids migrated along similar geological
structures. Aplites, felsic porphyries, microgranites and mafic dykes
belong to a bimodal magmatism with a strong mantle impact (Štemprok
et al., 2014). Siebel et al. (2006) determined the age of the intrusive
rocks parallel to the “Great Bavarian Quartz Lode” (Bayerischer Pfahl),
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the most prominent shear zone which cuts through the NE Bavarian
Basement in NW-SE direction, as between 321Ma and 329Ma. Basic
intrusive (redwitzites, lamprophyres) and felsic rocks bearing witness of
syngenetic subcrustal and crustal processes paving the way to the build-
up of rare-metal pegmatites from barren predecessors. The felsic mo-
bilizates related to this high-T event is described by a tripartite scheme:
(1) granitic rocks (H-type), (2) structure bound rocks (C-, D-, E type),
(3) anticline- and limb-hosted rocks (B- and A-type) (Fig. 2a, Tables 2a,
2b).

Granitic rocks: Late Paleozoic postorogenic sill- or sheetlike granites
(H2) (postorogenic magmatic mobilization (“Older Granites” S of the
Luhe Line H2a/(“Younger Granites” N of the Luhe Line H2b).) and their
more basic predecessors (H1) (postorogenic magmatic mobilization
from a subcrustal source (?) with fractionation leaving behind a basic
cumulate) are encountered along zones of structural weakness but
granitic pegmatites genetically related to them (H3) are scarce (Tables
2a, 4, Fig. 14). The granitic pegmatites sensu stricto are common to the
northern granites of the Fichtelgebirge- Krušné hory/Erzgebirge-Anti-
cline, albeit present they only attain mineralogical scale (Baumann

et al., 2000; Thomas et al., 2009). Lithium is found mainly disseminated
in micas (Rieder et al., 1970). Granitic pegmatites are eclipsed by al-
teration zones in granites called greisens, which are enriched in Sn and
W and can be traced from Germany through Great Britain and France
into the Iberian Peninsula (Alderton, 1993; LeBoutillier, 2002; Neiva,
2008; Lerouge et al., 2017).

Structurebound rocks: E-, D- and C mobilizates show different af-
filiation to the metamorphic country rocks and a varying subcrustal
impact. Type C denotes metamorphic felsic mobilizates resultant from
retrograde processes with moderate wall rock reaction and moderate
fractionation devoid of any subcrustal impact. Type E rocks stand out
by their rather strong subcrustal impact resultant in rare metal miner-
alization due to mixing of fluids from pegmatitic fractionation and
deeply circulating fluids. Equivalent veins with specularite in granites
were mined in the Fichtelgebirge Mts. (Dill et al., 2008b) (Fig. 14).
Type D takes a position in between the two types (Tables 2a, 2b).

