ISSN 0016-7029, Geochemistry International, 2006, Vol. 44, No. 9, pp. 896-911. © Pleiades Publishing, Inc., 2006.
Original Russian Text © Vikt.L. Barsukov, N.T. Sokolova, O.M. Ivanitskii, 2006, published in Geokhimiya, 2006, No. 9, pp. 967-982.

Metals, Arsenic, and Sulfur in the Aue
and Eibenstock Granites, Erzgebirge

Vikt. L. Barsukov, N. T. Sokolova’, and O. M. Ivanitskii
Vernadsky Institute of Geochemistry and Analytical Chemistry, Russian Academy of Sciences,
ul. Kosygina 19, Moscow, 119991 Russia
e-mail: geokhi@ru
Received December 27, 2004

Abstract—Average concentrations of Pb, Zn, Cu, and other metals, as well as S and As, were calculated for
the Aue granitic cupola, the contact aureole of which hosts the large vein-type uranium deposit of Schlema—
Alberoda and the Schneeberg uranium—base metal deposit (Erzgebirge, Germany). The cupola was exposed by
mine workings and boreholes, which provided an opportunity to evaluate variations in the abundances of metals
in the granites over a vertical interval of more than 2.5 km and estimate their losses in the upper oxidized part
of the investigated volume of the cupola (coefficient of iron oxidation, KOg,, increases in the granites from bot-
tom to top from 7 to 70%) compared with the lower unaltered and unoxidized part (with a KOg, plateau at about
5%). The average concentrations of metals in the upper part of the cupola are lower than those in the lower part
by a factor of 2.5 for Pb, 1.56 for Zn, 1.45 for Cu, 1.3 for Co, etc. A similar decrease in the abundances of ore
elements along the vertical section associating with the relative epigenetic alteration and oxidation of the gran-
ite was previously described by us for U and Th and for the components of high-temperature ores, W, Sn, and
Mo. The removal of ore elements from the granite was accompanied by a decrease in the bulk contents of sulfur
and arsenic by a factor of 1.35 and 1.65, respectively. The leaching of trace metals from the granites of the upper
part of the Aue cupola was followed by their partial redeposition above the cupola in the ore veins of the

Schlema and Schneeberg deposits.
DOI: 10.1134/S0016702906090059

INTRODUCTION

The Aue granitic cupola has attracted considerable
interest, because its contact aureole hosts the large
vein-type uranium deposit of Schlema, and the Schnee-
berg base metal-uranium deposit, which has been
known since the Middle Ages, is confined to its south-
western continuation. The cupola of the giant Erzge-
birge pluton is composed of granites of the main phase
of the early (330-320 Ma) Gebirge intrusive complex
(OG) [1]. The Aue cupola has been exposed by mine
workings and penetrated by boreholes to depths of

about 2.5 km.' This allowed us to obtain samples from
various hypsometric levels. Our previous papers were
related to the concentrations of radioelements, U, Th,
and K, in the Aue cupola [2], and W, Sn, and Mo, which

"Deceased.

]Depths in the Schlema—Alberoda deposit (and, correspondingly,
the levels of granite sampling) are given relative to the conven-
tional zero level coinciding with the bottom of the Marx—Sem-
mler (MS) ancient drainage gallery in the Schneeberg deposit,
near its mouth (330 m above sea level). The horizons of granite
sampling are hereafter referred to as positive numbers (e.g.,
1305), omitting the minus signs and “m” (meters) after the
numerals. In the above case, “1305” denotes the depth in meters
from the zero level, i.e., —1305 m relative to MS.

are typical of the high-temperature veins of Schlema
and the whole region [3]. This paper focuses on the
average concentrations of base metals (Pb, Zn, Cu, Ni,
Co, Ag, and Bi) in the granites of the Aue cupola. These
data are important for the understanding of the forma-
tion conditions of numerous quartz—sulfide veins of
Schlema and Schneeberg, which were formed rela-
tively close in time to the beginning of uranium miner-
alization compared with the early quartz veins (part of
which also contain sulfides and W, Sn, and Mo miner-
alization). Moreover, the uranium ore veins of Schlema
always contain Pb, Zn, Cu, and Bi sulfides [4], and the
post-uranium veins bear Ni, Co, Bi, and Ag [5]. Since
these metals are typical thiophile elements, their con-
centrations are evaluated together with the contents of
sulfur and arsenic, which were also analyzed by us in
the Aue granites. Similar to our previous studies, the
obtained data are compared with the available evidence
on the concentrations of metals in the Eibenstock mas-
sif, which is composed of the YG rocks of the young
(305-295 Ma) Erzgebirge intrusive complex [1].

The Aue cupola is made up of typical hypabyssal
granites showing coarse-grained subhedral and occa-
sionally porphyritic textures. Their unaltered varieties
are composed of orthoclase (24-29%), zoned andesine
(36-38%), quartz (27-30%), and biotite (6—12%). The
mineral and chemical compositions of granites from
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various levels (depths) were described in [1, 2] and
other publications and are not reiterated here in detail.
However, since our first publication on the Aue granites
[2], the differences between the lower and upper parts
(halves of the volume studied) of the Aue cupola have
been comprehensively described [6], and it is reason-
able to discuss them in more detail.

Although the texture of granite remains unchanged,
there is an upward increase in the degree of epigenetic
hydrothermal alterations. The average content of quartz
(from ~29 to ~34 wt %) and secondary sheet silicates
(muscovite and chlorite) increases somewhat at the
expense of a corresponding decrease in the fraction of
feldspars and biotite. Plagioclase becomes more albitic:
it is represented by andesine no. 30 in the lower part of
the cupola and is partly replaced by oligoclase and
albite no. 5-8 in the upper levels. The ferroan end-
member annite is predominant in the composition of
dark brown biotite from the lower part of the Aue
cupola, whereas the lighter greenish biotite that sur-
vived chloritization in the upper part of the cupola has
lost most of its iron and is dominated by the Mg end-
member phlogopite. According to F radiography, the
major sources of fission tracks in the granites of the
lower part of the cupola are accessory minerals con-
fined mainly to Fe-biotite. Both the number of fission-
track centers in Mg-biotite and the intensity of their
decay decrease abruptly in the upper part of the cupola.
In contrast, such centers appeared in the newly formed
minerals (chlorite, muscovite, Fe oxides, etc.) and at
grain boundaries and microscopic fractures. The gran-
ite of the lower part of the Aue cupola is light gray, and
dispersed hematite pigment appearing in the upper part
of the cupola imparts a pinkish color to the granite. The
boundary between the lower relatively unaltered and
upper altered parts of the cupola is drawn at the horizon
of 1260, which will be substantiated below.

The chemical composition of granite shows minor
variations with decreasing depth. We noted previously
[2] that there is no functional relation between the aver-
age (average for a particular horizon) contents of major
elements and depth. This is not quite correct, because
the arithmetic mean values of concentrations vary from
horizon to horizon. This is inevitable, when some hori-
zons are represented by 1-3 silicate analyses and oth-
ers by 10-15 analyses. Therefore, a horizon-based
comparison is not plausible and does not reveal true
tendencies. However, a comparison of the weighted
mean concentrations of components in larger taxa
(three horizons below level 1260 [2, Table 3, analy-
ses 12—14] and five horizons above it [2, Table 3, anal-
yses 7-11]) reveals significant variations in the vertical
section [6]. They are shown in Table 1. It can be seen
from this table that there is a slight decrease from bot-
tom to top in SiO, content (despite the increase in the
fraction of quartz), Na,O, and K,O, and a similarly
slight increase (more precisely, relative preservation) in
the concentrations of CaO, MgO, FeO, and Al,O;.
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Table 1. Differences between the weighted average major-
element compositions of granites from the lower and upper
parts of the Aue cupola after [5, Table 3]

Component Lower* Upper**
SiO, 71.25 70.98
Al,O4 13.39 13.72
Fe,04 0.16 0.73
FeO 2.46 2.68
MgO 0.52 0.68
CaO 1.19 1.23
Na,O 3.38 3.22
K,0 5.06 4.62
H,0 0.66 0.33-0.70

*Weighted average composition based on 22 analyses of granite
from horizons —1710, —1620, and —1305 m relative to MS.
**Weighted average composition based on 35 analyses of granite
from horizons —1125, -945, —820, —540, and —120 m relative to
MS. An average H,O content of 0.70% (26 analyses) was given
in [5] (Table 3, no. 3) for the granite of the upper part of the Aue
cupola.

