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Abstract

Black shales may serve as an important source of metals such as Co, Ni, or As, largely due to anoxic to euxinic conditions in associa-
tion with high concentrations of sulfur leading to efficient scavenging and transport of metals from seawater into the seafloor sedi-
ment. We report on an unusual type of Au mineralization newly discovered in Ediacaran trench-slope black shales in the Bohemian
Massif, Czech Republic. The Au enrichment is related to the formation of a quartz—sulfide vein system and a progressive evolution
of ore-forming fluids with decreasing temperature, from Sb- to As-rich to final precipitation of native gold from silica and Au-bearing
low-temperature hydrothermal colloidal solutions. The hydrothermal nature of these solutions is also documented by Li contents and
isotope compositions which differ markedly between barren black shales and those carrying significant late-stage quartz-rich veins.
The structural relationships and orientation of the associated quartz veins point to a close connection between vein emplacement and
high heat flow in response to Ordovician rifting, and breakup of the northern margin of Gondwana, and opening of the Rheic Ocean.
This triggered metal and sulfur remobilization, including Au, from the associated Neoproterozoic—Cambrian volcanosedimentary
successions. The documented Au mineralization and its association with the Ordovician rift-related magmatic activity is different from
the widespread Variscan Au occurrences in the Bohemian Massif. Our study thus provides a new genetic model potentially important
for future exploration of Au also in other terrains underlain by a rifted Cadomian basement.

Keywords Cadomian orogeny - Gold mineralization - Black shale - Cambro—Ordovician rifting - Quartz hydrothermal
veins - Polyphase deformation

Introduction

Black shales, marine siliciclastic rocks with > 1 wt% of total
organic carbon (TOC) content, may serve as an important
source of metal accumulations, notably redox-sensitive
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metals such as Mo, Ni, Cu, and U (e.g., Oszczepalski 1989;
Loukola-Ruskeeniemi and Heino 1996; Coveney and PaSava
2004; Lehmann et al. 2016; Romer and Cuney 2018). This is
largely due to strongly reducing conditions (anoxic to eux-
inic) associated with high concentration of sulfur during
black shale deposition, leading to efficient scavenging and
transport of metals from seawater into the seafloor sediment
(e.g., Brumsack 2006; Tribovillard et al. 2012; Little et al.
2015). Additionally, elevated Au contents associated with
black shales have been reported in many areas related either
to syndepositional and diagenetic pyrite (e.g., Large et al.
2015; Steadman et al. 2015; Hu et al. 2016; Pasava et al.
2017; Sack et al. 2018) or quartz—sulfide veinlets and string-
ers (e.g., Wang et al. 2014). In this respect, several studies
have highlighted the worldwide importance of black shales
as a source of Au and As in sediment-hosted orogenic and
Carlin-type gold deposits (Mehrabi and Yardley 1999; Large
et al. 2009, 2011; Pasava et al. 2013; Selvaraja et al. 2017).
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One of the prominent locations where black shales, and
their metamorphic equivalents, of various ages (Ediacaran
to Devonian) occur in a variety of tectonic settings is the
Bohemian Massif in Central Europe (Fig. 1). The Bohemian
Massif is otherwise well-known for abundant quartz—sulfide
or carbonate—quartz Au deposits (Morévek and Pouba 1987;
Zacharias et al. 2013, 2014; Némec and Zacharias 2017)
hosted by late Neoproterozoic—early Cambrian volcano-
sedimentary complexes of the Tepld—Barrandian Unit
(~630-520 Ma; Slama et al. 2008; Drost et al. 2011; Hajna
etal. 2018; 74k et al. 2020) and arious units metamorphosed
during the Variscan orogeny (ca. 400-300 Ma; Franke 2006;
Kroner and Romer 2013; Edel et al. 2018; Schulmann et al.
2022 and references therein). About ~ 150 sites of gold min-
eralization have been targeted for research, exploration, and
mining since medieval times (Moravek 1996). These occur-
rences, which are mostly of orogenic or intrusion-related
gold deposit type, formed through hydrothermal activity
related to magmatism/metamorphism during the Variscan
orogeny and associated metal remobilization (Moréavek
1996; Zacharias et al. 2014). The Au occurrences, some
of which constitute economically important Au deposits,
formed between ca. 347 and 337 Ma (e.g., Mokrsko-Celina,
Kasperské Hory; Zacharias et al. 2001, 2013; Ackerman
et al. 2019). Surprisingly, despite a great number of occur-
rences some of which are fairly voluminous, and an assump-
tion that volcanosedimentary successions are the most likely
source of Au (Moravek and Pouba 1987), no Au occurrence
has previously been reported from the black shales, except
for auriferous carbonate—quartz veins in Devonian organic-
rich phyllite in the northeastern part of the Bohemian Massif
(Aichler et al. 1990).

In this study, we report on a new discovery of Au miner-
alization hosted by Ediacaran black shales in the Bohemian
Massif. We first investigate field relationships, microstruc-
tures, mineralogy, and geochemistry and then examined the
relative importance of silica and metal enrichment during
deposition, multiple phases of superposed deformation,
and subsequent hydrothermal processes. This integrated
approach reveals that the Au mineralization was most likely
linked to an Ordovician high heat flow event related to rift-
ing and initial stages of breakup of the northern margin of
Gondwana. Thus, our study hints at a new genetic type of Au
mineralization that is different from other black shale-related
Au occurrences reported so far in the European Variscan
belt.

Geological setting
The Au occurrence discovered in this study (referred to
as the Zloukovice section) is hosted by black shales that

are part of an thick marine shale—graywacke succession
of the extensive late Neoproterozoic (Ediacaran) to Early
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Cambrian Blovice accretionary complex (Fig. 1a, b). This
complex formed during the Cadomian orogeny, as part
of a long-lived subduction/accretionary system along the
northern Gondwana periphery and now underlies much of
the Tepld—Barrandian Unit (e.g., Hajna et al. 2013, 2018;
Z4k et al. 2020). The accretionary complex is composed
of basalt-bearing mélanges with a block-in-matrix fabric
(Belts 1-3), a chert—graywacke mélange (Belt I), and coher-
ent, bedded units without cherts and basalts (Belts II-III;
Fig. 1c).

Belt I that hosts the Zloukovice section is a SE-NW
oriented, ~ 100-km long and ~ 10-km wide lithologically
uniform chert—graywacke unit (Fig. 1c¢). The chert forms
blocks up to several hundred meters in length, enclosed
within siliciclastic matrix, which is dominated by fine-
grained graywacke, siltstone, and shale (Ackerman et al.
2023). The chert—graywacke unit has been interpreted as an
olistostrome formed presumably on a trench slope, overlain
by a monotonous graywacke succession (Hajna et al. 2019).
Interestingly, basalt blocks are absent and black shales are
rare in Belt I unlike the other mélange belts. Elsewhere, the
black shales have been interpreted as deposits of trench-
slope basins during periods of limited siliciclastic supply
(Kurzweil et al. 2015; Pasava et al. 2021). The published
U-Pb detrital zircon geochronology constrains the age of the
chert—graywacke unit to ca. 591-571 Ma (Zak et al. 2020),
which is consistent with the maximum depositional age of
a graywacke collected at the Zloukovice section and deter-
mined at 571 +3 Ma (U-Pb dating of zircon; PaSava et al.
2018).