Anticline- and limb-hosted rocks: The primary feldspar-quartz-mica
aggregates of B- and A-type pegmatitic and aplitic rocks formed through
retrograde metamorphic processes and fractionated in situ from the rim
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metamorphic rocks. e) Folding of the pegmatitic mobilizates and their country rocks. Grey pattern (structural element S 2a): f) Formation of metapegmatites, compression and imposition of
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nappes in ensialic orogens. The black bold faced frames denote the Variscan-type pegmatitic, aplitic and granitic rocks dealt with in the current study. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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to the center in structural traps provided by the pre-existing fold
structures (Tables 2a, 2b, Fig. 2a). Investigations of feldspar-quartz
associations from the Proterozoic through the Late Paleozoic provide
evidence that this mineral intergrowth is highly adaptable from the
textural point of view and reflects the most recent P-T changes; relic
mica and columbite prove the parent material and intermediate stages
of, e.g., metamorphic overprinting (Table 4). This fact opens the door
for a second generation of rare-metal pegmatites with Li, Nb, Ta, Be, Zn,
U, Bi, As, Pb, Sn, W and Sc to evolve from A- and B-type barren peg-
matites reaching their climax stage of rare metal accumulation in type
A3 and B2, respectively (Table 4). Uebel (1975) has already shown in a
cartoon the structural differentiation into an “Older Pegmatite” and a
“Younger Pegmatite” at Hagendorf. It reflects a “chimney-like” thermal
cell within the pegmatite system that controls the fluid migration and
accumulation of the rare metals. In the zoned pegmatites, they are
concentrated at the contact between the massive quartz underneath
(2nd gen.) and the zone of quartz fragments (1st gen.) above. Mapping
the distribution and the shape of the silicification front in a pegmatite
sensu stricto guides us to the primary rare element concentration. The
“chimney” has much in common with the Sn-bearing siliceous greisen
deposits at Altenberg and Sadisdorf, in the Saxothuringian Zone and
may be explained with the up-dip-effect of ascending hyperfusible-rich
fluids sensu Černý (1991). Unless the subcrustal impact had not taken
place between 300 and 290Ma the barren pegmatite would not have
been converted into rare-metal pegmatites (Table 4). A closer look at
the U/Pb age of columbite in the Trutzhofmühle Aploid yields two
values 302.1 ± 3.3Ma and 376 ± 14Ma (Table 4) (Dill et al., 2008a).
The second data is reminiscent of the MP-HP metamorphism which
affect the Ordovician columbite, or, in other words even in the B2
mobilizates relics of the G metapegmatites may still be recognized
(Table 4). The conversion of a barren pegmatite into a rare-metal
pegmatite is hallmarks the climax of primary emplacement of pegma-
titic rocks (Tables 2a, 2b, 4, Fig. 14). By contrast the part of the HT and
the LT hydrothermal alteration reflects the secondary processes of
pegmatite mineralization which gradually passes into the supergene
alteration of pegmatites (Dill, 2015a,b).

6. Conclusions

The Variscan orogeny sensu Suess (1888) which overlaps with the
Alleghanian one (Carboniferous-Permian) is limited to the interval
Devonian-Triassic, but the primary emplacement of Variscan-type felsic
mobilizates (pegmatitic, aplitic, and granitic rocks) covers a much
wider period of time from the Neoproterozoic (H5, H4) through the
Permian (A3, A4) (Figs. 1a–d, 15). The Caledonides, in particular
during Ordovician through the Devonian, play a role as some kind of a
protore stage (Caledonides (rare metal pegmatites)⇒Variscides (me-
tapegmatites with minor rare elements (G))⇒Alpides (barren meta-
pegmatites).

The term Variscan-type refers to the style of formation which is
linked to the ensialic orogens but it is also an expression for a time-
bound mineralization which differs from those of the Cenozoic age in
the Himalaya or Alpine Mts. Range as well as those of Precambrian age
in the ancient cratons, all of which are strikingly distinct from each as
to the geodynamic setting that impacts on the “physiognomy of peg-
matites” (Göd, 1989; Partington et al., 1995; Sweetapple and Collins,
2002; Bastos Neto et al., 2009; Dewaele et al., 2013; Dill, 2015a)
(Fig. 15):

• The emplacement of Variscan-type felsic rocks resulted from a
multistage process with two principal rock types the “barren” and
the “rare-metal pegmatites” (Table 4, Figs. 2a, 5).

• Late syn-to postorogenic barren pegmatoids, aploids and granitoids
evolved along a retrograde pathway from HP/MP to LP regional
metamorphism (Table 4, Figs. 2a, 3, 12, 13). Reaching the climax of
the LP heat event triggered the B- and A-type rocks to develop, as in-

situ mobilization gave rise to a melt which gradually became self-
intrusive and strongly fractionated in the hinge zone and along the
limbs of anticlines (mimetic or facsimile crystallization in pre-ex-
isting structural traps).

• From the structural point of view the most effective traps for these
mobilizates are encountered where the directions of the 1st gen-
eration great circle plunge and 2nd generation great circle plunge
cut each other at an almost right angle (Figs. 9, 10, 12). Using ste-
reonet diagrams is a meaningful way to account for the structural
relation between felsic mobilizates and the regional fold and fault
tectonics.

