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We present a detailed study of geochemical composition and ore mineralogy of black shales from Chynín, Czech Republic, 
representing Ediacaran organic matter-rich sediments, which were subject to regional and contact metamorphism. They 
are part of the Blovice Accretionaly Complex (BAC) in the Teplá–Barrandian Unit (TBU) and are located close to the 
contact with the Central Bohemian Pluton (CBP). The black shales were encountered with metasilicites, metabasalts, 
and basic tuffitic rocks in the CHY-2 drill hole (250 m deep) and are regionally associated with hornfels bodies. The 
geochemistry of these shales indicates that they correspond to metal-rich black shales deposited under strongly reducing 
conditions (TOC/Pmolar > 100, high Mo and U values). On the other hand, the lack of a positive link between TOC and 
redox-sensitive metals (e.g., V, U, Cr, Ni, Mo) and their generally negative correlation with sulfur indicate important 
late-stage metal and sulfur remobilization. This is reflected in the mineralogical composition of the shales, which docu-
ments a thermal event in their history. Abundant framboidal pyrite (pyrite I) was recrystallized into coarse aggregates 
(pyrite II), locally accompanied by chalcopyrite, sphalerite, and rare molybdenite, pentlandite and breithauptite. Abundant 
pyrrhotite formed there due to selective desulfurization of pyrite I and II during the contact metamorphism. Locally, this 
process was also accompanied by the replacement of pyrrhotite by V–Cr–O (karelianite – V2O3 and eskolaite – Cr2O3, 
mostly with dominant karelianite end-member) and Ti–V–O (vanadium rutile, schreyerite – V2Ti3O9 and a phase with 
the theoretical composition V4Ti3O12, yet unknown to the mineralogical system). Vanadium–Cr–Ti elemental associations 
reported from different localities of Neoproterozoic metal-rich black shales, metal-rich black shales, and (meta)silicites 
in TBU indicate similar sources of these elements but different conditions of their accumulation.
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which V correlates with total organic carbon (TOC), 
while Cr is significantly linked with organic matter and 
sulfur only locally. Loukola-Ruskeeniemi and Lahtinen 
(2012) reported 545 ppm V and 129 ppm Cr in Paleopro-
terozoic Talvivaara black schists (part of the Kainu schist 
belt, Finland) that were metamorphosed to greenschist-
amphibolite facies (Loukola-Ruskeeniemi and Lahtinen 
2012) and noticed a weak correlation between TOC and 
V (which they explained in terms of bottom waters be-
ing anoxic/euxinic). Uranium-rich Cambrian Alum shale 
(Southern Storsjӧn area, Sweden) has on average 1600 
ppm V  and 112 ppm Cr, while the Average Cambrian 
Alum shale contains 680 ppm V and 94 ppm Cr (Upper 
member) and 450 ppm V (Middle and Lower members) 
(Andersson et al. 1985). In general, V concentrations in 
the Cambrian Alum shale are closely associated with 
organic matter (Bian et al. 2021). 

Vanadium ore beds associated with black shales in the 
South China Block consist of black silty shales, cherts, 
and phosphatic nodular shales and reach thicknesses be-
tween 10 and 20 m. Vanadium is primarily incorporated 

1.	Introduction

The close association of metal-rich black shales with 
cherts, volcanogenic rocks and other lithologies have 
been reported from various geotectonic settings in many 
geological terranes; these facies may locally become a 
source of precious and base metals, as well as U, V, Mo, 
Ni, Mn, Hg, Sb, and W (Fan 1983; Coveney and Glascock 
1989; Oszczepalski 1989; Grauch and Huyck 1990; 
Coveney and Chen 1991; Loukola-Ruskeeniemi 1991; 
Leventhal 1993; Pašava 1993; Wignall 1994; Pašava et al. 
1996; Loukola-Ruskeeniemi 1999; Coveney 2000; Pašava 
et al. 2003; Coveney and Pašava 2004; Polgári et al. 2012; 
Lehmann et al. 2016 and others).  