After the Cadomian orogeny had ceased, the entire area
was affected by a Cambro—Ordovician rifting phase related
to the opening of the Rheic Ocean (e.g., Nance et al. 2010
and references therein), which resulted in widespread
crustal extension, thinning and vigorous magmatic activ-
ity (Zék et al. 2013). To the west and southwest of the
Zloukovice section, the extensive subaerial andesitic—rhy-
olitic Ktivoklat—Rokycany volcanic complex (KRVC; Fig. 1)
erupted during the late Cambrian (ca. 500-485 Ma; Drost
et al. 2004; 74k et al. 2013; Kolarova et al. 2022). During
the early Ordovician, the chert—graywacke unit was trans-
gressively overlain by the rift-related Prague Basin fill, with
deposition accompanied by extensive predominantly sub-
marine basaltic volcanism forming the Komarov Volcanic
Complex to the southeast of the Zloukovice section (Fig. 1d;
Patocka et al. 1993; ChlupAc et al. 1998).

Field and structural relationships

The Zloukovice section represents a~ 150-m long, con-
tinuous, NW-SE-oriented natural outcrop (50.01026N,
13.95889E; Fig. 2a) located on the right bank of the Ber-
ounka River, about 35 km west of Prague (Fig. 1c). The
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section exposes a uniformly dipping package representing
the siliciclastic matrix of the chert—graywacke unit (Belt I)
where several layers of black shales are intercalated with a
monotonous succession of shale, siltstone, and fine-grained
graywacke. The latter is mostly dark gray to grayish in color
due to variable but still significant amounts of organic matter
(Fig. 2a). The whole package was pervasively overprinted
by late Cadomian deformation, resulting in pressure-solu-
tion cleavage, under low-temperature, anchimetamorphic to
lower greenschist-facies conditions. Consequently, the pri-
mary depositional features and bedding are not discernible,
except for the black shale-graywacke contacts (Fig. 2a). The
cleavage dips to the~NNW to NNE at 20-40°.

Macroscopic quartz veins occur in several clusters along
the section: they are rather rare in the monotonous succes-
sion but are abundant within the main black shale layer
(Fig. 2a). The veins are typically several millimetres to
1-2-cm thick with an average spacing of about 10-30 cm
(Fig. 2b). Thicker veins exhibit elongate blocky quartz
crystals oriented perpendicular to the vein plane (Fig. 2b).
The veins dip steeply, cutting across the cleavage at a high
angle (Fig. 2b), and strike predominantly ~ENE-WSW
(Fig. 2c). In addition, the lower part of the main black shale
layer is cross-cut by two prominent sets of extension frac-
tures (joints), one striking ~N—S to ~NNE-SSW, and the
other ~E-W (Fig. 2c). These joints are mostly barren, but
in places are filled with quartz.

Samples and methods

In total, 18 representative samples were taken along the
Zloukovice section. Nine samples were collected over a
distance of ca. 100 m from the monotonous succession in
the southeastern part of the section, for the sake of sim-
plicity we refer to these rocks as “normal” black shales
(hereafter abbreviated as NBS; samples 17CB09/1 to
17CB09/3 and 17CB09/5 to 17CB09/09; Fig. 2a) which
are devoid of quartz veinlet clusters. Other nine samples
are NBS that contain abundant, but variable amounts of
quartz vein clusters (hereafter abbreviated as SIBS; sample
17CB09/4 and 17CB09/10 to 17CB09/17; the latter sample
was also used for U-Pb dating; Fig. 2a). Finally, one sam-
ple of NBS was collected once again in the northwestern
part of the section (17CB09/18; Fig. 2a).

The polished thin sections were first examined using a
conventional reflected light microscope and a Tescan Mira3
GMU FE-SEM scanning microscope, housed at the Czech
Geological Survey, Prague. Subsequently, representative
pyrite and pyritized marcasite grains were selected for
in situ trace element analysis using an Element 2 ICP-MS
(ThermoFisher Scientific, Bremen, Germany) coupled with
a 193-nm Analyte (Excite) excimer laser ablation system
(Teledyne Cetac, Omaha, USA), housed at the Institute of

Geology of the Czech Academy of Sciences, Prague. Sam-
ples were fired at a repetition rate of 10 Hz, the laser fluency
was 3 J.cm™2, and the laser beam spot size was 16-50 um
according to the size of grains. The analyzed elements were
calibrated against the synthetic sulfide reference material
MASS-1 (USGS) with ’Fe mass used as internal stand-
ard. The time-resolved signal data were processed using the
Glitter software (van Achterbergh et al. 2001). The preci-
sion of the laser ablation analyses ranged between 5 and
15% (1RSD) for most elements. The accuracy of the proto-
col was monitored by the synthetic glass reference material
STDGL3 with the results being in good agreement with
those reported previously (Belousov et al. 2016).

Major element concentrations were determined using con-
ventional wet chemistry methods (see Dempirova et al. 2010)
at the Czech Geological Survey, Prague, with the internal preci-
sion better than 5% (RSD), whereas the long-term reproducibil-
ity of selected reference materials (e.g., JG-3) was better than
10% for all the analyzed element oxides. Trace element contents
were acquired using an iCAP-Q ICP-MS (ThermoFisher Sci-
entific, Bremen, Germany), housed at the Faculty of Science,
Charles University, following the methods detailed in Strnad
et al. (2005). The in-run precision was always better than 5%,
and the accuracy was better than 12% for all analyzed elements,
based on the analyses of SBC-1 and SGR-1b reference materi-
als (shale and petroleum-rich shale, respectively; USGS).

Analyses of Au concentrations were carried out using an
Agilent 7900 ICP-MS following the leaching of samples using
NaCl saturated in Br, performed at the Czech Geological Survey,
Prague. The precision of the analyses was better than 5%, whereas
the long-term reproducibility of the analyses was monitored using
selected reference materials (CH4 gold ore, CANMET) with the
results better than + 10% with respect to recommended values.
This method has a detection limit of 4 ppb for Au.