There is a considerable (more than fivefold) increase in
the concentration of Fe,0;, which resulted in an
upward increase in the coefficient of iron oxidation in
the granite from 3.6-5.7% to 30—40% in our samples,
and even up to 45.4-69.3% in the silicate analyses by

Pietzsch [7].2

Such slight mineral and chemical changes in the
granites of the upper part of the Aue cupola, which did
not disturb the texture of rocks but caused an increase
in silica solubility, were aptly named the dispersed
muscovitization of granite by Zaraiskii [8]. These epi-
genetic alterations of granite (by definition occurring
after granite crystallization) caused by its reactions
with thermal aqueous solutions are not to be confused
with supergene alterations. The concentration of ther-
mal anomalies above the OG cupolas (later YG) of the
emplaced and cooling Erzgebirge pluton 330-295 Ma
ago caused intense infiltration of thermal waters
through and above them and prolonged washing of
these cupolas with water, especially their apical parts
long before the denudation-related exposure of granites
on the surface. The dispersed muscovitization of the
granite was related to such an ancient interaction with
thermal waters: its lower boundary is now observed
1.5 km from the present-day surface (correspondingly,
it occurred much deeper during granite cooling), obvi-
ously outside the current zone of hypergenesis. The
character of mineral transformations (one plagioclase
replacing another, removal of Fe from biotite with the

2 The coefficient of oxidation is calculated from the contents of fer-
ric and ferrous iron in the rock by the formula KOg, (%) =
[Fe,O5] x 100/[Fe,03] + [FeO] or from similar relations for ele-
mental Fe(IIl) and Fe(II).
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Table 2. Published data on the average concentrations of Pb, Zn, Cu, and S (ppm) in the Erzgebirge granites

Intrusive phase,

massif Index Pb Zn Cu S

Early intrusive complex (Gebirge granites), 330-320 Ma

Main phase 0G-1 21 [16], 33 [12, 13], 34 [1], 47 [15], 50 [12-141, | 5 [1], 5.6 [14] | 800 [1], 400 [14]
36 [11, 14], 43 [15] 69 [16]

Aue 0G-1 15 [11], 15-20[10] 2 [1]

Kirchberg 0G-1 25-30[10], 29 [11], 33 [12] 50 [12] 6 [20]

Bergen 0G-1 9[15], 17 [11],20-25[10] 25 [15]

Zobes 0OG-1 19 [11]

Phase not specified |OG 22 [11], 32 [1] 2 [1] 500 [1]

Main phase YG-1 6 [1], 8 [11], 17 [12-14], 20 [1]
Eibenstock YG-1 5[15],7[10]
Ehrenfriedersdorf YG-1 2 [15],5[11], 14 [1], 25 [10]
Geyer YG-1 11 [15], 14 [1], 15 [10]
Altenberg YG-1 14 [11], 1520 [10]

Popershau YG-1 18 [15]

Phase not specified |YG 5[11], 14-18 [1]

Late intrusive complex (Erzgebirge granites), 305-295 Ma

43 [12-14], 47 [15] |2 [1], 6.9 [14] |400 [1], 500 [14]

68 [15] 400 [1]
44 [15] 2[1]
56 [15]
75 [15]
2[1] 500 [1]

retention of Mg-biotite, etc.) suggests that they
occurred under relatively high 7—P conditions.

The mineral and chemical compositions of granite
change gradually, and there is of course no sharp
boundary between the relatively unaltered lower part
and the altered upper part of the Aue cupola. The
boundary between the lower and upper zones can be
arbitrarily placed using a measurable characteristic of
the granite. For this purpose, we used the coefficient of
iron oxidation in granite, KOp,, which is a calculated
geochemical indicator of redox conditions in the Aue
cupola. In all the horizons below 1260, i.e., over a ver-
tical interval of more than 1 km (to a depth of 2270), the
KOk, values of granite form a plateau at about 5%. We
accepted this value as an initial value for the OG of the
Aue massif, and the granites with such KOg, values
were assigned to the lower part of the cupola almost
unaffected by epigenetic processes (unoxidized). The
horizons between 1260 and the surface show an upward
increase in the KOg, value of granite from 7.2 to 30-
70% and were assigned to the upper relatively altered
(oxidized or affected by oxidation) half of the cupola.

As a result, the goal of our study was expanded to
include both the calculation of the average contents of
metal, sulfur, and arsenic using new analyses and the
estimation of the difference between the average con-
tents of these elements in the upper and lower halves of
the explored part of this cupola. In other words, this
study was aimed at assessing the extent of changes in
the concentration of trace elements in granite during its
dispersed muscovitization and oxidation in the upper
part of the Aue cupola. In addition to the analysis of
numerical data, we performed a computer simulation of
thermodynamic equilibria between the Aue granite and
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its pore solutions in the course of a 7—P decrease,
including the simulation of changes in the release of ore
elements from the granite into the equilibrium water
phase [6]. Some results of this modeling are used in this

paper.

PREVIOUS WORK

A wealth of data were published in the second half
of the 20th century on the abundances of trace metals,
S, and As in various granitic massifs of the Erzgebirge,
including the Aue granites. Table 2 gives an overview of
data for the most important elements, Pb, Zn, Cu, and S.

According to Vinogradov [9], the average abun-

dance of lead in crustal granites is 20 ppm.3 The avail-
able estimates of the average concentrations of Pb in
the Gebirge (OG) granites of the main phase from var-
ious exposures of the Erzgebirge pluton [1, 11-20] vary
by a factor of almost 3, from 15 [11] to 43 ppm [1, 12].
It was suggested [11, 13] that the average concentration
of Pb in the Aue granites is 15-20 ppm, which is
slightly lower than in other exposures of the Gebirge
granites and in the OG on the whole. In other words,
these rocks are supposed to be slightly depleted in Pb
compared with the global background value for felsic

3 There are more recent estimates for the background element con-
tents in rocks [10]. They are somewhat different from those of [9]
for Co, Bi, and S and almost identical for all other elements con-
sidered here. However, in our opinion, new data from the official
manual [10], even if they are more accurate, need to be acknowl-
edged by leading geological centers of all countries. The esti-
mates of Vinogradov have long been approved by the geological
community and we prefer to use these values.
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rocks. Even lower Pb contents were reported for the
younger granites (YG), from 5 to 18 ppm [12-15].

The background concentration of zinc in granitic
rocks is 60 ppm [9]. The available measurements for
the Gebirge granites (OG) show a lower average Zn
content ranging from 25 ppm for the Bergen massif [12]
to 50 ppm for the granites of the main phase (OG-1)
[14, 15]. Forster [17] reported a higher value of
69 ppm. The YG samples show average Zn concentra-
tions of 43-52 ppm [13-15] and are in general practi-
cally indistinguishable in this parameter from the
OG; however, higher concentrations of 68 and
75 ppm were obtained for the Eibenstock and Poper-
shau massifs, respectively [15].