• A prominent subhorizontal planar architectural element dipping
towards the S which coincides with the metamorphic lithologies 7,
6, 5, and 4 characterizes the zone of the most intensive mobilization
along the E-W trending Luhe Line (Figs. 2c, 14). It is cut across by
deep-seated lineaments at different directions from NW through NE
(Table 3). In the “temperature depression” of the retrograde system,
the Hagendorf-Pleystein Pegmatite Province is located and the rare-
metal pegmatites were spawned from the barren felsic intrusive
rocks (Figs. 7, 12, 14). Based on geophysical data, this subhorizontal
plane is correlated with the Moho gentling dipping southward and
with bulges of the Moho sparking fluids to ascend along (sub) ver-
tical lineamentary fault zones (Fig. 14).

• Chemical contour maps illustrate the regional trends and cluster
belts of elements that are interpreted as vent systems and source
rock lithologies, respectively (Figs. 1b–d, 7, 14).

• Chemical profiling unravels the accumulation of elements in the
exo- and endocontact zones of felsic mobilizates and their accu-
mulation in the course of fractionation (Fig. 8a, b).

• In places, felsic mobilizates act as structural traps only without any
chemical interaction between ore-forming fluids and granitoids
(Fig. 8a).

• The spider diagrams of elements relevant for the primary emplace-
ment of felsic mobilizates may be categorized into four chemical
patterns: (1) circular patterns with or without shift (= metamorphic
mobilizates, magmatic mobilization), (2) necking-down patterns (=
different degrees of fractionation), (3) lens-shaped patterns (= wall
rock alteration), (4) stellate pattern (=different degrees of fractio-
nation and mixing of fluids).

• The major elements in spider diagrams interpreted as marker: Si-Fe-
P: metamorphic to magmatic (sub)crustal mobilizates, K-Na-Al:
metamorphic mobilizates, Ti-Mg: restites of metamorphic and
magmatic mobilizates, Ca: restite in the exocontact of pegmatitic
systems, Mn: marker of depth+pressure (in context with P+ Si).

• The minor elements in spider diagrams interpreted as marker: As-Bi:
HT hydrothermal-metamorphic fluids, Cu-Ni-Mo: hydrothermal-
deep-seated+ (ultra)basic sources, U-Zn: hydrothermal-deep-seated
sources, Pb: LT hydrothermal, Nb-Ba-Rb: pegmatitic fractionation-
Ba (early)-Rb (late), Zr: restites of metamorphic mobiliza-
tion+ fractionation, REE: metamorphic mobilizate.

• X–y plots are used to discriminate hypogene and supergene kaoli-
nization: Hypogene: depletion in Ca, Mg, enrichment in Zn, Cu, Bi,
Rb, Nb), supergene: enrichment in Zr, Ti.

• The current study is part of a trilogy that is aimed at a holistic ap-
proach, encompassing geology, mineralogy, petrography, chemistry,
geomorphology, sedimentology and geophysics to account for the
evolution of pegmatitic and aplitic rocks within the framework of
global geodynamics and regional lithogenesis: (1) hypogene pro-
cesses leading to the emplacement of these felsic mobilizates (cur-
rent study), (2) supergene alteration of the felsic mobilizates (Dill,
2017a,b), (3) applied and genetic economic geology of pegmatitic
and aplitic rocks (Dill, 2015a). The trilogy is based upon the CMS
classification scheme (Chemical composition-Mineral assemblage-
Structural geology) – linking geology to mineralogy of pegmatitic
and aplitic rocks (Dill, 2016a) and supplemented by a monographic
study or case history centered on the Hagendorf-Pleystein Province
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as an integral part of the metallogenesis in an ensialic orogen (Dill,
2015b).

• The quintessence of this tripartite study is as follows: Pegmatitic and
aplitic rocks are members of a lithological clan of its own besides the
granite clan. They may derive from metamorphic and from mag-
matic rocks as a separate lithological entity depending on their
geodynamic position, the degree of mobilization, and fractionation
as a function of the budget of common and rare elements. The im-
pact of the crust and the mantle is crucial in a pegmatite field or
province and the key as to the presence or absence of barren or rare-
element pegmatites. The way of emplacement of these felsic mobile
components in the crust closely resembles the I- and S-type concept
applied to the granitic clan.

• From the technical point of view, there is no other way to disen-
tangle the enigma of the origin of pegmatite bodies than combining
mineralogy and chemistry with field geology and geophysics unless
there is only interest in nice and new minerals for which the peg-
matites are outstanding host rocks.
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