Lithium abundance and isotopic composition in bulk-
rock samples, separated quartz, and quartz-free matrix were
acquired at the Czech Geological Survey, Prague, using the
established analytical and instrumental protocols (Magna
et al. 2004, 2006). A Neptune MC-ICP-MS (ThermoFisher
Scientific, Bremen, Germany) was employed to determine
the Li contents and isotope ratios. For seven selected sam-
ples (two NBS, five SIBS), quartz and quartz-free matrix
were also analyzed in addition to bulk-rock samples to test
any possible differences in Li content and isotopic com-
position for these two shale types, distinguished by their
respective post-depositional histories. The final data are
reported relative to the L-SVEC reference material (Flesch
et al. 1973) and reported as 8'Li (%o0) = [("Li/°Li)yppie/
("Li/°Li); sygc— 11% 1000. The entire analytical and instru-
mental procedure was monitored using the international
reference materials and analyzed along with the unknown
samples. Their 8’Li values are listed in Table 1 and are con-
sistent with the reported values (Jochum et al. 2005).
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(b) Cambro-Ordovician rifting of the northern
Gondwana margin at around 510-480 Ma
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«Fig. 1 a Map of the Variscan orogenic belt in western and central
Europe showing position of the Bohemian Massif and Tepld—Bar-
randian Unit. b Palinspastic reconstruction of the northern margin of
Gondwana during Cambro—Ordovician rifting related to opening of
the Rheic Ocean (modified from Linnemann et al. 2004 and Hajna
et al. 2018). ¢ Geologic map of the Tepla—Barrandian Unit showing
location of the Zloukovice section within the olistostromal Belt L
Age ranges refer to the maximum depositional ages of the siliciclastic
successions inferred from the U-Pb zircon geochronology (Z4k et al.
2020). KRVC Kiivoklat—Rokycany volcanic complex. d Map of facies
distribution and syn-sedimentary faults in the Prague Basin during
the Early to Middle Ordovician, indicating~NW-SE crustal exten-
sion. Note the position of the Zloukovice section at the margin of a
large volcanic center (modified from Zék et al. 2013)

Pyrite separates were prepared by a combination of crush-
ing, hand picking, and leaching, resulting in>95% purity of
the separates. Sulfur isotopic compositions of pyrite as well as
those of bulk rocks were determined at the Laboratory for Sta-
ble and Radiogenic Isotopes at the Faculty of Science, Charles
University, using methods detailed in Pasava et al. (2021).

Results

Microstructures

Whereas the macroscopic quartz veins appear undeformed,
exhibit quite a uniform orientation, and cut across the

50.01026°N

13.95889°E  Main black shale layer

(a) Zloukovice section

regional cleavage at a high angle (Fig. 2), more complex
relationships and several generations of quartz veins were
noticed in the SIBS on a microscale (Fig. 3). We distinguish
these different vein generations mainly based on their geom-
etry and structural (and inferred temporal) relationships to
the host deformational microstructures:

(1) The oldest veins were folded into close to isoclinal
microfolds (Qtz I), with their limbs commonly exhibiting
pinch-and-swell structures or boudinage and axial planes
parallel to the continuous cleavage (Fig. 3a), corresponding
to the lower greenschist-facies conditions in this part of the
Blovice accretionary complex (Hajni et al. 2010). The vein
interiors are also, in places, dynamically recrystallized into
a mosaic of smaller grains surrounding larger quartz grains
and aggregates.

(2) Younger veins (Qtz II) cut at an angle the previous
generation and are subparallel to localized contractional kink
bands that overprint the cleavage (Fig. 3a). They appear to
utilize, at least partly, the kink planes and exhibit a pinch-
and-swell structure or are even boudinaged (Fig. 3a). This
generation of veins thus post-dates the regional deformation
but is coeval with the development of contractional kink
bands, interpreted as a result of pre-Variscan (late Cado-
mian) deformation by Hajna et al. (2010).

(3) The youngest observed veins (Qtz III) cut across both
cleavage and kink bands at a high angle and are straight,
with various lengths from about 1 mm (Fig. 3b) to at least

50.01060°N
Overlaying succession dominated by dark gray shales

13.95848°E

... Cataclastic zone

Tk ****** P

U-Pb 417¢B09/16

17CB09/10
age

17CB09/18

silica-rich (black)shale (SIBS)

Fig.2 a Photomosaic of the Zloukovice section showing lithologic
units, i.e., the main black shale layer (silicified black shales, SIBS)
and overlaying succession dominated by dark gray shales (normal
black shales, NBS) and the principal vein clusters. b Close-up views
on the discordant Qtz III veins within the main black shale layer that

% % < * % ¥ 3%
17CB09/4 17CB09/1
| | |
SIBS SIBS
(c)
Quartz veins Joints

cut across the Cadomian regional cleavage. ¢ Rose diagrams sum-
marizing orientation of the Qtz III veins and joints along the section.
The yellow and red stars mark the position of the collected NBS and
SIBS samples, respectively
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Table1 Lithium elemental and g, 1 Lithology Li(ppm) &'Li (%) 2SD &S (%) pyrite  2SD
isotopic compositions of the
bulk rocks, quartz veins, and 17CB09/01  NBS 31.6 -040 033 —18.1 22
quartz-free matrix and sulfur 17CB09/02  NBS 40.1 162 016 —126 11
isotopic composition of pyrites
from the studied normal and 17CB09/03  NBS 37.4 0.31 0.19 -135 0.3
silica-rich black shales (NBS Qtz-vein (Qtz III) 138 18.58 0.10
and SIBS, respectively) Qtz-free matrix 36.4 0.63 0.10
17CB09/04  SIBS 49.0 6.11 026 —12.6 0.3
Qtz-vein (Qtz III) 227 18.94 0.24
Qtz-free matrix 41.3 3.11 0.13
17CB09/05  NBS 48.6 —-0.61 034 -—135 1.0
17CB09/06  NBS 60.0 -1.74 031 -10.8 04
17CB09/07  NBS 38.0 -1.02 0.14 -158 0.6
17CB09/08  NBS 422 0.03 023 -18.38 1.1
17CB09/09  NBS 52.5 -0.98 005 -205 0.6
17CB09/10  SIBS 58.2 2.30 0.15 -—18.38 0.1
Qtz-vein (Qtz III) 281 17.98 0.09
Qtz-free matrix 60.5 10.13 0.14
17CB09/11  SIBS 66.8 14.80 022 -206 0.5
17CB09/12  SIBS 57.9 11.98 024 -176 04
17CB09/13  SIBS 54.3 12.46 030 —18.1 0.1
Qtz-vein (Qtz III) 44.9 18.45 0.23
Qtz-free matrix 354 8.05 0.16
17CB09/14  SIBS 96.0 15.66 028 —-19.2 04
Qtz-vein + carbonate 123 17.44 0.10
Qtz-free matrix 97.7 16.35 0.13
17CB09/15  SIBS 63.1 12.73 007 -194 0.1
Qtz-vein (Qtz III) 100 17.25 0.13
Qtz-free matrix 34.5 11.60 0.08
17CB09/16  SIBS 443 15.50 0.09 —18.1 0.7
17CB09/17  SIBS 79.1 16.04 023 -19.6 04
Qtz-vein (Qtz III) +carbonate 273 18.43 0.20
Qtz-free matrix 251 15.50 0.25
17CB09/18  NBS 25.3 -0.51 026 —18.8 0.1
Reference materials
BHVO-2 Basalt 4.90 4.58 0.11
duplicate 4.62 4.59 0.17
JG-2 Granite 40.1 0.12 0.11
JR-2 Rhyolite 81.0 3.89 0.07
JSd-3 Stream sediment 163 —1.47 0.08
G-3 Granite 32.8 0.75 0.16
SGR-1b Shale 147 3.99 0.23

several centimeters (Fig. 3c, d). In some cases, two adja-
cent veins define narrow domains in which the cleavage is
abruptly deflected and rotated or form elongated parallelo-
gram-shaped segments (Fig. 3c), both indicating non-coax-
ial vein opening. These Qtz III veins correspond to those
observed macroscopically on the outcrop (Fig. 2b).