Yudovich and Ketris (1994) reported global median 
values of V (200 ± 10 ppm, n = 25207)  and Cr (93 ± 3 
ppm, n = 21900) in black shale, showing much higher 
V-enrichment than Cr. These values are comparable 
with those of low-grade metamorphosed Neoprotero-
zoic black shales of the Teplá–Barrandian Unit (TBU)  
(V = 212 ppm, Cr = 93 ppm, n = 47) (Pašava 2000) in 
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in vanadian illite and is uniform in content throughout 
the beds (1–2 wt. % V2O3; Chen et al. 1990). Metallifer-
ous black slates from the Late Proterozoic to Palaeozoic 
Okcheon Metamorphic Belt (Korean Peninsula) bear-
ing up to 2.04 wt. % V and 0.33 wt. % Cr, represent 
metamorphosed analogs of the Early Cambrian V–Ba 
deposits hosted by the black shales in the South China 
Block. Vanadium garnet goldmanite – Ca3V3+

2(SiO4)3 
occurs locally as porphyroblasts (Jeong 2006). The 
Mecca Quarry Shale Member of upper Carboniferous age 
(USA) contains 210–3880 ppm V and 280–780 ppm Cr 
(Coveney et al. 1987). Vanadium occurs in solid solution 
within illite-rich illite–smectite (I–S), having an aver-
age content of 1.65 wt. % V, and overall composition of 
K0.8(Al2.8Mg0.5Fe0.4V0.3)(Si7.2Al0.8)O20(OH)4 analogous to 
the V-rich dioctahedral mica, roscoelite (Peacor et al. 
2000). Vanadiferous horizons in the Meade Peak mem-
ber represented by black shale and mudstone within the 
Phosphoria Formation of Permian age (USA) grade on 
average from 0.7 to 1.6 wt. % V2O5 (Love 1967).

Under strongly reducing conditions, the presence of 
free H2S causes reduction of V to V(III), which may either 
be taken up by geoporphyrins or precipitated as a solid  
oxide (V2O3) or hydroxide (V(OH)3) phase (Breit and 
Wanty 1991; Wanty and Goldhaber 1992). The two-
step reduction process exhibited by V may result in the 
formation of separate V-bearing phases with differential 
solubilities under nonsulfidic anoxic versus euxinic 
conditions (Breit and Wanty 1991; Calvert and Pedersen 
1993). Under anoxic conditions, Cr(VI) is reduced to 
Cr(III), forming aqua-hydroxyl or hydroxyl cations (e.g., 
Cr(OH)2

+) that can be precipitated as insoluble Cr(OH)3 or 
Cr2O3 at high pH (Elderfield 1970; Emerson et al. 1979; 
Drever 1997). At low pH, Cr(OH)2

+ is thought to be read-
ily complex with humic and fulvic acids and be adsorbed 
by Fe- and Mn-oxyhydroxides, which may provide trans-
port vectors for increased Cr export to the sediment under 
anoxic conditions (Achterberg et al. 1997). Cr(III) uptake 
by authigenic Fe-sulfides is limited due to structural and 
electronic incompatibilities with pyrite crystals (Huerta-

Fig. 1 Geological map of the Teplá–Barrandian Unit (adopted and modified from Hajná et al. 2019) with the studied Chynín locality marked.
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Diaz and Morse 1992; Morse and Luther 1999). However, 
Pašava et al. (2021) reported elevated concentrations of 
Cr in synsedimentary pyrite formed under euxinic condi-
tions from Ediacaran black shales at Liblín (TBU). In the 
euxinic facies, V resides predominantly in the ‘‘sulfidic’’ 
fraction (Algeo and Maynard 2004).

The mineralogy of V and Cr in black shales is rather 
complex. In modern marine environments (especially in 
anoxic non-sulfidic environments), V and Cr are com-
monly associated with organic matter (e.g., Francois 
1988; Emerson and Huested 1991). Besides organo-
metallic complexes, vanadium can be present in the form 
of sulfides, silicates, oxides and vanadates, depending 
on the transformation process (Yudovich, Ketris 1994). 
Chromium does not form an insoluble sulfide (Morse and 
Luther 1999) and is hosted mainly by organic and detrital 
phases, possibly with some accumulation as an indepen-
dent Cr-oxyhydroxide phase (Algeo and Maynard 2004).

Here, we provide basic geochemical characteristics 
and a detailed ore-mineralogical study of the Neopro-
terozoic black shales from the Blovice Accretionary 
Complex (BAC), part of the Teplá–Barrandian Unit that 
were thermally affected by the intrusion of the Central 
Bohemian Pluton (Variscan age).  

