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The trace-element contents in gold-bearing and barren quartz veins from eight Au, Au—Ag and Sb—Au Variscan deposits
in the Bohemian Massif have been determined in sifu in order to evaluate the differences between the various types of
gold deposits and discuss trace-element variations in the successive generations of quartz veins. The variability of Ti, Al,
Ge, Li and Sb abundances obtained by Laser-Ablation Inductively-Coupled Plasma Mass Spectrometry (LA-ICP-MS)
roughly correlates with the origin and the temperature of the mineralizing fluids. The Al content ranges up to 4020 ppm
(median value 230 ppm), while the Li content is generally low (< 4 ppm). The elevated Sb content (30-360 ppm Sb) is
only related to quartz that immediately preceded deposition of Sb-rich phases. The titanium content of the ore-bearing
vein quartz follows bimodal distribution: gold deposits with assumed higher temperature (> 450 °C) formation exhibit
higher median values (~10 ppm Ti) than medium-to-low (< 300 °C) temperature deposits (~2 ppm Ti). A statistically
significant threshold value (8 ppm Ti) has been recognized as an empirical tool for discriminating between them. In
terms of the Ti and Al contents, the studied Bohemian gold deposits fall within and in between fields of orogenic gold
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and porphyry deposit types.
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1. Introduction

The formation of minerals can be interpreted as a result
of the application of restricting physio-chemical rules
to complex natural fluids and melts. Consequently, the
chemical composition of the minerals should reflect
the environments in which they were formed. This study
is focused on the mineral quartz. It is a chemically simple
phase, which is stable and occurs in relatively pure form
in nature.

The microchemical studies revealed that overall low
trace-element contents of quartz reflect the conditions of
its formation (Weil 1984; Larsen et al. 2000; Gotze and
Mockel 2012). Several authors (Landtwing and Pettke
2005; Rusk et al. 2008, 2011; Breiter et al. 2012; Cruz-
Uribe et al. 2016; Monnier et al. 2018) have documented
the relationships between the trace-element contents in the
quartz and its cathodoluminescence characteristics. The
Al/Ti and Ge/Ti ratios have been widely used to study
the fractionation of granitic and pegmatitic systems (e.g.
Miiller et al. 2002; Jacamon and Larsen 2009; Breiter and
Miiller 2009; Breiter et al. 2013, 2014; Garate-Olave et al.
2017). Variations of Ti and Al in individual growth zones
can be easily visualized by cathodoluminescence. The Ti
content of quartz has a further application as a thermo-

barometer (Wark and Watson 2006; Thomas et al. 2010,
2015; Huang and Audétat 2012). Given the availability of
Laser-Ablation Inductively-Coupled Plasma Mass Spec-
trometry (LA-ICP-MS) instruments, the number of papers
dedicated to quartz chemistry is steadily increasing.

Previous research on quartz from mineral deposits has
largely focused on the relationship between cathodolu-
minescence textures and quartz chemistry (e.g. Rusk et
al. 2008) or on the application of mineral thermometry
(e.g. Breiter et al. 2012; Monnier et al. 2018). Typically,
samples representing contrasting deposit types (e.g.,
porphyry Cu, orogenic Au, epithermal Au, Mississippi
Valley-Type deposits), as well as those with marked dif-
ferences in luminescence were compared within a single
study (e.g. Rusk et al. 2008; Rusk 2012). Recently, de-
tailed LA-ICP-MS works focusing on quartz types/gen-
erations from a single deposit have also been published
(Miiller et al. 2010; Maydagan et al. 2015; Breiter et al.
2017; Wertich et al. 2018).

This contribution focuses on the applicability of quartz
microchemistry determined by the LA-ICP-MS technique
to crucial questions in ore prospection and exploration,
such as: (1) the proper identification of vein types, in case
of low to no structural variation between individual veins,
(2) quantification of the differences between early-, main-
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and late- stage veins and (3) distinguishing between ore-
bearing and barren quartz veins. In addition, we have
focused on evaluation of the potential of LA-ICP-MS
quartz studies in regional exploration for gold deposits.
Most of the samples used in this project are well de-
fined in terms of structural vein types, mineral succession
relationships and the pressure—temperature conditions of
their formation. All the studied veins were formed within
similar to identical geological settings and within a rela-
tively brief time interval (350-330 Ma and ~300 Ma).