In fine-grained graywacke, structural relationships are
simpler as the quartz veins are much rarer and kink bands are
not frequently developed, but it is still possible to recognize

@ Springer

both the early and late generation, the former boudinaged
and recrystallized and the latter cutting across the continu-
ous cleavage.

Petrography and mineral chemistry
The principle syndepositional/early diagenetic sulfide phase

that occurs in NBS as well as SIBS rock matrix is slightly
recrystallized pyrite (Py I), forming framboidal or irregular
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Fig.3 a-d Photomicrographs (under crossed polars) to show the different generations of veinlets in black shales (see text for description)

grains, cubes (mostly < 10 um), aggregates (Fig. 4a), and
layers. This type of pyrite has high contents of metals such
as As, Ag, Au, Bi, Co, Hg, Ni, Pb, Zn, and Sb (Table 2)
whereas its low Ni/Co (< 2.1) ratio confirms its sedimen-
tary origin. Its Au contents (mean ~ 0.6 ppm) are positively
correlated with Ag, Pb, Hg, and Sb without any relation-
ship to the As abundance. The transformation of Py I aggre-
gates resulted in the formation of diagenetic pyrite nodules
(Py II; Fig. 4b). Some samples that are particularly rich in
sulfur (e.g., 17CB09/11 with 0.69 wt% S) contain strongly
deformed layers that consist of large and commonly euhe-
dral and zonal pyrite grains (Py III; Fig. 4c) formed through
the transformation of Py I. Overall, the transformation
(Py I— Py I - Py III) was accompanied by a progressive
decrease in Co, Ni, Zn, Mn, and Ag contents and an increase
in the Ni/Co ratio (Table 2).

The late-stage undeformed quartz veins host abun-
dant marcasite that is notably enriched in Sb and Hg (up
to~ 12,000 and 534 ppm, respectively), whereas Au and
Se contents are low (Fig. 5, Table 2). Marcasite is either

associated with another generation of pyrite (Py IV;
Fig. 4e) that also forms individual veinlets with generally
low trace element contents (Table 2) or, more commonly,
forms characteristic “spicule”-like grains associated with
fracturing and selective dissolution of grains and their
replacement by pyritized marcasite (Fig. 4f). The LA-ICP-
MS analyses and mapping revealed that pyritization was
largely connected with enrichment in Au (up to 11 ppm),
As (up to~3200 ppm), and Se (207 ppm; Table 2). Nickel
and Se are predominantly concentrated in the marca-
site rims whereas Au is irregularly distributed within the
grains (Fig. 5). This stage is further documented by the
latest pyrite generation (Py V) developed on the rims of
Py III that underwent apparent dissolution and resorption
(Fig. 4d). Similarly to pyritized marcasite, the Py V is
largely enriched in As, Se, and Au (e.g., As up to 3 wt%, Au
up to 19 ppm; Table 2; Fig. 5). Collectively, very low Au/
As ratios (< 0.004) of all pyrite generations suggest that Au
is present in the form of solid solution (Reich et al. 2005;
Deditius et al. 2014).
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«Fig.4 a—e Petrography and textures of five pyrite generations (Py
I-V) together with marcasite and pyritized marcasite (see text for
details)

Native gold is present in the form of rare dendritic aggre-
gates within up to 500-um long “branches” of different ori-
entation being present only in the matrix of silica-rich shales
whereas either marcasite—pyrite or pyrite veinlets are found
nearby (Fig. 6a, b). Gold forms skeletal crystals associated
with Si-rich material devoid of any sulfides (Fig. 6c, d).
Overall, these aggregates are characterized by the presence
of pores within the Si-rich domains and by largely variable
Au-Si-O proportions (Fig. 6c, d).

Major and trace element concentrations and metal
enrichments

The analyses of major and trace elements corroborate the
presence of two different types of shale in the studied sec-
tion: (1) normal black shale (NBS; sensu Pasava 2000)
and (2) silica—As—Sb-rich black shale (SIBS), in places
with elevated Au contents. In comparison to the SIBS, the
NBS is characterized by lower contents of SiO, (60.1-63.0
wt%; Fig. 7a) and S (<0.18 wt%; Fig. 7d) whereas it is
enriched in all other major elements (see Na,O versus SiO,
as an example of typical patterns; Fig. 7c). Only the K,O
and Fe,O; contents overlap for both groups whereas the
FeO contents are significantly higher for the NBS sam-
ples (Fig. 7b; Supplementary Table 1). The NBS sample
17CB09/18, deposited after the SIBS, has lower contents of
Si0, and MgO but elevated K,O and reversed FeO-Fe,0;
systematics compared to the other NBS samples; its
slightly higher CaO content appears to be associated with
minor carbonate due to elevated CO,. The NBS samples
have distinctively high contents of transitional metals (Co,
Ni, Cu, Zn) and marginally higher contents of high-field
strength elements (HFSE; Zr, Hf, Nb, Ta) and Th (Fig. 8).
The chondrite-normalized rare earth element (REE) pat-
terns for NBS samples show similar LREE-enrichment
over HREE (Fig. 9a) with markedly negative Eu anomalies
(Ew/Eu*=0.65-0.71). When normalized to PAAS (post-
Archean Australian Shale), the NBS samples exhibit con-
vex-upward patterns characterized by MREE enrichment
over LREE/HREE (Fig. 9b; Lay/Smy of ~0.8).

The Al-normalized enrichment factors (EF-X =[(X/
ADgample! (X/AD graywackel, Where X and Al represent the
concentration of a given element and Al, respectively, have
been calculated using a local graywacke sample 17CB11
(50.02663N 13.92688E; Supplementary Table 1), col-
lected about 2 km to the NW of the Zloukovice section,
as reference. The local sedimentary background was thus
used for normalization which appear to be more robust

than using “average shale” like PAAS (Boning et al. 2012;
Little et al. 2015). In doing so, an EF > 1 indicates authi-
genic enrichment of the given metal, while EF < 1 indicates
depletion. The calculated EFs for the NBS (Supplementary
Table 1) show no systematis enrichment compared to local
graywacke with the exception of higher As—Sb EF and ele-
vated Mo—Ni—Cr EF obtained for the samples 17CB09/7 and
17CB09/18, respectively.