According to Vinagradov [9], the average concen-
tration of copper in felsic igneous rocks is 20 ppm. The
available data for Cu concentrations in the OG rocks,
including the granites of the Aue cupola are 3—10 times
lower, 2.0-6.6 ppm [12]. The young granites of the
main phase (YG) also showed low Cu concentrations,
from 1 [13] to 6.9 ppm [15].

Only a few estimates were reported for the concen-
trations of the less abundant metals nickel, cobalt, sil-
ver, and bismuth in the OG rocks, including the Aue
cupola. In particular, Tischendorf et al. [13, 15] esti-
mated 7.2 = 3.5 ppm Ni, 6.9 = 3.2 ppm Co, and
0.05 ppm Ag for the Gebirge granites. Brauer [12]
reported a higher Ni concentration of 10 ppm and a
lower Co concentration of 3 ppm. There is no data on
the average concentration of Bi in the OG rocks, and its
background abundance in granitoids is 1 x 10~ ppm [9].

The average content of sulfur in felsic igneous rocks
is 400 ppm [9]. Its bulk content in the Erzgebirge gran-
ites was estimated by a few authors, who reported dif-
fering values. Lange et al. [1] estimated the bulk S con-
tent of the OG of the main phase on the basis of 12 sam-
ples at 800 ppm, which is twice as high. Tischendorf
et al. [15] later obtained a lower value of 400 ppm using
only six samples. The average S content of the YG
rocks was estimated at 400-500 ppm from a limited
number of analyses [1, 12]. To our knowledge, there is
only one estimate of arsenic content in the OG of
44+ 1.6 ppm [15].

A common feature of all the estimates of metal, sul-
fur, and arsenic contents in the OG and YG rocks is that
they were obtained using samples from granite massifs
collected on the present surface or in shallow workings.
No attempts were undertaken to correlate the scatter in
the determinations obtained from studies of particular
granite outcrops with fine differences in the composi-
tions of the granites, procedures of sample treatment,
and analytical methods. Therefore, the most reliable
and comprehensive data on the concentrations of the
whole series of trace metals in the Erzgebirge granites
can be found not in publications focusing on particular
granite outcrops but in the generalizations by Kov-
alenko et al. [18], Kozlov [19-21], and Tischendorf
et al. [15, 22], who compared these granites with rare-
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metal granites from other regions (Mongolia, Trans-
baikalia, and Chukchi Peninsula).

METALS, ARSENIC, AND SULFUR
IN THE GRANITE OF THE AUE CUPOLA

Sampling of the Aue Granite

Vlasov [5] showed that the total thickness of frac-
ture veins at Schlema increases toward the granite
(which is clearly illustrated by the oblique section con-
structed by him), and most vein fractures penetrated the
boundary zone of the Aue cupola and most likely
drained it during ore formation. However, the uranium
mineralization of the Schlema veins hardly extends
beyond the productive sequence of metamorphic

rocks,* which has a high reducing capacity and com-
prises more than 90% of uranium vein ores. Only very
rare and low-grade ore lenses were found in some veins
among the granites (cross section of such a vein, R-20,
was previously published by us [24]). This is why the
mine workings of all horizons entered the barren gran-
ites only when it was necessary for operational pur-
poses and to relatively small distances from the con-
tacts. This predefined the character of granite sampling:
most granite samples were collected in workings not far
from the contact of the cupola, up to 60 m in plan view
(horizons 810, 945, and 1620) and 108 m in horizon
1620. Only in horizons 1305 and 1170 were samples
obtained up to 305 and 968 m from the contact, respec-
tively. The distance between sampling sites varied from
a few meters to 30-50 m, most commonly 10 m. We
obtained 200 samples for metals and arsenic and
44 samples for sulfur in such mine workings. Thus, our
samples characterized in fact the concentrations of
these elements in the granite of the Aue cupola only at
various levels of its border zone with an average thick-
ness of 120-250 m. This fact will not be pointed out
further, but it should be kept in mind that in this paper
the Aue cupola always refers to the portion sampled by
us. In addition to the samples from mine workings and
boreholes, 21 samples for Pb (Co and As were also
determined, as well as Zn in two samples and S in one
sample) were collected from a granite outcrop at the
Aue Quarry.

The maximum number of samples (126—128) repre-
sented horizon 1170, where long (726 m) cross-cut
no. 1611 cut the granite from SE to NW, and the sam-
pling interval was extended by borehole no. 287 (242 m
long). Unfortunately, this cross-cut exposed a wide
zone of heterogeneous granite (almost from its mouth
over 720 m along the cross-cut), which is characterized
by frequent changes in rock texture, either in grain size
(from coarse- to fine-grained) or in appearance—disap-
pearance of porphyritic fabric (with orthoclase meta-

A sequence of large strongly flattened lenses and interbeds of car-
bonaceous schists, carbon-bearing siliceous shales, carbon-bear-
ing hornfels, metadiabases, skarns, skarnoids, and quartz—mica
schists [23].
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blasts up to 7 cm in size) and large schlieren enriched
in biotite and other mafic minerals (probably granitized
country-rock xenoliths). More importantly, this zone
exhibits extensive epigenetic alterations in the granite.
These processes resulted in the development of micro-
cline or albite in some intervals and, more frequently,
the strong silicification and muscovitization of the
granite and appearance of quartz and carbonate string-
ers and veins. Several short drifts were even run along
some of these veins during exploration operations. The
general character of the epigenetic alteration of granite
in this zone corresponds to the maximum of dispersed
muscovitization [6, 8], which is typical of the upper-
most levels of the Aue cupola. These alterations caused
a significant depletion of all ore elements in the granite
of this zone [2, 3]. We supposed [2] that this cross-cut
penetrated a zone of large postgranitic dislocations
(continuation of long-lived faults of the Loessnitz—
Zwoenitz tectonic zone), along which epigenetic
changes extended to deeper levels than in the granite
outside this zone. Taking into account these consider-
ations, the samples taken in this cross-cut were used for
the computation of average concentrations for the
upper part of the Aue cupola, because the low concen-
trations measured in them correspond to much shal-
lower levels (their average metal concentrations are
similar to those observed in horizons 810-540 and even
shallower).

Analytical Methods

Granite samples were analyzed for Pb, Zn, Cu, Ni,
Co, Ag, Bi, and As at the Vernadsky Institute of
Geochemistry and Analytical Chemistry, Russian
Academy of Sciences (samples of Aue granites), and
mainly at the laboratory of SGAO Vismut (some Aue
granite samples and all samples from the Eibenstock
massif) by arc atomic emission spectroscopy. The
detection limits for particular elements were 10 ppm
Zn; 1 ppm Pb, Cu, Ni, Co, and As; and 0.1 ppm Bi and
Ag. The mean square deviation was 8—10%. Control
analyses did not reveal any significant systematic dis-
crepancies between the analytical results obtained at
the Vernadsky Institute of Geochemistry and Analytical
Chemistry and SGAO Vismut. This allowed us to use
the analytical data of both laboratories together.

Bulk sulfur content was determined in 44 granite
samples from the Aue granite using an AUS-7844 ana-
lyzer. The method is based on the combustion of a rock
charge in an oxygen flow with subsequent absorption of
the produced SO, by appropriate solutions and their
coulometric titration on the basis of pH value. The tem-
perature of combustion was 1200-1300°C. The error
and detection limit were 5 ppm (each result is an aver-
age of 3-5 measurements).