2. Geological setting

2.1. Metallogeny of the central part of the
Bohemian Massif

Numerous hydrothermal Au, Ag—Pb—Zn and U vein-type
ore deposits are located in the central part of the Bohe-
mian Massif, notably along the north-western margin of
the Central Bohemian Plutonic Complex (Fig. 1). The
formation of most gold deposits (e.g. Moravek et al. 1992;
Zacharias et al. 1997, 2013, 2014) and gold occurrences
in this zone broadly overlapped with the intrusive activity
of the CBPC (355335 Ma; Janousek and Gerdes 2003;
Janousek et al. 2004, 2010); however, some Au—Ag depos-
its hosted within the Moldanubian Unit are likely younger
(~290 Ma; Zacharias et al. 2009). Numerous Ag—Pb—Zn
deposits (e.g. Pfibram-Bfezové Hory, Stara Vozice) most
probably postdated the Au-ones, but their absolute age(s)
has (have) not yet been determined. The U deposits (e.g.
Ptibram) are ¢. 280—270 Ma old or younger (Arapov et al.
1984; Anderson 1987; Skacha et al. 2009).

2.2. Central Bohemian Plutonic Complex
(CBPC)

The CBPC (3200 km?) is a stitching pluton that intruded
along the boundary between the generally low-grade
Tepla—Barrandian and the high-grade Moldanubian units
(Fig. 1). It consists of five to seven magmatic suites
(Janousek et al. 1995; Holub et al. 1997) evolving from
the oldest calc-alkaline (I-type; ~355 Ma, Janousek et
al. 2004) through potassium-rich calc-alkaline suite (I/S
type ~346 to ~336 Ma; Janousek et al. 2010 and refer-
ences therein), to the youngest ultrapotassic suite (Tabor
Pluton, ~336 Ma; Janousek and Gerdes 2003). Schulmann
et al. (2009) interpreted the CBPC as an Andean-type
magmatic arc associated with the subduction of the
Saxothuringian ocean beneath the Tepla—Barrandian and
Moldanubian units. The resulting crustal thickening (~60
km) led to extensive regional metamorphism (O’Brien
and Rotzler 2003) between ~355 and 335 Ma in the
Moldanubian Unit.

2.3. Tepla—Barrandian Unit (TBU)

The TBU (Fig. 1) represents part of the Avalonian—Cado-
mian belt developed along the northern active margin of
Gondwana during the late Neoproterozoic (~750 to 540
Ma; e.g. Linnemann et al. 2008). The Neoproterozoic
rocks (volcanic, volcanosedimentary and flysh-like se-
quences; Kiibek et al. 2000) form several juxtaposed,
NE-SW trending, allochthonous belts separated by
shear zones, interpreted as remnants of the oceanic crust,
several accretionary wedges and a single volcanic arc
(Hajna et al. 2011). The NNE-SSW trending, 65 km
long and 1-6 km wide volcano-sedimentary Jilové Belt
is the easternmost part of the TBU. As for the volcanic
rocks, the subalkaline Na-rich metabasalts significantly
predominate over the metatrachyandesites (Waldhausrova
1984; Fediuk 1992).

2.4 Moldanubian Unit

The Moldanubian Unit (Fig. 1) comprises the metamor-
phosed pre-Variscan (Precambrian/Early Paleozoic) crust
and the Variscan granitoids (e.g. Dallmeyer et al. 1995;
Franke 2000). The unit is further subdivided into the
Gfohl, Monotonous and Varied units. The former one
underwent Variscan HP—HT metamorphism, followed by
subsequent rapid exhumation and re-equilibration under
mid-crustal conditions (e.g. Franék et al. 2011a, b). The
latter two only recorded mid-crustal LP-HT metamor-
phism (at c¢. 335 Ma; Friedl 1997; O’Brien 2000). The
Gfohl Unit is interpreted as orogenic lower crust (Schul-
mann et al. 2005, 2008). The main rock types forming
the Gfohl Unit are leucocratic granulites and migma-
titic orthogneisses accompanied by subordinate mantle
peridotite and eclogite, while the Monotonous Unit is
dominated by paragneiss and Varied Unit by paragneiss,
orthogneiss, marble, quartzite, and amphibolite.

2.5. A brief summary of the studied deposits

Based on ore-related phases/elements, the gold deposits
in the study area can be effectively classified into three
subgroups (e.g. Bernard 1981; Bernard et al. 1983), as
follows.

2.5.1. High-fineness Au deposits (“Au”)

Characteristically, the gold at high-fineness Au deposits
(herein refered to as “Au” deposits) is accompanied by
accessory Bi—Te—S phases; scheelite is common and mo-
lybdenite minor; the gold fineness is typically > 900 (e.g.,
Mokrsko, Jilové, Petrackova hora, Kasejovice and the
Libcice deposits). All the deposits were formed between
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348 and 338 Ma (Zacharias and Stein 2001; Zacharias et
al. 2001, 2013; Ackerman et al. 2017, in print).