The SIBS exhibit a wide range of SiO, contents
(67.6-88.3 wt%) that negatively correlate with other major
elements (Fig. 7) reflecting a variable presence of quartz
veinlets. In contrast to NBS and lithogenic background
graywacke, the SIBS samples exhibit a marked enrichment
in sulfur of up to 0.76 wt% (Fig. 7b) as well as As and Sb
(e.g., EF-As and EF-Sb up to~50 and ~ 114, respectively;
except for sample 17CB09/4; online supplementary Table 1).
Among the SIBS samples, the most SiO,-rich sample
17CB09/16 (88.3 wt%) is exceptional in having a remark-
ably high TOC content of 3.3 wt% (cf. <1 wt% found in
all other studied samples), paralleled by high contents of
redox-sensitive metals (e.g., V, Ni, Mo, U) and Au (~49 ppb;
online supplementary Table 1). At the same time, it also
shows significant depletion in Na,O, Zn, Ga, and HFSE.
The chondrite-normalized REE patterns of SIBS samples are
similar to those of the NBS samples with subtle differences
in the HREE range displaying flat to slightly HREE-elevated
profiles (Fig. 9a), although the absolute REE abundances of
the SIBS group are slightly lower. Consequently, the PAAS-
normalized patterns also display a minor depletion of MREE
relative to HREE (Fig. 9b).

Lithium concentrations and isotopic composition

The Li concentrations and isotopic compositions of the
bulk rocks, separated quartz veins (Qtz III), and quartz-free
matrix are listed in Table 1 and plotted in Fig. 10. Bulk-
rock Li contents in the NBS samples range from 25.3 to
60.0 ppm (mean [Li] =42.5+20.6 ppm); two quartz veins
have elevated Li contents of 138 and 227 ppm whereas the
quartz-free matrix has Li contents similar to the bulk-rock
samples. The 8’Li ratios range from — 1.74 to+ 1.62%o in
the bulk-rock samples and two quartz-free matrix samples
show 8'Li values broadly similar to their bulk-rock aliquots.
Quartz from these samples displays uniformly high §’Li
of ~ + 18.7%o.

Bulk-rock Li contents in the SIBS samples vary between
44.3 and 96.0 ppm (mean [Li]=65.0+32.1 ppm). The quartz
veins (Qtz III) are enriched in Li in four out of five samples,
with Li contents of up to 281 ppm, and Li contents are also
higher in three out of five quartz-free matrix aliquots com-
pared to the corresponding bulk-rock samples. The 8'Li in
bulk-rock samples are systematically higher (from+12.0
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Fig.5 Gold, Ag, Sb, and As concentrations (ppm) in the studied
pyrite (Py I-V), marcasite, and pyritized marcasite determined in situ
by LA-ICP-MS analyses along with elemental maps for Py III and

to+16.0%0) in seven samples; the only exception is the SIBS
sample 17CB09/10 with 8'Li= +2.3%o, i.e., in the range of the
NBS samples. Note that this sample comes from the transition
zone from the NBS to SIBS facies. All five quartz vein sam-
ples (Qtz I1I) from the SIBS section have elevated 8'Li values
(+17.2 to+18.5%0), well above those of the bulk-rock samples.
Quartz-free matrix samples yielded slightly lower 8Li values
in three out of five samples; Li isotope composition of the
matrix in sample 17CB09/10 is significantly heavier by ~7.8%o.

Lithium contents in the NBS and SIBS samples corre-
late with SiO, contents (Fig. 10a) and fall into two discrete
groups when plotted against FeO”, with samples 17CB09/4
and 17CB09/10 (both SIBS) transitional between the two
groups (not shown). Increased Li contents in the SIBS
group samples also broadly correlate with Sb contents
(Fig. 10b). Lithium contents negatively correlate with the

pyritized marcasite. Note that formation of Py III and pyritization of
marcasite was accompanied by a marked input of Au and As (see the
text for more details)

individual REE values (not shown). Lithium isotopic com-
positions display a strong positive covariation with SiO,
contents and a mirror-like negative covariation with Al,0;
and Th (not shown). Samples 17CB09/4 and 17CB09/10
(SIBS) appear to be transitional between the two groups
(Fig. 10c). In Fig. 10d, the 8’Li values are plotted against
Li content and it is apparent that the Li-rich quartz is the
major carrier of isotopically heavy Li.

Sulfur isotopic composition
The sulfur isotopic compositions of separated pyrite grains
are summarized in Table 1. The 8°*Sy. cpy values for the

whole sample set range from —20.6 to — 10.8%0 with no
direct relationship between the NBS and SIBS groups,
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Fig.6 Petrography of native gold and its relationship to the sulfide mineralization. a—b Position of Au-Si aggregates with respect to sulfide min-
eralization showing an intimate relationship. ¢—d Texture of native gold dendritic aggregates containing variable proportions of Si and O

although the median value for the NBS pyrite (— 14.7%0) is  characterized by only subtle variation in major and trace ele-
significantly higher than that of the SIBS pyrite (— 19.0%o). ment contents (Figs. 7, 8, and 9). This suggests only minor
changes of the depositional environment in terms of redox
conditions, supply, and nature of the siliciclastic material
and also the absence of pervasive silicification. Redox con-
ditions during deposition can be evaluated using multiple
proxies such as TOC and sulfur levels or enrichment factors
shales (EF; e.g., Algeo and Tribovillard 2009; Algeo and Liu 2020).
In this respect, all lines of evidence indicate rather oxygen-
ated or only mildly reduced conditions dominated during

Discussion

Depositional environment of the normal black

The normal black shales (NBS) exposed in the Zloukovice
section exhibit largely monotonous composition

@ Springer
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Fig.7 a—d Variation of the selected major element oxides and sul-
fur in the studied black shales and local graywacke. Note an apparent
increase in SiO, contents related to progressive infiltration of silica-

deposition of the Zloukovice black shales. Notably, the stud-
ied shales exhibit very low levels of TOC, Mo, U, V, Ni, and
their EF collectively yield very low values mostly close to
unity or only slightly higher (Supplementary Table 1) and
TOC/P below ~ 13, well below that reported for marine phy-
toplankton with TOC/P of ~ 106 (Algeo and Ingall 2007).
The chondrite-normalized REE patterns of the
NBS, showing mildly LREE-enriched patterns (Lay/
Yby=8.1-9.4) and marked negative Eu anomalies (Eu/Eu*
of ~0.7), collectively point at a predominant input of these
elements from a terrigenous source. The overwhelming
similarity between NBS and local background represented
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rich hydrothermal fluids connected with a corresponding decrease of
other major element compounds due to dilution effect

by graywacke (Figs. 7, 8 and 9) indicates a similar source
and degree of terrigenous input into the NBS-parental basin.