The histograms of the concentrations of trace ele-
ments in the Aue granite exhibit a left-sided asymmetry
(Fig. 1), which is not quite distinct only for silver, prob-
ably because of the small number of samples. They
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show several peaks and are polymodal (consist of two
or more subsets with different average values) and in
general correspond to a lognormal distribution. These
features suggest that the average concentrations of met-
als calculated by us for the whole Aue massif are the
results (algebraic sums) of several factors. Since the
obtained values are close to the lognormal distribution,
geometric means must be calculated for the character-
ization of concentration sets for each trace element and
each depth level (at each horizon) [24]. Hereafter, we
operate mainly with the geometric mean estimates of
the concentrations of base metals and arsenic. How-
ever, in order to facilitate the comparison of new data
for the Aue granites with previous estimates for this and
other massifs (which ignored the lognormal distribu-
tion), both geometric and arithmetic means (by defini-
tion, the latter are higher) are given below for all ele-
ments.

Concentrations of Metals and Sulfur in the Granite
and Their Vertical Variations

It would be impossible to present tables with all the
analyses in this paper; moreover, the raw data are not
very informative to the reader. Therefore, Table 3 gives
the initial geometric means of element concentrations
for each sampled horizon. Table 4 shows general char-
acteristics of the mean concentrations. A comparison of
the values of concentrations in particular horizons is
not useful to detect regular variations in the vertical sec-
tion because of the different sizes of data sets, lengths
of sampled intervals, and distances between sampling
sites. The situation with trace metals and sulfur is thus
similar to that with the average contents of major com-
ponents in particular horizons of the granite, which was
discussed above. Therefore, the calculated geometric
mean concentrations of metals were compared between
higher rank units, the whole lower part of the Aue
cupola (below horizon 1260) and the whole upper part
of the cupola (above horizon 1260), which provided
better insight into the vertical variations (Table 5).

Lead. The concentration of Pb in the granite samples
ranged from 3 to 70 ppm. The lowest average value of
8.43 ppm was obtained for horizon 540, and the maxi-
mum value of 37.80 ppm was measured in horizon
1710 (Table 3). The arithmetic and geometric mean
concentrations for the whole data set (194 analyses rep-
resenting the whole cupola) are 19.8 and 16.18 ppm,
respectively (Table 4). Both values are close to the aver-
age Pb concentration in crustal granites, 20 ppm [9].

However, the concentration of Pb in the upper part
of the Aue cupola (Table 5) is only 40.6% of that in its
lower part. The geometric mean of Pb concentration in
the lower unaltered part of the cupola is 31.86 ppm
(49 analyses), which is more that 1.5 times higher than
the background value for granites. This implies that the
initial OG preserved in the lower part of the Aue cupola
is enriched rather than depleted in Pb, which was
assumed on the basis of data for the whole cupola and
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Fig. 1. Histograms for the concentrations of Pb, Zn, Cu, Ni, Co, As, Ag, and Bi in the granites of the Aue cupola.

the majority of previous estimates for these rocks and
for the Gebirge granites as a whole. In the relatively
altered upper part of the cupola, the average Pb concen-
tration is only 12.945 ppm for 167 samples (ranging
from 11 to 31.7 ppm for particular horizons), which is
lower by a factor of 1.3 than the background value. The
average Pb concentration of the massif is an algebraic
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sum of these two subsets of values (the same is true
of other metals and sulfur, which will be shown
below). Since the number of samples from the upper
part of the Aue cupola is larger by a factor of 3.4 than
the number of samples from the unaltered lower part,
they dominate in the average value obtained for the
whole cupola.
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Table 4. Characteristics of the average concentrations of metals and sulfur in the OG rocks of the Aue cupola

Element Number of Average, Geometric mean, min, max, Student’s
samples, n ppm ppm ppm ppm t factor

U 150 15.23 14.0 4.31 37 -
Th 150 2421 21.1 3.64 51 -
W 54 16.88889 14.63668 4.0 50.0 9.43671
Sn 193 8.66368 7.56883 1.0 40.0 5.04782
Mo 188 6.64362 3.86950 1.0 150.0 16.48677
Pb 194 19.79897 16.17740 3.0 70.0 12.67408
Zn 187 46.57754 39.14895 10.0 400.0 39.86601
Cu 175 478857 2.74321 1.0 50.0 6.73091
Ni 205 7.97561 6.57246 1.0 100.0 10.07007
Co 225 5.59111 4.94623 1.0 40.0 3.72035
As 207 6.77295 3.01167 1.0 100.0 13.53391
Ag 10 1.32000 0.74289 0.1 4.0 1.21454
Bi 23 12.78696 4.46231 0.1 100.0 23.58675
S 44 301.8 262.566 190 498.9 -

Table 5. Comparison of the average abundances of metals and sulfur for felsic rocks in general (ppm) with geometric mean con-
centrations (ppm) in the granites of the Aue cupola in general, C(av); in the granites of the upper (above horizon —1260 m) and
lower (below horizon —1260 m) parts of the cupola, C(u) and C(l), respectively; and their differences, C(1) — C(u), C(1)/C(u), and

C(u)/C(l)
Average U Th w Sn | Mo | Pb Zn Cu Ni Co As Bi Ag S
for granites [9]1 |35 [ 18 | 15 | 3 1 [ 20 60 | 20 ] 8 5 [ 15 ] 001]005] 40
C(av), ppm 140 | 211146 | 76 | 39 [ 162391 27 | 66 | 49 | 30 | 45 | 07 | 262
C(u), ppm 122194 | 136 | 74 | 38 [ 129|355| 25 | 62 | 45 | 25 | 45 | 0.7 | 233
(1), ppm 164|214 170 ] 82 | 42 | 319|564 | 36 | 74 | 58 | 41 | - - | 314
()~ Cu),ppm | 42 | 2 34108 ] 04| 90109 11 |12 ] 13| 16| - - 41
C()/Cu) 134 | 1.1 [ 125112110 | 247 | 156 | 145 | 118 | 128 | 165 | — - 135
C(u)/C() 0.74 | 0.91 | 0.80 | 0.90 | 0.90 | 040 | 0.63 | 0.69 | 0.84 | 0.76 | 0.61 | - - | 074

The speciation of Pb in the granite of the Aue cupola
was never studied. Tauson [25, 26] showed that the
major portion of Pb in granites, from 61.91 to 95.5%,
usually occurs in feldspars. The same can be inferred
from the data by Brauer [12], if his average Pb concen-
trations in the major minerals of the Gebirge granites
are recalculated to the proportions of minerals in the
Aue granite. Such recalculations suggest that about
83% Pb occur in feldspars in the Aue granites (~49% in
orthoclase and ~34% in plagioclase), whereas the
remaining 17% are distributed among mafic minerals,
quartz, muscovite, and accessory phases. According to
the thermodynamic modeling of granite equilibrium
with aqueous solutions at high 7 and P [6], Pb released
from feldspars during even a slight epigenetic replace-
ment by muscovite and quartz in the presence of water
(pore solution) and pyrite (source of sulfide sulfur)
must take away S(II) from the latter and be fixed in the
most stable Pb phase under these conditions, galena.

GEOCHEMISTRY INTERNATIONAL  Vol. 44  No. 9

The presence of galena constrains the total solubility of
granitic Pb in aqueous (pore) solution. According to the
same models, part of the galena from the oxidized gran-
ite of the upper part of the cupola is rapidly replaced by
cerussite at temperatures of <240-230°C, which
increases the bulk solubility of Pb.