2.5.2. High-fineness Sb—Au deposits
("Sb-Au")

In this subgroup, gold fineness > 850; characteristic are
mineable stibnite, minor aurostibite, no scheelite, almost
no molybdenite, accessory Pb—Sb sulfosalts, extremely
rare Bi—Te-S phases (e.g., Krasna Hora and Pticovy
deposits). The Sb—Au-bearing veins are spatially associ-
ated with lamprophyre dykes and caused their extensive
hydrothermal alteration (Némec and Zacharia§ 2018).
The “Sb—Au” deposits are thus younger than the lampro-
phyre dykes in the central part of the CBPC. However, a
similar lamprophyre dyke located much farther to the W
of the Krasna Hora deposit has been dated to 338+0.5
Ma (“Ar/**Ar; Zak et al. 1998).

fineness Au—Ag deposits have not yet been dated. An age
of ~290 Ma is anticipated, based on their relationship to
the Carboniferous sedimentary infill of the Blanice Fur-
row (Ptak 1962).

3. Samples and methods

3.1. Classification of the quartz veins

The samples used in this study were largely collected
during our previous studies (Tab. 1). Classification of
the quartz veins (Q0—Q5) is based on the field observa-
tion of the crosscutting relationships between successive
generations. In addition, when appropriate, samples of the
magmatic (Qgrnd — granodiorite) or the pegmatite (Qpeg)
quartz of an intrusion hosting a deposit were included

The Sb—Au deposits ought to be
younger than ~338 Ma and are
probably older than ~330 Ma.

2.5.3. Low-fineness Au-
Ag deposits
("AU—Ag")

_>Z

At low-fineness (< 700) de-
posits occur arsenopyrite and
As-pyrite; completely lacking
are W-Mo—-Bi—Te—S—Sb phas-
es (e.g., the Roudny deposit;
Zacharias et al. 2009). These
deposits are related to the ma-
jor-to-minor brittle-fault zones
within the LP-HT parts of the
Moldanubian Unit (i.e., they are
located to the E, SE, or S of the
CBPC). Unfortunately, the low-

Kasejovice

Fig. 1 A schematic geological map of
the Central Bohemian Plutonic Com-

plex (CBPC) and its surroundings. o

Boh_emian Massif

Petrackova hora

B\aﬂ‘é

Kasperské Hory

Bohemian

Armorican
Massif

AL ETTITS )

B *
Massif 4 « Alpine front

Central _»

l14°00"

v
Certovo
f Bremeno

Blatna

14°00/) 15°00'

Small insets show position of the stud-
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bian (MLD). The individual groups of
Variscan vein-type hydrothermal ore
deposits are differentiated by symbols.
The rough positions of the individual
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I Central Bohemian Plutonic Complex (355-335 Ma)
[ ] Tepla—Barrandian Unit (Neoproterozoic—Lower Paleozoic)
[ ] Moldanubian Unit (high-grade metamorphic unit)

Au vein-type deposits (“Au”)

Sb—Au vein-type deposits (“Sb—Au”)
Au-Ag vein-type deposits (“Au—Ag”)
Ag—Pb—Zn vein-type deposits

Sb-rich (Ag)-Pb-Zn vein-type deposits
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in the study. The labels (Q0-Q5) used for the individual
vein types (quartz generations) represent the succession
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Fig. 2 Distribution of Ti in the hydrothermal quartz veins from the
studied deposits; a — all the veins altogether, both ore-bearing and bar-
ren; b — ore-bearing veins at the “high-temperature Au” Mokrsko and
Petrackova hora deposits; ¢ — ore-bearing veins at the “medium-to-low
temperature Au” Jilové, Kasejovice, and Lib¢ice deposits; d — ore-
bearing veins at the “medium-to-low temperature Au—Ag” Roudny
deposit; e — ore-bearing veins at the “medium-to-low temperature
Sb—Au” Krasna Hora deposit.

of the studied veins and, as such, are unique for each of

the investigated deposits.

To retain clarity in the text/charts across the deposits,
the vein quartz generations were grouped into various
evolutionary stages, denoted by the previous prefixes:

» pre- barren quartz veins predating the formation of
ore-bearing veins;

 early- early/first generation(s) of quartz veins, rare to
minor in abundance, marginally associated with the
ore formation;

* main- the main stage of the formation of the quartz
veins (i.e., the stage when the bulk of the quartz mass
precipitated). This stage may be associated with the
ore formation; however, the bulk of the Au (Sb) ore
typically postdates the main stage;

» ore- quartz directly associated with the precipitation
of the ore;

* late- quartz that has been proven to postdate the for-
mation of the main veins. Minor in abundance, sub-
-economic in grade;

* post- the barren quartz that has been demonstrated to
postdate the formation of the ore-related veins.

3.2. Optical cathodoluminescence (CL)

Prior to the ablation, all the samples were inspected by
the optical CL. We observed thin zones (<10 pm) of
contrasting luminescence in otherwise homogeneous
samples. The observed zones are related to quartz recrys-
tallization along the grain boundaries, to microfractures,
or to rare growth zones (e.g. Wertich et al. 2018). These
zones represent insignificant fraction of the ablated vol-
ume (see below). Wertich et al. (2018) focused on similar
types of samples/deposits and also concluded that it is
nearly impossible to analyze zones with different CL
separately.