Lithium contents (mean [Li] =42.5+20.6 ppm) and
isotopic compositions (8’Li from — 1.7 to+ 1.6%o0) in
NBS samples are comparable to typical upper conti-
nental crust values (mean [Li]=30.5+3.6 ppm, mean
8'Li= +0.6 + 0.6%0; Teng et al. 2004; Sauzéat et al.
2015) and also lie within the range of Li elemental/isotope
data obtained on black shales from the Canadian Shield
(Millot et al. 2010) as well as shales from the Susque-
hanna Shale Hills, USA (Steinhoefel et al. 2021), indicat-
ing similar conditions of deposition. The NBS samples

@ Springer



1064

Mineralium Deposita (2023) 58:1051-1073

14
°
12 ° %o
A. ®
graywacke
10 - A * a
= AL
g ®
o
Z 6 A
44
A
2 T T T T T T
80 100 120 140 160 180 200 220
Zr (ppm)
120
°
100
° b ® e
raywacke
80 - g 3"(
— A )
g_ °
8 60
c
N 40 - A
201 4AA
AAA A
0 T T T T T T
0 10 20 30 40 50 60 70
Cu (ppm)

140
A ® normal black shale (NBS)
120 A Si-Sb-As-rich black shale (SIBS)
100
A
S 80 A
s
= 60 4
< A
404 A
A A o
20 [ [ J ) d
A © * *
graywacke
0 T T T
0 5 10 15 20
Co (ppm)
12
e
104 2 4
)
gray‘vﬁ:ckeA A
£ 2
2 A
_ A
|'E 6
A
44
A
2 T T T T T
0 20 40 60 80 100 120
Sb (ppm)

Fig.8 a—d Variation of the Zr, Nb, Th, and selected metal (As, Co, Zn, Cu, Sb) contents illustrating the differences between normal (NBS) and

Si—Sb—As-rich black shales

also form a coherent group indicating that they escaped
any overprint by late-stage mineralizing/silica-rich fluids
(Fig. 10c). The rather intact nature of these shales can
also be envisaged on the basis of quartz-free matrix iso-
lated from the NBS sample 17CB09/3 with Li isotopic
composition (8'Li= 4 0.6 +0.1%o) irresolvable from bulk
specimen (8'Li = + 0.3 +0.2%o). The quartz-free matrix of
this particular sample also displays slightly elevated §'Li
of +3.1%o indicating a subordinate though non-negligible
influence of such silica infiltration. This is also in agree-
ment with field observations documenting the presence
of veins in some parts of the NBS section (Fig. 2a). Col-
lectively, the Li elemental and isotope systematics of NBS
samples are fully consistent with derivation of their source

@ Springer

materials from the upper continental crust and lack any
post-depositional modification.

The low and somewhat variable 8°*S values of pyrite
extracted from the NBS are similar to those reported from other
black shales in the Bohemian Massif (e.g., PaSava et al. 1996)
and suggest formation of pyrite through variable bacterial reduc-
tion of seawater sulfate.

The interplay between deformation, mineralization
and related Au enrichment

The silica-rich black shales (SIBS) at the Zloukovice section
are characterized by high but variable SiO, contents causing
variably low contents of other major elements, which are
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Fig.9 Rare earth element distributions of the studied black shales
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Australian Shale (b). The normalizing values are from Boynton
(1984) and McLennan (2001), respectively

negatively correlated with SiO, due to the dilution effect
(Fig. 7). This effect is also apparent in some trace elements
(e.g., Co, Ni, Cu, Zn; Supplementary Table 1; Fig. 8). In
contrast, SiO, contents are largely correlated with Sb con-
centrations (Fig. 11a) indicating an intimate relationship
between input of Si and Sb. Whereas no direct relation-
ship between SiO, and S content exists (Fig. 7d), detailed
sulfide petrography and in-situ trace element analyses
(Fig. 5) suggest that multiple events associated with silica
addition were responsible for the overwhelming presence
of several generations of sulfide phases as well as for the
changes in the observed sulfide paragenesis. In parallel,
detailed microstructural analyses presented above revealed
that the observed SiO, enrichment can be related to three
different stages of quartz vein formation (Qtz I-III) that can
be closely linked to different deformation regimes and meta-
morphic conditions (Fig. 12). Therefore, the observed petro-
graphic, mineralogical, structural and geochemical charac-
teristics of the studied succession reflect a complex interplay

between primary black shale deposition and several stages
of silica—sulfide enrichment as discussed in detail below.

In both the NBS and SIBS, the syndepositional to early
diagenetic sulfide stage (Stage I) is represented by three dif-
ferent generations of pyrite (Py I-III; Fig. 4). It appears from
the collected trace element data that the progressive pyrite
transformation was characterized by a marked decrease in
the Ni, Co, and Zn contents, paralleled by an increase in Ni/
Co ratio (Table 2, Fig. 12). This is similar to the findings of
Pitcairn et al. (2006) and George et al. (2018) who docu-
mented a systematic decrease in some trace element contents
(e.g., Au, Ag, As, Sb) in pyrite in response to metamorphic
overprint. Whereas the exact timing of Py I to II transfor-
mation is uncertain, the folded Py III layers are parallel to
folded early quartz micro-veins (Qtz I) that formed during
the Cadomian (late Ediacaran to early Cambrian) penetra-
tive regional deformation and lower greenschist-facies meta-
morphism (Figs. 3a, 4c and 12). Therefore, these inferences
provide not only an upper age limit for Py III formation, but
also for the first stage of silica enrichment (Fig. 12).

The next evolutionary stage (Stage II) is associated with
deformation in a brittle regime and with a large-scale infil-
tration of silica-rich fluids, overall expressed by the forma-
tion of undeformed late-stage quartz—sulfide veins (Qtz
III) cross-cutting the black shale matrix and microfolds
(Fig. 3d). Precipitated sulfides are represented by Sb-rich
marcasite (up to 1.2 wt%; Table 2) and Py IV aggregates
(Fig. 4e) within the quartz veins or veins of Py IV (Fig. 6a
and 12). A well-developed correlation between bulk-rock
Si0, and Sb contents (Fig. 11a) confirms an intimate rela-
tionship between the formation of Qtz III veins and the Sb
enrichment, whereas a direct connection with As is unlikely
as inferred from the lack of any correlation between SiO,
and As (Fig. 9b) and from an inverse relationship between
Sb and As (Fig. 9¢).

The subsequent Stage III is characterized by large-scale
pyritization of inner marcasite (Fig. 4f) within the Qtz III
veins and, at the same time, by dissolution and resorption of
Py III rims and formation of Py V (Fig. 4d). Trace element
chemistry revealed that this stage was intimately associated
with the input of As, Se and Au (Table 2; Fig. 5 and Fig. 12),
and therefore, it documents an abrupt change in hydrother-
mal fluid chemistry from Sb—Hg-rich to As—Au-rich.