Zinc. The concentration of Zn in our samples ranges
from the minimum detection limit of 10 ppm to very
high values of about 400 ppm. The latter are related to
epigenetic, obviously superimposed sulfide stringers
(they also show extremely high sulfur contents). The
average values for particular horizons vary by a factor
of 6, from 17.4 ppm in horizon 810 to 104.2 ppm in
horizon 945 (Table 3). The arithmetic and geometric
means of Zn concentration in the whole data set
(187 analyses) are 42.58 and 39.15 ppm, respectively
(Table 4), which is about 1.5 times lower than the aver-
age global estimate for granitoids [9].
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The geometric mean of Zn concentration seems to
change irregularly in the vertical section from one hori-
zon to another (Table 3). However, in the relatively
fresh lower part of the cupola, the geometric mean for
42 analyses is 55.43 ppm (arithmetic mean is even
61.7 ppm), which is close to the granite background (or
even higher), contrary to the opinion on the depletion of
Zn in the OG rocks. Zn concentration decreases in the
weakly altered and oxidized granites of the upper part
of the cupola by a factor of 1.6 (to 35.5 ppm, 148 anal-
yses), i.e., to half the background value, which provides
a misleading impression of Zn deficit in the OG rocks
in general (Table 5). The bulk value for the cupola is
also an algebraic sum of values for the two subsets;
owing to the much more extensive sampling of the
upper part of the cupola, this value appeared to be lower
than the global average Zn concentration for felsic
intrusions.

According to Tauson [25, 26], Zn initially occurs
mainly in mafic minerals of granite (biotite, horn-
blende, and magnetite); these minerals usually contain
48-82% of the bulk metal, whereas feldspars comprise
only 13-38%. Similar to Pb, the thermodynamically
stable phase of Zn in the relatively unaltered granite of
the lower part of the Aue cupola in contact with aque-
ous (pore) solution in the presence of pyrite is sulfide
(sphalerite), and part of the Zn must be transferred into
this phase from major minerals [6]. The presence of
sphalerite controls the total solubility of Zn in this zone.
In the oxidized upper part of the cupola, other second-
ary Zn phases, such as smithsonite and zincite, become
stable and replace in part sphalerite (and control zinc
release into the solution).

Copper. The concentrations of Cu in the samples of
Aue granite ranged from below the detection limit
(<1 ppm) to 50 ppm. The horizon average values varied
from 1.77 for horizon 1710 to 13.11 ppm for horizon
1620 (Table 3). The arithmetic and geometric means for
the whole Aue cupola (193 analyses) are 4.79 and
2.74 ppm, respectively (Table 4). These values are
much lower (by a factor of 4-5) than the average con-
centration for granites, 20 ppm [9].

The geometric mean concentration of Cu in the Aue
granite is also an algebraic sum of two subsets, repre-
senting the Cu richer relatively unaltered lower part of
the cupola (3.64 ppm for 49 analyses) and the oxidized
upper part of the cupola showing a lower average Cu
abundance (2.51 ppm for 144 samples). Thus, although
the concentrations of Cu in the granites from the two
parts of the Aue cupola are much lower than the global
average value for felsic rocks, the upper part retains
only 68.9% of Cu occurring in the lower part of the
cupola (Table 5).

Ryabchikov [27] argued that Cu may initially occur
in sulfides in fresh granites. The results of thermody-
namic modeling [6] also suggest that chalcopyrite is the
most stable Cu phase in the Aue granite. During the
weak alteration of granite in the upper part of the Aue
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cupola, part of the chalcopyrite is replaced at relatively
low temperatures initially by bornite, then by chalcoc-
ite and, occasionally, cuprite.

Nickel. The average Ni concentrations in particular
horizons range from 4.57 for horizon 1620 to
10.91 ppm for horizon 1305 (Table 3). The arithmetic
mean for the whole sampled interval (from MS to hori-
zon 2270) of the Aue cupola (205 analyses) is
7.98 ppm, which is practically identical to the average
abundance in granites (8 ppm [9]). The geometric mean
is slightly lower than the background value, 6.57 ppm
(Table 4). Similar to the previous elements, the average
concentration in the upper part of the cupola (6.25 ppm)
is lower than that of the lower part (7.41 ppm).

Cobalt. Cobalt was analyzed in all levels where
sampling was conducted. The geometric mean of Co
concentration in particular horizons varied in a rela-
tively narrow range, from 3.23 (horizon 1620) to
6.87 ppm (horizon 1305) (Table 3). For the whole Aue
cupola (from MS to horizon 2270), the arithmetic mean
of Co concentration for 225 analyses is 5.59 ppm,
which is practically identical to the average Co abun-
dance in crustal granites estimated by Vinogradov [9].
The geometric mean value for the whole data set is
4.95 ppm (Table 4). The average Co concentration in
the granites of the upper part of the Aue cupola is
1.3 times lower than in the lower part.

Bismuth and silver. These metals were analyzed
only in granites from selected horizons of the upper part
of the Aue cupola, and the number of samples was
much lower than for other metals. The arithmetic and
geometric means of Bi concentration in this part of the
cupola calculated for 43 samples are 12.7 and
4.46 ppm, respectively, and the mean Ag concentra-
tions for 10 samples are 1.32 and 0.74 ppm, respec-
tively (Tables 3, 4). The geometric means of Bi and Ag
concentrations are much higher than the average abun-
dances of these metals in granites estimated by Vino-
gradov [9], 0.05 and 0.01 ppm, respectively.

Arsenic. The concentration of As in particular sam-
ples varied by two orders of magnitude, from 1 (detec-
tion limit) to 101 ppm. The average concentration in
particular horizons ranged from 2.06 ppm in horizon
1170 to 50.4 ppm in horizon 945 (Table 3). The arith-
metic mean of As concentration in the granite of the
whole Aue cupola calculated for 207 samples from
eight depth levels is 6.77 ppm. The geometric mean is
more than two times lower, 3.01 ppm (Table 4). Both
values are significantly higher than the average abun-
dance of this element in crustal granites (1.5 ppm [9]).
There is a significant difference between the concentra-
tions in various depth levels of the Aue cupola:
4.14 ppm As in the lower part of the cupola and
2.505 ppm (1.65 times lower) in the upper part (Table 5).

Sulfur. The average bulk content of sulfur was deter-
mined for 44 granite samples. Most of them (38 sam-
ples) were collected in the border zone (up to 100 m
from the contact), and only six samples were taken far
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from the contact (one sample from horizon 1170 was
taken at a distance of 680 m from the contact). The S
content of granite samples varies considerably from 40
to 609 ppm. Four samples showed much higher con-
tents of 1400-3000 ppm, and these samples were
rejected during the calculation of average contents
(they contain sulfide veinlets and are also enriched in
metals, especially in Zn). The arithmetic mean of S
content in the whole data set, except for the four afore-
mentioned samples with extremely high S contents, is
301.8 ppm, which is somewhat lower than the previous
estimates of the average S content in the OG rocks,
including the granites of the Aue cupola, and lower than
the average S abundance for granitoids reported by
Vinogradov [9]. However, this value is identical to the
background S content proposed in the manual of
IMGRE [10]. The geometric mean value is of course
lower, 265.6 ppm (Tables 3, 4). The contents of S in
various depth levels of the Aue cupola differ by a factor
of 1.35, 314 ppm in the lower part and 233 ppm in the
upper part.