3.3. LA-ICP-MS

Samples in the form of 67 thick polished wafers (200—
300 pm) were used for the LA-ICP-MS analyses at
the Institute of Geochemistry, Mineralogy and Natural
Resources of the Faculty of Science, Charles University,
using the New Wave laser ablation system (Nd:YAG 213
nm) coupled with the Thermo Scientific iCAP Q mass
spectrometer. External calibration of the laser-ablation
analyses was performed using the Standard Reference
Materials NIST 612 and 610 (National Institute of Stan-
dards and Technology, USA) with an internal standardiza-
tion using *Si by normalizing to 99.95 wt. % SiO,. The
concentration values for the NISTs of all the measured
elements were taken from the GeoReM database (Jochum
et al. 2005). The isotopes employed were selected with
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respect to their most abundant species, free from an
isobaric overlap and minimum interferences. The data
were acquired in the time-resolved and peak jumping
and the pulse counting mode with one point measured
per mass peak (dwell time 12 ms). The ablated material
was delivered to the plasma in a continuous stream of
helium (1.74 1/min). The formation of oxides (MO*/M")
was monitored using U in NIST 612 directly from the
ablation and the measured ratios (**UO*/*3U") varied
below a value of 0.009. During the ablation, the sample
was manipulated beneath the stationary laser beam to
produce a linear pit of ¢. 1000 um and to minimize the
chemical fractionation (e.g. Campbell and Humayun
1999) and fired at a repetitive rate of 10 Hz, using a low
laser energy of 0.3 mJ/pulse with a crater diameter of 80
pm. The total acquisition time was 200 s (50 s gas back-
ground with 150 s ablation). The data reduction included
the correction for the gas blank, the internal standard and
a calibration check, and the data were processed off line
in an MS Excel spreadsheet-based program (Zacharias
and Wilkinson 2007). Similar analytical protocol and
correction strategy have been used by Strnad et al. (2005)
and Janousek et al. (2014).

The measurements on each sample consisted of 6 in-
dividual ablation lines, ~1000 um in length, ~80 um in
width and ~60 pum in depth. The ablation intervals cor-
responding to “pure quartz” were hand-picked for each
ablation line. This has resulted in more than one data
set for each line. In total, 942 intervals corresponding
to “pure quartz” have been identified. The following
isotopes were measured: 'Li, #*Na, Mg, >’Al, »Si, 3°Si,
3Ip, Mg MK 4Ca, “Ca, “Ti, 5'V, Mn, *Fe, 5'Fe, ®Cu,
667Zn, “Ga, "'Ga, “Ge, *As, $Rb, ¥Sr, WAg, ®Ag, 12Sn,
121Gh, 123Qh, 125Te, 128Te, 13Cs, 13¥Ba, '22W, 13W, 17Au,
208pp, 299B4, 232Th, and 2**U. The statistical analysis of the
data was performed in Origin® and Excel® (descriptive
statistics) and in IBM® SPSS® (nonparametric tests).

The external replication of this method was moni-
tored using a USGS BCR-2G glass reference mate-
rial (e.g. Norman et al. 1998; Tiepolo et al. 2003). We
firmly believe that the results for Ti in quartz veins at the
Mokrsko—West deposit are in agreement with a recently
published independent study (Wertich et al. 2018). The
following statistical parameters are included for com-
parison: our dataset (N =452, min = 2, max = 35, mean
=10.7, median = 9.0) vs. data digitalized from fig. 6 of
Wertich et al. (2018) (N =48, min = 1.2, max = 62, mean
=9.1, median = 6.2).

4. Results

Eight gold deposits in total, representing the three sub-
groups, were selected for this study (Tab. 1, Fig. 1). The

deposits span a wide range of formation conditions (from
>500 to less than 200 °C, and from 6 down to 0.5 kbar)
and a range from world-class (~100 t of Au in resources)
to non-economic (<1 t Au). All the deposits are located in
a small area of approximately 70 x 50 km. For a summary
of the vein generations distinguished at each deposit, see
Tab. 1 and the references mentioned in this table.

Table 2 presents the median values of the selected
elements within quartz veins at various kinds of gold
deposits in the central part of the Bohemian Massif. The
complete descriptive statistics, as well as a full set of
analytical data can be found as an electronic supplement
material (ESM). Most of the analyzed elements display
log-normal distributions (Fig. 2). Therefore, the median
instead of the mean values are presented throughout the
text and in Tab. 2. The abundance of the selected ele-
ments (Ti, Al and Ge) is also presented as X-Y plots,
given separately for the higher-temperature (Fig. 3) and
medium- to low- temperature (Fig. 4) deposits.