Native gold occurs in an intimate association with silica
forming dendritic aggregates with different Si/Au ratios
(~0.8 to 0.01) that is characteristic of colloform gold
described from epithermal deposits (e.g., Saunders 2022
and references therein). This observation points to native
gold having precipitated from silica- and Au-bearing low-
temperature hydrothermal colloidal solutions (e.g., Pok-
rovski et al. 2014). Considering the positioning of Si—Au
aggregates near the veins (Fig. 6¢, d) and the Au-rich nature
of pyritized marcasite as well as Py V (Stage III), the most
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Fig. 10 a—-d Lithium elemental and isotopic systematics of the studied black shales as well as quartz veins and remaining quartz-free matrix

together with the relationship to variable SiO, and Sb contents

plausible explanation for its origin is that it represents the
final, low-temperature evolutionary stage (Stage IV) of the
same hydrothermal fluids parental to quartz—sulfide (Qtz III)
veins.

The exact age of the Qtz III veins, and thus the asso-
ciated mineralization belonging to stages III and IV, has
not been determined using radiometric methods. Impor-
tant temporal constraints, however, may be inferred from
the field relationships and regional correlations. We have
shown that the Qtz III veins cross-cutting the Cadomian
cleavage (Figs. 2b and 3b, c¢) form a distinct, homogene-
ously oriented set, which is parallel to the 65°-trending
axis of the southeasterly oriented Ordovician (Tremado-
cian) to Devonian (Givetian) Prague Basin (Figs. 1 and

@ Springer

2c). The vein orientation coincides with the elongation
of Early to Middle Ordovician depocentres and with the
trend of synsedimentary normal faults as elaborated by
Havli¢ek (1981) and Zék et al. (2013), all indicating a
common ~ NW-SE principal extension direction during
opening of the basin. It has also been well established that
the early-rift phase of the basin development was accom-
panied by extensive submarine basaltic volcanism, inter-
preted to had formed through mantle decompression melt-
ing in response to rifting and opening of the Rheic Ocean
(Fig. 12). The reheating and subsequent cooling during
rift development is also corroborated by a K—Ar illite age
of 472 + 12 Ma obtained from slate near the Zloukovice
section (J. Hajn4, pers. comm.). In summary, we suggest
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Fig. 11 a-d Variation of the selected metals (As, Sb) with an increas-
ing SiO, contents and 8°*S values for pyrite. Note that Sb values are
negatively correlated with As contents suggesting an abrupt change

that the main stages of mineralization (including Au) at
Zloukovice formed in a rift setting that overprinted the
previous accretionary orogenic cycle.

Nature and source of the Au-bearing hydrothermal
fluids

In an attempt to constrain the possible source of the
hydrothermal fluid, we consider the most silica-rich SIBS
samples 17CB09/16 and 17CB09/17 as a possible end-
member. The Li isotopic composition of these samples
(8’Li> + 15.5%0) is well above the range of other SIBS

T T
0 20 40 60 80 100 120 140

As (ppm)

in the composition of mineralizing fluids from Sb-rich to As-rich (see
text for more details)

samples and given the inflection in the 8’Li versus SiO,
plot (Fig. 10c), we estimate the 8’Li of ~ + 16 %o to rep-
resent the pure silica-precipitating fluid component that
infiltrated into the shales. Its Li abundance remains less
constrained because high-8’Li samples show a range of Li
contents between 44 and 96 ppm. However, the prevalent
trend towards higher Li concentrations with the increas-
ing SiO, contents is indicative of the elevated Li abun-
dance for pure silica, estimated here at> ~ 100 ppm Li.
This estimate is in accord with the elevated Li contents
in quartz veins from both the NBS and SIBS sections
(Table 1). The quartz veins from the NBS section are uni-
formly enriched in Li (>~ 140 ppm) by a factor of ~4-5
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Fig. 12 Diagram showing the envisaged multi-stage evolution of silica-addition and associated mineralization in the black shales of the
Zloukovice section together with changes in pyrite chemistry; see text for discussion

whereas for SIBS samples, the Li enrichment in quartz
veins varies from ~ 1.3 to~5 in most samples. These Li
abundances are somewhat greater than those reported for
quartz from the Tin Mountain pegmatite (Teng et al. 2006)
and are marginally elevated compared to Li contents in
fluid inclusions entrapped in quartz from the Brusson gold
district, Italy (Richard et al. 2018), but are substantially
greater than those in quartz from orogenic gold depos-
its of the Jiaodong Peninsula for which Bao et al. (2021)
reported a maximum of ~ 10 ppm Li in quartz (but typi-
cally about 1 ppm). Similarly, low Li contents of ~ 1 ppm
and even lower were found by Yang et al. (2015) in quartz
from the Gacun volcanogenic sulfide deposit, China.

@ Springer

The uniformly high 8'Li values (> + 17.3%0) in NBS
and SIBS quartz veins (Table 1) are consistent with the val-
ues reported by Teng et al. (2006) and Yang et al. (2015),
whereas they are marginally lower than the 8’Li of quartz
given by Bao et al. (2021). Bao et al. (2021) demonstrated
that Rayleigh fractionation in a closed system was respon-
sible for the evolution of the Li isotope systematics in the
Jiaodong orogenic gold deposits. In contrast, an increase
in 8’Li with decreased abundances of Au (and Cu) at La
Fossa, Italy, was linked with metasomatism of pyrite and
formation of a-cristobalite (Nadeau et al. 2021b). Recently,
Nadeau et al. (2021a) revealed high 8’Li of > + 14%o in Au-
bearing quartz—carbonate—pyrite veinlets from the Kirkland
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Lake gold deposit, Canada, which was advocated to reflect
the preferential ’Li incorporation in quartz as a consequence
of short Li—O bond length (e.g., Magna et al. 2016), but
the addition of isotopically heavy groundwater was not
excluded.

Magmatic fluids derived from a rhyolitic dome and
convective circulation of seawater-dominated fluids were
responsible for variably elevated 8’Li values in fluid inclu-
sions (+4.5 to+ 13.8%0) and host quartz (+6.7 to+21.0%0)
in the Gacun Au deposit (Yang et al. 2015). Besides, pore
fluids and cold seep fluids can also have elevated 8’Li of
up to~ +45%o (Scholz et al. 2010). The pervasive siliceous
alteration of the SIBS suite is supported by the elevated 8'Li
values (+8.0 to+ 16.4%o) in the black shale matrix, which
are devoid of visible quartz veinlets. The calculated 8’Li
of up to+ 18.4%o in the ore-forming fluids calculated by
Yang et al. (2015) are within the estimate of the Li isotopic
composition of late-stage silica fluids (~ + 16%0) pervasively
overprinting the Zloukovice SIBS succession.