Similar to other granitoids [28], the major portion of
S occurs in the unaltered granite of the Aue cupola as
iron sulfides, primarily pyrite, occasionally troilite, pyr-
rhotite, and iron arsenosulfide (arsenopyrite). However,
Ricke [29] demonstrated in 1960 that sulfate sulfur may
initially occur in igneous rocks. There is a limited iso-
morphic substitution of sulfate sulfur for silicon—oxy-
gen tetrahedra in silicates (owing to the charge differ-

ence, probably through phosphate ions: SO?[ —

PO?[ — SiOf[) [28]. It is possible that the initial Aue
granite contained a certain amount of sulfates, and they
could be more abundant in the more oxidized upper part
of the cupola. According to thermodynamic models [6,
30], the epigenetic alteration of granite under the influ-
ence of aqueous thermal solutions results in the forma-
tion of small amounts of anhydrite, although sulfate was
never observed in thin sections. Nonetheless, a gradual
increase in the degree of S oxidation from the deep to
shallow parts of the Aue cupola is very probable, taking
into account the observed sharp oxidation of Fe.

In order to obtain qualitative constraints on the rela-
tions of sulfide (pyrite) and sulfate sulfur in the Aue
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granite, we undertook their phase analysis. With the
kind assistance of I.N. Volkov (Shirshov Institute of
Oceanology, Russian Academy of Sciences), T.P. Demi-
dova conducted such a pilot analysis in 2001 for four of
our samples that were collected in various depth levels
of the Aue cupola 30-40 years ago. The results of phase
analysis are shown in Table 6a. We were aware that dur-
ing the prolonged storage of the samples in contact with
atmospheric oxygen and moisture, sulfur could be
partly oxidized, S(II) — S(VI), and the initial propor-
tions of sulfur species that existed in the granite during
its sampling must be somewhat shifted toward a higher
sulfate content. Judging from the high contents of S(VI)
in the four samples, this was probably the case. How-
ever, another observation attracted our attention: the
total content of wvarious sulfur species, S(II) +
SADpyr+ S(VI), determined by phase analysis
appeared to be significantly different from the bulk sul-
fur content analyzed with a higher accuracy in the same
samples by the combustion of charges in an O, flow
(standard error of +5 ppm, and each value is the average
of 3-5 measurements). The total sulfur content of two
samples from the upper part of the Aue cupola was
1.2 times higher than the sum of various sulfur phases,
and two samples from the lower part of the cupola
yielded a difference by a factor of 1.7-1.9. This dis-
crepancy can probably be attributed to the fact that the
method of phase analysis [31] that was designed for
marine sediments and proved successful for fresh silts
probably detects only part of the crystalline pyrite and
arsenopyrite, which are the main repositories of sulfur
in the granite samples. If this is the case, the difference
between S, and bulk S in phase analysis (Table 6a) is
most likely due to the underestimation of the mass of
pyrite and arsenopyrite sulfur. In our opinion, more
plausible estimates can be obtained by adding this dif-
ference to S(II)pyr, even despite the systematic error
related to the overestimation of S(VI) content relative
to the value in the initial granite resulting from the oxi-
dation of the stored samples. In such a case, the total
content of S(II), including pyrite—arsenopyrite sulfur,
decreases in the granite from bottom to top (Table 6b;
from 73.1 to 41.7 wt % of the bulk S content in each
sample), and the total content of sulfate sulfur increases
correspondingly (from 26.9 to 58.3 wt %). Since the

Table 6a. Comparison of the bulk sulfur contents with the analyses of sulfur species in the granites of the Aue cupola ob-

tained by various methods

S ] Bulk S, S (ppm) according to phase analysis % of total S according to phase analysis
ample no.| Horizon *

ppm SI) Sy, S(VI) Total S0) Sy, S(VI)
275/ 810 395 50 40 230 320 15.6 12.5 71.9
282/20 1170 386 60 119 150 329 18.2 36.2 45.6
40/, 1620 240 10 35 80 125 8 28.0 64.0
1710779 1710 372 70 46 100 216 324 21.3 46.3

* Results of the analysis of S in samples by the method of sample combustion in an O, flow.

GEOCHEMISTRY INTERNATIONAL  Vol. 44  No. 9
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Table 6b. Inferred proportions of the contents of sulfide and
sulfate sulfur in four granite samples from various horizons
of the Aue cupola

S Depth from % in total S
ample no. MS
S S(VI)
275 810 41.7 583
282 1170 61.1 38.9
40 1620 66.7 333
1710 1710 73.1 26.9

oxidation state of our samples appeared to introduce an
additional uncertainty to the phase analysis of sulfur, no
attempts were made to continue this work after four
preliminary tests.

Thus, in this and previous studies [2, 3], we obtained
new average concentrations of 14 trace elements using
large data sets for the granites of the Aue cupola, which
are typical OG rocks of this region. The elements stud-
ied are characteristic of Erzgebirge deposits in general
and of the Schlema and Schneeberg deposits in partic-
ular. The arithmetic means of the concentrations of
some metals (Pb, Co, Ni) in the granites of the whole
Aue cupola appeared to be close to their average abun-
dances in crustal granitoids [9], whereas the arithmetic
means for other elements were either lower (Zn, Cu, S)
or higher (U, Th, Sn, W, Mo, Bi, and As) than the back-
ground granitic concentrations. The available data sets
allowed us to establish lognormal distributions for each
of these elements. Taking into account such a statistical
distribution of particular analyses, geometric mean val-
ues were accepted as estimates for element concentra-
tions (Table 4).

The most important result obtained from our data is
the detection of significant differences in arithmetic and
geometric means of metal and sulfur concentrations
between the granites of the lower and upper parts of the
Aue cupola. In addition to the elements considered in
this paper, similar differences were previously detected
for uranium, thorium [2], tungsten, tin, and molybde-
num [3].

BASE METALS AND SULFUR
IN THE EIBENSTOCK GRANITE MASSIF

Similar to our previous studies [2, 3], the concentra-
tions of metals and arsenic in the granites of the Aue
cupola are compared with those in the younger granites
(YG) of the Eibenstock massif, where these granites are
not exposed on the surface. Our investigations were
restricted to the Schwarzenberg region, where the
northeastern contact of this granite massif plunges at a
low angle beneath the Cambrian—Ordovician gneiss—
schist sequence. The roof of the massif was penetrated
at this site by 35 boreholes at depths of 550-1000 m
from the present-day surface. After encountering the
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contact, the boreholes were drilled from a few tens to a
few hundreds of meters (up to 250 m) below the roof of
the granite massif. About 100 YG samples were col-
lected from drill cores recovered at various distances
from the contact of the massif. They were analyzed for
Pb, Zn, Cu, Ni, Co, Bi, As, and sometimes Ag by arc
atomic emission spectrometry at the laboratory of the
former SGAO Vismut.

The YG massif is composed at the sampling site of
coarse-grained, sometimes turning into porphyritic
granite varieties. The granite is composed of (wt %)
30 quartz, 27 orthoclase, 40 plagioclase, 4.2 biotite,
and 3 muscovite after biotite. There is no ore mineral-
ization in the granites and country rocks, and only a
slight increase in the degree of granite muscovitization
was noted in the border zone.

The available published data on the average concen-
trations of Pb, Zn, and Cu in the YG and Eibenstock
rocks are shown in Table 2. The analyses of drill cores
performed for this study are listed for 10-m intervals
from the gently sloping contact of the granite (Table 7).
The arithmetic means of Pb, Zn, and Cu concentrations
are similar to previous estimates. The value for Pb
(9.0 ppm) is close to the lower limit of the previous esti-
mates (Table 2), the concentration of Zn (40.8 ppm) is
slightly lower than the previous lower limit, and that of
Cu (9.8 ppm) is higher than the average for the YG. The
depth interval of sampling in this massif is much
smaller than the explored vertical section of the Aue
granite, and it is not reasonable to make direct compar-
isons with the significant vertical variations of ore ele-
ments in the Aue cupola. Nonetheless, even the data
from these shallow boreholes provided evidence for
variations in the average concentrations of metals and
arsenic in the FEibenstock massif. There are slight
changes downward from the gently sloping contact of
the granite with the overlying gneisses and schists, and
the distribution of samples relative to the contact prob-
ably also influences the investigation of trace element
systematics in the YG rocks.