4.1. Titanium

The measured Ti content of the ore-related quartz vein
exhibits bimodal distribution (Fig. 2a) when all the data
are treated collectively. The higher-temperature “Au”
deposits show elevated Ti contents (Fig. 2b; median 9.7
ppm; 9.1 and 17.2 ppm for Mokrsko and Petrackova
hora, respectively) compared to the other “Au” (median
2.3 ppm; Fig. 2¢) and “Sb—Au” deposits (median 3.7
ppm; Fig. 2e).

The early and probably barren Q1 veins with ambigu-
ous genetic and temporal relationships to the ore-related
veins were identified at the “Sb—Au” Krasna Hora and
“Au—Ag” Roudny deposits. These veins contain about
18 and 31 ppm Ti, respectively (Tab. 2), which is signifi-
cantly more than was measured in the ore-related veins
(2-3 ppm Ti in Q2—Q3; Tab. 2) in these deposits.

Quartz of magmatic origin yielded the highest ob-
served Ti contents (up to 89 ppm). The Ti median values
the groundmass quartz range from 75 ppm in the grano-
diorite of the PetraCkova hora “Au” deposit (Fig. 3a)
to 47 ppm in the Sazava granodiorite—tonalite of the
Mokrsko “Au” deposit (Fig. 3b). The pegmatitic quartz
exhibited median values similar to that of the hosting
granodiorite (77 ppm Ti for the thin aplo-pegmatitic dyke
at Petrackova hora), as well as much lower ones (11 ppm
at Mokrsko; a small pegmatitic body in the exocontact of
the Sazava tonalite).

4.2. Aluminum, gallium and germanium

The element contents in most of the analyzed samples
vary from below the detection limits to up to 4021 ppm
Al, up to 1.9 ppm Ga and up to 12.4 ppm Ge (Figs 3—4).
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content above 10 ppm corresponds to about 4% of the
values obtained in our analyses. The absence of Ba and

No obvious correlation between Al and Ga, or Ga and Ge

has been observed in the analyzed samples.

S covariation suggests that there is no contamination by

barite microinclusions. Because of the high detection
limits for Na and K, these elements are not discussed

in detail.

4.3. Lithium, rubidium, cesium, strontium,

barium, potassium and sodium

Lithium, rubidium, cesium, strontium and barium abun-
dances exhibit lognormal distributions, with following
median ppm values: 1.6 (Li), 0.4 (Rb), 0.3 (Cs), 0.9

(Sr) and 1.4 (Ba). The highest observed ppm values are

4.4. Lead and antimony

The lead content varies from 0.1 to 4 ppm in most

samples. Slightly higher values are limited to the late

22 (Li), 10 (Rb), 6 (Cs), 19 (Sr) and 67 (Ba). The Ba
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Q5 quartz from the Petrackova hora “Au” deposit
(3-21 ppm Pb; median 15 ppm). Antimony is a very
common trace element found in most analyzed quartz
samples, with median values typically below 3 ppm.
Higher median values were observed for deposits
where Sb-bearing phases are common. This includes
the Roudny (7 ppm in Q2; Sb-rich arsenopyrite), Ji-
lové (15 ppm in Q1b; unconfirmed phase), Kasejovice
(44 ppm in Q2; Sb-bismuthinite, jamesonite, berthi-
erite), and Krasna Hora (115 ppm in Q2; stibnite)
deposits.

5. Discussion

5.1. Differences in the Ti contents — the
temperature effect

The concentration of Ti in the ore-related hydrothermal
quartz from the analyzed gold deposits exhibits a bimodal
distribution (Fig. 2a). The median value of 9.7 ppm Ti
(up to ~50 ppm) was observed in the “Au” deposits
with a high-temperature origin (> 450 °C; Mokrsko and
Petrackova hora; Figs 2b and 3a-b). Quartz from the
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medium- (< 350°C) to low- (~200 °C) temperature “Au”
deposits typically exhibits a median value of 2.7 ppm Ti
(Fig. 2c—d and Fig. 4a-b).

Non-parametric statistical tests have confirmed that
the Ti median values and the data distributions for
the high-temperature (Fig. 2b) and medium- to low-
temperature (Fig. 2c) deposits are statistically different
at a significance level of 0.05 (Mann-Whitney U test:
U = 85451, nl = 166, n2 = 521, P < 0.05; Median test:
grand median = 8.048, n = 687, test value = 202.740,
Chi-square = 200.210). A very low p-value (p < 2.2¢7'%;
Wilcoxon test) refutes the null hypothesis that all of the
Ti data represent a single population. To conclude, the Ti
content in the hydrothermal quartz may help to differenti-
ate the higher-temperature veins from the majority of the
low-to-medium temperature veins, even if the exact ap-
plication of Ti thermometry is still questionable/difficult
(especially because of the uncertainty in the activity of
titanium during the quartz formation).