We anticipate that Li could have been mobilized from
the Cambrian and/or Ordovician volcanic rocks by percolat-
ing high-temperature fluids. Similar conclusions have been
derived for the Cambro—Ordovician serpentinite, amphi-
bolite, and eclogite from the Massif Central and Variscan
blueschist, greenschist, eclogite, and metapelites from the
Armorican Massif (both located in France), for which El
Korh et al. (2020) calculated high 8'Li of up to~ +25%o,
supposedly derived from seawater and/or hydrothermal flu-
ids. Such fluids at hydrothermal or even hotter, super-critical
conditions are known to carry preferentially "Li (e.g., Fou-
stoukos et al. 2004; Araoka et al. 2016) and their migration
could thus introduce isotopically heavy Li into the system.
We also note here that whereas modern seawater has 8'Li
of ~31%o0 (Misra and Froelich 2012), older seawater, includ-
ing Palaeozoic, might have been significantly lower in 8'Li
(Kalderon-Asael et al. 2021) and fluids derived from such
seawater could also have comparatively lower 'Li/°Li ratios.

Given the difficulty in isolating individual quartz vein
phases for Li analysis, we are yet unable to resolve individ-
ual stages of hydrothermal input using Li elemental/isotope
systematics. We note, however, that the variability in Li con-
tents of these veins (Table 1) could provide future additional
constraints on the temperature—chemistry—time—source con-
ditions of their derivation by careful and detailed sampling.

Implications for Au metallogeny in the Bohemian
Massif and other Cadomian-basement domains

Overall, the chemistry of pyrite formed through the pro-
tracted evolution (stages I to III), combined with the pres-
ence of Sb-rich marcasite, points to a predominantly external
source of indicative metals (e.g., Sb, As, Au), but remobi-
lization from the Py I-III generations hosted by local NBS

cannot be completely ruled out (these are Sb—As—Au-poorer;
Table 2). As discussed above, the formation of quartz vein-
lets is most likely related to Ordovician (~470 Ma) rift-
ing and volcanism, and therefore, the detected Sb—As—Au
mineralization represents a product of related hydrother-
mal fluid circulation leading to metal remobilization from
either the surrounding volcano-sedimentary successions or
Ordovician volcanic rocks themselves. The former would
agree with the spatial connection between the Variscan gold
deposits/occurrences in the Bohemian Massif and Neoprote-
rozoic—Cambrian volcano-sedimentary successions indica-
tive of the sourcing of metals including Au from these for-
mations (Moréavek and Pouba 1987). Similarly, the rather
uniform &°*S values of pyrite detected in the studied black
shales (—18.9 £+ 1.0 %o; Table 1) suggest sulfur remobiliza-
tion from some reduced sedimentary rocks such as black
shales. Finally, we document that Py I — Py III transforma-
tion related to late Ediacaran to early Cambrian deforma-
tion and metamorphism was also connected with significant
release of some metals, including Au (Table 2).

Apparently, the Au mineralization documented in this
study is genetically different from the Variscan-type Au
deposits found elsewhere in the Bohemian Massif (see
Romer and Kroner 2018 for an overview) where gold typi-
cally forms either micron-sized inclusions within sulfides
(e.g., Mokrsko and Jilové deposits; Zacharias et al. 2013;
Zacharias et al. 2014) or has been found in quartz—stibnite
(As—Sb) veins (e.g., Krasna Hora; Némec and Zacharias
2017). Furthermore, it is also different from the volcano-
genic-massive sulfide mineralization of the Besshi-type that
is considered to be related to Cambro—Ordovician magmatic
activity (e.g., Tisova in the Saxothuringian Zone, northeast-
ern Bohemian Massif; Dill 1989; Pertold et al. 1994) or Au
occurrences within Ordovician sandstones also in the Saxo-
thuringian Zone (Romer and Kroner 2018).

Although our new report on shale-hosted gold is based
on only a single locality with no economic importance, its
elemental association (Sb—As—Au) and the suggested link-
age to the Cambro—Ordovician rifting and associated mag-
matism is potentially interesting for future gold exploration
for several reasons. First, in spite of several attempts to pros-
pect for gold in the Neoproterozoic—Cambrian black shales
undertaken during the 1980s and 1990s, which occasion-
ally revealed elevated Au contents (Pouba and Kiibek 1986;
Moravek and Pouba 1987; Pasava et al. 1996), the nature and
source for the Au enrichment have not been deciphered so
far. Our study documents that Au mineralization may not be
directly related only to black shale matrix, but to late-stage
quartz veinlets penetrating these shale successions similarly
as some significant quartz vein-hosted gold deposits from
the Caledonian orogenic belt of northern Great Britain (Rice
et al. 2016). Second, the inferred genetic link with Ordovi-
cian magmatic activity is in contradiction to the previously
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assumed Ordovician sedimentary source for Au (sandstone-
hosted gold placers; Romer and Kroner 2018) and rather
indicates that magmatic heating can serve as an efficient
trigger for metal and sulfur remobilization from the Prote-
rozoic—Cambrian volcano-sedimentary precursors. Finally,
while the Cambrian—Ordovician magmatic stage represents
a widespread event in the Bohemian Massif, notably in the
Tepla—-Barrandian Unit, the connection with possible Au
mineralization has not been established so far. Thus, we
highlight that this magmatic stage might play an important
role not only in the metallogeny of the Bohemian Massif
but also in other Cadomian-basement domains with simi-
lar evolution and metallogeny (e.g., Iberian and Armorican
Massifs in Spain and France, respectively) and should thus
be considered potential targets in future exploration efforts.

Conclusions

(1) A new occurrence of Au mineralization in Late Neo-
proterozoic (Ediacaran) black shales was discovered in
the Bohemian Massif. The black shales were deposited
in deep sea at an active plate margin under predomi-
nantly oxygenated conditions and supplied by both
organic matter and fine-grained terrigenous material
from a nearby volcanic arc.

(2) The Au enrichment is related to the formation of a
quartz—sulfide vein system within the black shales and
is a result of a progressive evolution of ore-forming
fluids with decreasing temperatures from Sb-rich to As-
rich to precipitation of native gold from Au-bearing
low-temperature hydrothermal solutions.

(3) The structural relationships and orientation of quartz
veins associated with the Au mineralization suggest
an intimate connection between the vein emplacement
and Ordovician high heat flow in response to rifting
and breakup of the northern margin of Gondwana and
opening of the Rheic Ocean.

(4) Lithium contents and isotope data largely preclude the
black shales as a source and, instead, they indicate deri-
vation of Li from late-stage hydrothermal fluids and/or
seawater.

(5) Ordovician heating due to crustal thinning likely served
as a trigger for metal and sulfur remobilization includ-
ing Au from the associated Neoproterozoic—Cambrian
volcano-sedimentary successions. Yet, in our case,
local black shale successions are unlikely to had served
as a major source of Au, S, and other related metals;
however, a partial Au remobilization cannot be com-
pletely ruled out.

(6) The newly documented type of Au mineralization and
its association with the Ordovician rift-related mag-
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matic activity is different from the prevalent, Vari-
scan-type of gold occurrences reported so far in the
Bohemian Massif. Therefore, our study provides a new
genetic interpretation potentially important for future
exploration of Au not only in the Bohemian Massif but
also in other basement terrains that host black shale
successions and underwent post-depositional heating,
hydrothermal flow, and remobilization of Au due to
lithospheric extension and rifting.
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