We did not determine sulfur contents at various
depths in this segment of the Eibenstock massif. There
are some measurements in the literature. According to
Lange et al. [1], the sulfur content of the Erzgebirge
granites is 400 ppm, and the same average content was
accepted by these authors for the Eibenstock massif.
Tischendorf et al. [15] estimated the average content
of sulfur in the main intrusive phase of YG as
500 ppm.

Thus, variations in the average concentrations of
metals are clearly manifested along the vertical section
of OG in the Aue cupola but are much less pronounced
at the Schwarzenberg region, which is probably related
to an order of magnitude difference in the depth interval
of sampling. However, there are some indications for
the existence of such variations, and more reliable evi-
dence can be gained if deeper zones of the Eibenstock
massif become accessible for sampling. This feature is
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Table 7. Arithmetic mean concentrations of metals and arsenic (ppm) in drill-core YG samples from the northeastern slope of
the Eibenstock massif (region of Schwarzenberg Mt.) at various depth levels relative to the gently sloping contact of granites

Depth interval, m Pb Zn Cu Ni Co Bi Ag As
0-10 6.8 41.4 11.6 8.19 5.33 7.68 1.13 2.25
11-20 7.4 39.7 10.3 10.5 4.67 8.0 1.0 2.33
21-30 6.4 41.9 9.0 5.8 3.8 12.1 1.0 1.29
31-40 7.2 48.3 9.3 5.25 5.0 3.33 - 1.25
41-50 8.3 36.7 7.7 6.5 4.5 2.75 - 1.5
51-60 8.7 333 5.0 5.0 4.0 3.0 - 1.0
61-70 5.0 30.0 12.7 5.33 4.33 - 1.0 -
71-80 6.4 31.0 8.2 5.6 4.6 5.0 1.0 1.5
81-90 7.14 343 7.0 5.0 5.0 - - -
91-100 7.0 40.0 4.0 4.0 3.0 1.0 - 1.0
101-110 8.6 55.0 7.5 7.0 5.5 1.0 - 1.0
111-120 10.0 55.9 8.5 7.0 10.0 1.0 - 1.0
121-130 10.0 55.0 7.0 7.5 6.0 3.0 - 1.5
131-140 10.0 54.0 6.0 8.5 6.0 1.5 - 1.0
Average, ppm 9.0 40.8 9.8 7.1 4.9 6.57 1.07 1.7
Number of samples 92 83 77 65 65 53 14 49

common for the Erzgebirge granites and, probably, for
granites in general, and it would be interesting to search
for its manifestation in other granite massifs.

DISCUSSION AND CONCLUSIONS

This is the final publication presenting our investi-
gations of the distribution of 13 trace ore components,
U, Th, W, Sn, Mo, Pb, Zn, Cu, Ni, Co, As, Bi, Ag, and
S in the vertical section of the Aue granitic cupola and
in a segment of the Eibenstock massif, which were
launched in 1996. Compared with previous studies, we
used a much more extensive data set (~150-225 sam-
ples for ten elements, ~50 samples for W and S, and 10—
23 samples for Ag and Bi), which allowed us to refine
the average concentrations of these components in the
whole Aue granite massif and also reveal their regular
variations along the vertical section. Therefore, the fol-
lowing discussion is based on both the new data on base
metals, arsenic, and sulfur and previous results for U,
Th, W, Sn, and Mo [2, 3].

(1) The sampling of the Aue cupola over a depth
interval of almost 2.5 km from the present-day surface
and the granites of the Eibenstock to depths of about
1 km allowed us to estimate for the first time the con-
centrations of metals at various hypsometric levels,
including the deep zones of OG and YG, i.e., at the lev-
els of the minimum influence of ancient epigenetic
alterations and recent supergene processes. In other
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words, we had an opportunity to sample such depth lev-
els where the granites remained similar to the pristine
composition. Such data were not previously reported,
and they significantly changed our understanding of the
behavior and distribution of trace components in the
granites of the Erzgebirge. The concentrations of all
metals, arsenic, and sulfur are significantly higher at
great depths (over a vertical distance of >1 km, from
horizon 1260 to horizon 2270 in the Aue cupola) than
the average concentrations calculated for both massifs
on the whole and much higher than many of the previ-
ously published estimates for these elements in the
granites of the western Erzgebirge. Moreover, the over-
whelming majority of the metals considered in this and
previous papers [2, 3] (U, Th, W, Sn, Mo, Pb, Zn, Ni,
Co, and As) are enriched, often strongly enriched, rela-
tive to the average abundances of these elements in fel-
sic intrusive rocks in general. Only the average concen-
trations of Cu in the OG of the Aue massif remain
below the background level in the deep horizons of the
cupola.

(2) The analysis of metals, sulfur, and arsenic in
granite samples (as well as other ore component
reported previously) provided a means to observe and
estimate a very important geochemical phenomenon.
The weak epigenetic alterations of the upper part of the
Aue cupola, so-called dispersed muscovitization [8, 6]
and its red coloration with a hematite pigment (iron oxi-
dation), did not disturb the rock texture and had minor
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effects on the major-element composition of the gran-
ites. However, these processes produced much stronger
transformations in the accessory component of the
rocks [6] and were accompanied by the extensive
removal of trace ore components dispersed in the gran-
ite. While the differences in the concentrations of major
minerals and their chemical components between the
upper and lower parts of the Aue cupola are limited to
a few percent (Table 1), the concentrations of trace ele-
ments in the unaltered and altered granites differ by fac-
tors of 1.1-2.47 (Table 6). In principle, the phenome-
non of trace metal leaching from a rock without any
significant disturbance in its mineral composition has
long been experimentally reproduced, when geochem-
ists, following Tauson [25], attempted to detect the so-
called free form of elements in igneous rocks. Numer-
ous publications of the 1950s—-1960s described the
selective extraction of uranium and other metals from
rocks by very dilute soda or soda—chloride ammonium
solutions, which did not destroy (!) rock-forming min-
erals. These studies carefully controlled the negligible
discharge into the solution of potassium and sodium
(preservation of feldspars) and divalent bases (preser-
vation of other major phases). It should be noted that
the addition of small amounts of an oxidizer (e.g.,
H,0,) to the ammonium solution was necessary for the
dissolution of “free” uranium and other “free” metals in
these experiments. In essence, both in nature and in our
models, a similar situation was reproduced without the
direct addition of an external oxidizer to the initial
aqueous phase but with the varying intensity of rock
(Aue granite) oxidation under the influence of solution
percolating through it.

A slight change in the average concentration of met-
als along the vertical section of the Eibenstock granite
could also be related to barely discernible epigenetic
transformations in the apical zone (increasing musco-
vitization described in the literature), although this sug-
gestion requires additional investigations.

This phenomenon must be accounted for during the
investigation of the trace-element geochemistry of
granites: very slight, almost imperceptible (without
special robust statistical comparisons) epigenetic alter-
ations of the major-element composition of granites
may cause much more extensive perturbations in the
concentrations and speciation of trace elements in these
granites.