5.2. Distinguishing the quartz generations
based on differences in the Ti contents

For some deposits, unambiguous discrimination between
early (and often barren) and late (and ore-bearing) gen-
erations of quartz veins was possible solely on the basis
of the Ti content of the quartz. The early veins contain
significantly more Ti (~20 to ~30 ppm) than the late ones
(< 10 ppm Ti). For example, two main types of quartz
veins have been identified at the “Sb—Au” Krasna Hora
deposit (Némec and Zacharia§ 2018): barren pre-ore
veins (Q1; barren with respect to Au and Sb), and the
main- to ore-stage veins (Q2). The Q2 quartz contains
less than 10 ppm Ti (median 3 ppm), while the concen-
trations in the Q1 quartz range from ~11 to over 50 ppm
Ti (median 18 ppm). The Q1 and Q2 quartz also differ
in the nature of the trapped fluids (H,0-CO, vs H,O,
respectively) and the temperature of formation (~400 vs.
~300°C; see Némec and Zacharias 2018).

A similar pattern can be observed at the “Au—Ag”
Roudny deposit. Early and barren quartz veins (QI,

0 e
0 5 10 15 20 25 30 35 40 45 50 55 60 65

indicated by labelled lines. The red
line represents a linear fit of all Q2 data
with intercept fixed at origin.

Al (mol)

Zacharias et al. 2009) contain 31 ppm Ti (median value),
while the ore-bearing ones exhibit much lower median
values: 9 ppm for Q12 quartz associated with impregna-
tions of Au-bearing arsenopyrite (Au-1, “invisible gold”);
and 2-3 ppm for Q2 and Q3 associated with macroscopic
gold (Au-2). The Q1 quartz was precipitated from aque-
ous—carbonic fluids, while Q2—Q3 was formed from
aqueous-only fluids at a lower temperature than Q1.

5.3. Antimony content in the quartz

Generally, the content of Sb in samples is less than 4 ppm,
with the exception of the Q1b quartz from Jilové (9-36
ppm Sb) and the Q2 quartz from Roudny (2—-19 ppm Sb).
In addition, two of the studied deposits contain more than
30 ppm Sb (up to 190 ppm in Q2 and Q3 from the “Au”
Kasejovice deposit; and up to 358 ppm in Q2 from the
“Sb—Au” Krasna Hora deposit). Positive correlation be-
tween Al and Sb contents can be observed at Krasna Hora
(Q2; Fig. 5). The above-mentioned Q2 quartz is very trans-
parent and free of ore (stibnite) microinclusions. These, if
present, are related exclusively to late fractures or to the
latest Q2 growth zone (Némec and Zacharias 2018). The
absence of sulfur in our measurements excludes possible
contamination by stibnite. The molar ratio for Al/Sb varies
from 40 to 9 (Fig. 5b). The linear fit of data through the
origin approaches a ratio of 20.

The Sb contents of magmatic and hydrothermal quartz
have been rarely reported. Monnier et al. (2018) gave
maximum values of 4.5 ppm for magmatic quartz, 161
ppm for stibnite-bearing hydrothermal quartz and from
several ppm up to ¢. 70 ppm for various hydrothermal
quartz veins with no association with stibnite. The data
provided in Monnier et al. (2018) suggest no correlation
between Al and Sb.

5.4. Evidence for switching between various
fluid-source reservoirs

The trace-element composition of the hydrothermal
quartz can be interpreted as being a result of three main
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Fig. 6 Variations in the Al content of the Q12, Q2 and Q3 veins along
the E-W trending profile across the Mokrsko—West deposit. The thick
dotted lines show the mean Al values within the different lithological
blocks (meta-volcano-sedimentary rocks vs. granodiorite).

variables: (1) the original fluid phase composition that
reflects, in part, the fluid—rock (and/or fluid-magma)
interactions in the fluid source region, (2) the actual
physicochemical conditions during the quartz precipita-
tion and (3) various kinetic effects (e.g. Monecke et al.
2002; Rusk et al. 2008, 2011). The quartz related to sub-
stantially different fluids may exhibit distinct elemental
abundances and/or ratios. Below we discuss three case
examples of such a situation:

5.4.1. Petrackova hora (a high-temperature
“Au” deposit)

This deposit exhibits the most obvious links between the
magmatic history of the host intrusion and the P-T—X and
genetic evolution of the hydrothermal quartz veins (both
barren and ore-bearing). A negative correlation between
the Ti and Ge abundances in the quartz of magmatic
(Qgrnd, Qpeg) and early hydrothermal (Q1) origin can
be observed if both datasets are considered together. The
magmatic quartz exhibits the highest Ti and the lowest Ge
contents, while the opposite is true for the hydrothermal
(Q1) quartz. This behavior resembles the fractionation
trend common in silica-rich melts (i.e., from granite to
evolved pegmatite; e.g. Breiter et al. 2014). Therefore,
this points to the formation of Q1 veins from a hydrother-
mal fluid (with a significant contribution of the magmatic
component) directly derived from the magma of the host
granodiorite (see also Zacharias et al. 2001).

Compared to the early veins (Q1), the ore-bearing
veins (Q2, Q2—Q3, Q4) exhibit a decrease in the Ge
content (down to half of the mean value in Q1) and an
increase in Ti (up to ~41 ppm; Fig. 3a). Considering
their formation from a fluid dominated by a magmatic
component (Zacharia§ et al. 2001), we interpret the

simultaneous decrease in Ge and increase in Ti (both
related to Q1) as evidence of a new fluid batch(es). Such
batch(es) should be genetically associated with a similar
magmatic source. However, it should be seated deeper
than those linked with the host intrusion (and related to
Q1 veins). This is possible if we consider the location of
the Petrackova hora deposit/intrusion at the periphery
of the voluminous Blatna granodiorite pluton (both bod-
ies are similar in age and geochemistry) of the CBPC.

The youngest Q5 veins formed after a distinct change
in the orientation and magnitude of the regional stress
(Zacharias et al. 2001). This suggests a time gap between
the formation of the Q1-Q4 and Q5 veins. The distinct
trace-clement signature of the Q5 quartz is compatible
with the proposition of opening a new fluid migration
path, tapping a new fluid source.

5.4.2. Mokrsko (a high-temperature “Au”
deposit)

Under regional stress, the barren pre-ore (Q0) veins
at the Mokrsko “Au” deposit developed orientation
distinct from that during the gold deposition (Q1, Q2,
Q3; Zacharias 2016). The QO quartz differs by higher
Ti (~20 ppm), Li (~6 ppm) and lower Ge (~0.7 ppm)
contents (Fig. 3b) from the Au-bearing quartz (Q1-Q3;
6-11 ppm Ti, 1-4 ppm Li, 1.5-1.9 ppm Ge). In contrast,
it is impossible to differentiate between the individual
ore-bearing veins (Q1, Q12, Q2), based on the quartz
trace-element contents alone. This suggests similar, or
the same, fluid source for the ore-bearing veins and a
substantially different fluid source for the QO veins.
Furthermore, the content of Al in Q1 through Q3 seems
to be affected by the host-rock lithology (Fig. 6; for the
detailed geology, see Zacharias 2016).

5.4.3. Jilové (a medium-temperature “Au”
deposit)

The Jilové deposit is hosted by similar lithological units
(the Jilové Belt of the TBU and granodiorite porphyry
dykes of the CBPC) as the Mokrsko deposit. However,
the Jilové deposit is structurally different, of a lower tem-
perature nature and younger (~339 Ma; Zacharias et al.
2013). The pre-ore barren (QO0) veins at Jilové, although
similar in orientation to the pre-ore barren (QO0) veins at
Mokrsko, exhibit Ti content below the detection limit
(1.5 ppm). The observed abundance of Ti is almost 20%
higher (~20 ppm) in the QO veins at the Mokrsko deposit.
Such a divergence implies distinct formation tempera-
tures and the age of the QO veins at the two deposits.
The only sample with a strikingly different compo-
sition in the Jilové dataset (Q2—Q3) is Ji-71 (initially
classified as a Q2 vein). This sample, about a 1 cm thick
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vein with coarse-grained quartz intergrown with molyb-
denite, was used for the Re—Os dating of molybdenite.
The resulting age (383.2+ 1.5 Ma; Zacharias and Stein
2001) is in disagreement with the Ar—Ar plateau age
of the sericite (339.0+ 1.5 Ma; Zacharias et al. 2013),
common in the other Q2 samples. The higher Ti content
in the molybdenite-bearing quartz (4—5 ppm Ti; Fig. 4a)
may thus be considered as indirect evidence of its dif-
ferent origin. The presence of an older hydrothermal
Mo-bearing quartz-vein system within the otherwise
spatially dominating 339 Ma old gold-bearing quartz
veins is possible (the oldest intrusive activity within
the CBPC dates back to ~385 Ma; Kosler et al. 1993).
However, new, independent confirmation of the ~380
Ma Re-Os age is required (note that molybdenite is
extremely rare at the Jilové deposit).

5.4.4. Quartz from the studied Bohemian
gold deposits — summary

The high-temperature (“Au”) deposits can be distin-
guished from the other Bohemian Au deposits by the
elevated contents of Ti and the low contents of Sb.
Other groups have a similar distribution of Ti. All of the
groups exhibit only subtle variations in the Pb and Ge
concentrations. Antimony-bearing Au deposits can be
characterized by elevated Sb and, to some extent, also
Al contents. A discernible imprint of an Sb-bearing fluid
on the quartz chemistry has been observed not only at
the Kasejovice and Krasna Hora deposits (the latter with
mineable stibnite), but also at Roudny, where arsenopy-

rite contains only a minor Sb admixture (up to 4 wt. %
of Sb; Zacharias et al. 2004).