(3) Based on the results of our investigations, trace
elements were characterized for the first time by three
groups (subsets) of values. One of them is the average
concentrations of metals, arsenic, and sulfur for the OG
rocks of the whole Aue cupola, irrespective of the posi-
tion of the sampling site in the vertical section and the
extent of epigenetic transformation of the rock. The
second group includes the first data on the average con-
centrations of the same elements in the apparently unal-
tered (unoxidized) granites from deep horizons below
1.5 km relative to the present-day surface, which can
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evidently be regarded as initial characteristics for other
OG occurrences. The third group of values character-
izes trace element concentrations in the apparently
altered (oxidized) granites of the upper part of the Aue
cupola, between 0 and 1.0-1.5 km from the present-day
surface. The first group of values, i.e., the concentra-
tions of trace elements in the cupola on the whole, is an
algebraic sum of the second and third subsets. By the
example of the Aue granites, we showed that the con-
centrations of elements in the second and third groups
may be significantly different, and the values for the
massif on the whole are strongly dependent on the rela-
tionships between the second and third subsets. The
higher the fraction of second-group analyses in the
complete set, the closer the latter to the initial trace-ele-
ment composition of the granite. The smaller this frac-
tion, the stronger the disturbance of the initial concen-
trations of components in the granite estimated on the
basis of the complete set. Therefore, it is important to
distinguish between the values corresponding to the
two subsets, representing relatively unaltered and
altered rocks.

(4) The above considerations led us to the following
conclusion. If even a small difference of the major-ele-
ment composition of granite from its initial state pro-
vokes considerable changes in the concentration of
trace components exemplified by the Aue cupola, such
minor differences must be accounted for during a com-
parison of different granite exposures. What is a reli-
able indicator for the initial (unaltered) state of gran-
ites? We propose to use the degree of iron oxidation for
the interpretation of the trace-element systematics of
granites. The coefficient of iron oxidation is readily cal-
culated from any silicate analysis or from a phase anal-
ysis for iron. In the lowermost kilometer (horizons
2270-1260) of the Aue cupola, KOk, forms a plateau at
about 5% (with a scatter of horizon average values from
3.58 to 5.73% and a weighted mean value of 4.8% for
25 analyses). It is reasonable to use the same value of
5% as an indicator of unaltered compositions of gran-
ites from other OG exposures. If deep levels are inac-
cessible in other exposures, and it is impossible to com-
pare granites from various depth levels, it is instructive
at least to correlate the estimates of trace element con-
centrations in samples from these exposures with KO,
values and compare various massifs and sites in them
taking into account this indicator of redox conditions in
the granites.

(5) The results obtained here suggest that tremen-
dous amounts of ore components were removed from
the upper part of the Aue cupola. The data of Table 6
can be used to calculate the losses of ore elements from
the slightly altered (oxidized) upper part of the Aue
cupola compared with its unaltered lower part. In order
to eliminate the uncertainty in the position of the
boundary of the cupola in plan view, the calculations
were performed for a single sector (Fig. 2) bounded to
the SW by the Roter Kamm fault dipping to the NE at
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Fig. 2. Sketch of the calculated sector of the upper part of the Aue granite cupola bounded to the southwest by the Roter Kamm fault
(dipping to the NW at 50°) and to the southeast by a vertical plane passing through the center of the granite outcrop (Aue Quarry)
along the 60° NE azimuth parallel to the Loessnitz—Zwoenitz syncline and the projection of this sector onto the vertical plane.
(1) Area of the section of the sector at a depth of 1260 m from the MS level accepted as the boundary between the lower and upper
parts of the cupola and (2) area of the section of the sector at the MS depth.

50° and to the SE by a vertical plane passing through
the center of the granite outcrop (Aue Quarry) parallel
to the axis of the Loessnitz—Zwoenitz syncline (azi-
muth 60° NE). The contour of this sector at a depth of
1260 m below the MS, at the boundary between the
lower and upper halves of the cupola, was constructed
by the interpolation between the isohypses of —1000
and —1500 m relative to sea level on the map of the sur-
face relief of the Erzgebirge pluton [32, 33]. It was
taken into account that the trace of the Roter Kamm
fault is shifted at this level to the NE by 1225 m relative
to its surface trace and that the conventional zero level
(MS) of the Schlema deposit occurs 330 m above sea
level. The total volume of the upper part of the Aue
cupola in this sector is more than 10 km? (calculated
using the formula for a truncated pyramid, ignoring the

concavity of the massif).> Given an average density of
the granite of 2.667 g/cm? [34], the mass of granite in
the sector is >2.67 x 10'° t. Multiplying this mass by the
losses of metal and sulfur contents from the upper part
of the cupola compared with its lower part, C(1) — C(u)
in Table 5, we obtain the minimum values for the
masses of ore elements, arsenic, and sulfur exported
from the upper part of this single deliberately limited
sector (probably about one-fourth) of the Aue cupola
accompanying the weak epigenetic alteration of gran-

> The section area of the sector at a depth of 1260 m below MS is
S ~14 kmz, the section area at MS is S, ~ 3 kmz, and the height
is h = 1.26 km. The volume of the truncated pyramid between

these planes is V= 1/31(S| + ,/S|S, +5,)=0.42%x(14+6.5+3)=

9.87 km?. The top of the cupola above the MS level is 0.09 km?®in
volume. Rounding gives about 10 km?.
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ite. As can be seen from Table 8, the mass of each of the
characteristic elements of the Schlema and Schneeberg
deposits extracted from this sector is tens to hundreds
of thousands of tons (only the mass of extracted Mo is
ten thousand tons). Consequently, the scales of metal
release from the upper part of the Aue cupola, including
its Gleisberg outcrop (near Schneeberg), are much
higher than their resources in the ores of the Schlema
and Schneeberg deposits. It is obvious that there is a
causal link between the extraction of these components
from the upper part of the Aue cupola and the deposi-
tion of part of these components in the hydrothermal
veins of the deposits above the Aue cupola.

(6) The low average concentrations of metals (in
particular, Zn and Pb) in some granite exposures, the
most probable reason for which was examined by the
example of the Aue granites, were used as a basis for

Table 8. Magnitudes of the removal of metals and sulfur
from the upper (above horizon —1260 m relative to MS) part
of the northeastern sector of the Aue cupola related to the
slight alteration (dispersed muscovitization) of OG

Element Loss, 10° t Element Loss, 10° t
U 112.1 Pb 240.3
Th 53.0 Zn 291.0
\%% 90.8 Cu 29.4
Sn 214 Ni 32.0
Mo 10.7 Co 34.7
As 42.7 S 2163
2006
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the suggestion of the deficit of chlacophile elements in
the Erzgebirge granites. This suggestion can hardly be
admitted. As was noted above, the initial average con-
centrations of Zn, Pb, and other metals, except for Cu,
in the unaltered Gebirge OG (probably not only in the
Aue cupola) are not lower and are often higher than the
average abundances of these elements in felsic rocks.
Indeed, the sampling of the surface exposures of these
granites, the upper zones of which were slightly
affected (oxidized) by epigenetic processes, yielded
low concentrations for a number of metals. However,
the tremendous export of Pb, Zn, and other trace ore
components from the cupolas of Gebirge granites
accompanying their very minor epigenetic alterations
probably provided both the decrease in the average con-
centrations of metals in accessible outcrops and forma-
tion of giant and high-grade uranium, rare metal, and
base metal deposits above these massifs in Germany,
the Czech Republic, and Slovakia. This supports the
geochemically anomalous character of the OG with
respect to U, W, Sn, and chalcophile elements. The sit-
uation with Cu is different: all the granites, both unal-
tered (primary) and altered are depleted in Cu. How-
ever, the Erzgebirge has never been regarded as a cop-
per province, and there are no significant copper
deposits in this region. Thus, Cu is the only chalcophile
element depleted in the OG rocks.
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