There is no clear pattern that could be used for simple
discrimination between the various deposit subgroups
based on the quartz trace-element contents alone. The
most accurate classification of individual quartz vein
types and quartz generations, prior to trace-element stud-
ies, is highly recommended. Then subtle differences in
the quartz chemistry can help to interpret the quartz vein
succession and fluid sources.

5.5. Comparison of Bohemian and global
gold deposits

The genetic classification of the studied Au deposits
has not yet been firmly established and may vary from
intrusion-related gold deposits to orogenic gold deposits.
Orogenic gold deposits are spatially related to the deep-
crustal tectonic zones within greenschist- to amphibolite-
facies terrains (e.g. Groves et al. 2003). The tectonic
zones served as conduits for focused flow of deep-seated
H,0-CO,-dominated fluids (e.g. Ridley and Diamond
2000). The intrusion-related gold deposits show spatial,
temporal and genetic relationships to granitic plutons/
bodies (e.g. Thompson et al. 1999; Lang and Baker 2001)
and are usually formed from H,0-CO,-dominated fluids
(e.g. Baker 2002).

When plotted, most of our data points fall in between
the fields of orogenic gold and porphyry deposits (Fig. 7),
as previously summarized by Rusk (2012). There is a
moderate separation of the high-temperature “Au” de-

posits from the other Bohemian
gold deposits. The bulk of the
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tially identified as a porphyry-gold type (Zacharias et
al. 2001), was later redefined as an intrusion-related
gold type (Zacharias et al. 2013). The Mokrsko deposit
was classified as an intermediate member between the
intrusion-related and orogenic gold types (Zacharias et
al. 2014) or as an intrusion-related gold deposit type
(Zacharias et al. 2013). The “controversial” classification
of the two deposits fits in perfectly with their position
between the fields of orogenic gold and porphyry deposits
as defined by Rusk (2012). Note the higher content of Al
(assuming fixed Ti) or the lower Ti content (assuming
fixed Al) in the quartz of the Mokrsko and Petrackova
hora deposits, compared to the porphyry group of Rusk
(2012). We believe this is a result of the lower formation
temperature, higher pressure and different pH during
the formation (in contrast to classical Cu and Cu—Au
porphyry deposits).

The data of the “Au—Ag” Roudny deposit plot as
two well-separated groups (Fig. 7). This dichotomy
is in full accordance with the inferred occurrence of
two compositionally distinct fluids and several genera-
tions of quartz veins (Zacharias et al. 2009; Zacharias
and Hibst 2012). The early hydrothermal stages were
formed from metamorphic low-salinity aqueous—car-
bonic fluids (H,0-CO,-CH,~NaCl-CaCl,), analogous to
those identified at most “Au” deposits (e.g., Mokrsko,
Jilové or Kasejovice). The formation of the “invisible
gold” hosted by the As-rich pyrite (Zacharias et al.
2004; gold-1 after Zacharias et al. 2009) can also be
linked to these fluids. However, the bulk of the vein
quartz precipitated from medium-to-low temperature,
medium-salinity aqueous fluids (H,0-NaCl-CaCl,;
main-to-late hydrothermal stages), concurrently with the
macroscopic gold aggregates (gold-2 after Zacharias et
al. 2009; newly introduced gold).

6. Conclusions

Analyses of hydrothermal quartz from eight Variscan
vein-type Au, Au—Ag and Sb—Au deposits in the central
part of the Bohemian Massif were carried out by LA-
ICP-MS. In addition to the ore-bearing veins, the pre- and
post-ore barren quartz veins have also been studied. Most
analyzed elements approach log-normal distributions.
Significant variations have been found in the contents
of Al and Sb (up to two to three orders of magnitude).
The content of Ti in the ore-bearing quartz exhibits a
bimodal distribution. The “Au” deposits with an assumed
high-temperature origin yield a higher median value of
Ti (9.7 ppm) than the other “Au” deposits (2.7 ppm) in
the studied region. The difference in the Ti distribution
in quartz veins between the higher and medium-to-low
temperature “Au” deposits has been demonstrated to be

statistically significant. The threshold value of 8 ppm Ti
allows discrimination between them.

If hydrothermal quartz is associated with the Sb-
bearing phase, which represents the main ore-phase (e.g.
stibnite at Sb—Au deposits), then the bulk of this quartz
contains over 100 ppm Sb. If the Sb-bearing phases are
minor on a deposit scale, then the associated quartz is
still Sb-enriched, compared to quartz from deposits with
no such phases.

The concentrations of Ti and Al in the hydrothermal
quartz from the ore-bearing veins of the studied Bohe-
mian gold deposits mostly plot within and in between
the fields of orogenic gold and porphyry deposits. Two
Bohemian deposits (Petrackova hora and Mokrsko) with
an affiliation to the intrusion-related gold deposit type
differ from the other studied deposits in their higher Ti
contents and significantly overlap with the field of por-
phyry deposits.
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