2.	Geological setting

The studied section of black shales at Chynín is located in 
the Blovice Accretionary Complex (BAC), representing 
the predominant Cadomian basement of the Teplá–Bar-
randian Unit. The BAC formed during subduction of an 
oceanic plate beneath northern Gondwana during the 
Neoproterozoic–Cambrian (e.g., Žák et al. 2020 and 
references therein). The BAC consists of six linear belts, 
where three belts are dominated by coherent arc-derived 
and multiple recycled deep-marine siliciclastic succes-
sions (Belts I–III; Fig. 1), alternating with ocean-floor-
bearing (ophiolitic) mélanges (Belts 1–3; Fig. 1; see 
Hajná et al. 2013, 2014 for more details) that contain 
tholeiitic as well as alkaline basaltic rocks representing 
members of Ocean Plate Stratigraphy (Ackerman et al. 
2019a). Within the BAC, black shales are widespread, 
forming either (1) the so-called Lečice Member – a 
strongly silicified succession that intimately overlies 
the Davle Volcanic Complex (Ackerman et al. 2021) or 
(2) stratiform layers within siliciclastic successions (e.g., 
Kurzweill et al. 2015; Pašava et al. 2021). The latter type 
of black shales forms up to ~160–170 m thick horizons 
and has low TOC and low S (< 1 wt. %). These shales 
contain layers (up to 45 m thick) of metal-rich black 
shales with higher TOC-S. 

The 250 m deep Chynín borehole (CHY-2) is located 
within the mélange-type Belt 1 of the BAC, and it was 

drilled within the exploration program of the Czechoslo-
vak Uranium Enterprise in 1984, focused on evaluating 
the uranium potential of black shale formations in the 
Teplá–Barrandian Unit (TBU). The borehole CHY-2 
encountered a volcano-sedimentary sequence made up 
of, from top to bottom:
–	 About 73 m thick package of tectonically affected gra-

yish siltstone, locally with intercalations of black shale 
(up to 0.7 m thick) and pyrite along joints/fissures,

–	 About 36 m thick package of mostly brecciated me-
tasilicites (cherts) with mostly centimeter-size slump 
balls of black shale with variable pyrite content,

–	 About 89 m thick package of fine-grained, dark gray 
to black, laminated and silicified black shales with 
abundant Fe sulfides (pyrite and pyrrhotite), containing 
about 6 m thick layer of light gray brecciated metasi-
licite (chert), 

–	 About 51 m thick package of greenish gray strongly 
calcareous tuffites with abundant Fe-sulfides (domi-
nantly pyrrhotite). 
It should be noted that besides the close association 

of black shales with basic volcanogenic rocks and meta-
silicites, 1 : 50 000 scale geological mapping in this area 
resulted in the delineation of several bodies of hornfels 
along the contact zone with the Central Bohemian Pluton 
(CBP) (Map server of Czech Geological Survey). Cháb 
and Suk (1974) suggested that this region belongs to the 
Cadomian low-grade metamorphosed (prehnite-pumpel-
lyite) zone, which was locally thermally affected by the 
intrusion of the CBP (Variscan age).

3.	Methods and samples

Altogether eleven samples of black shales from the 250 
m deep CHY-2 borehole were analyzed for major and 
selected trace elements, including the REE. The major 
element compositions were determined by wet-chemical 
methods techniques using the combination of atomic 
absorption spectroscopy (AAS), flame photometry and 
titration (see Dempírová et al. 2010) in the laboratory of 
the Czech Geological Survey. The precision of analyses 
was better than 5 rel. %, whereas the accuracy, which was 
monitored by the long-term reproducibility of selected 
reference materials (e.g., JGB-3), was better than 10 
rel. % for all the analyzed oxides. Total organic carbon 
(TOC) and total sulfur of rock samples were determined 
using infra-red carbon and sulfur analyzer Eltra CS500 
(Eltra, Neuss, Germany) and carbonate CO2 on a Coulo-
mat 7012 Strohlein instrument in the laboratory of the 
Czech Geological Survey.

Trace element contents were measured by ICP-MS 
using a Thermo iCAP-Q instrument at the Faculty of 
Science, Charles University, following the methods sum-
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The polished sections were 
first studied using reflected 
light microscopy. Mineralogi-
cal analyses were completed 
using an FE-SEM Tescan Mira3 
GMU fitted with an Oxford In-
struments X-Max 80 (80 mm2 
active area) energy-dispersive 
spectrometer (EDS). In contrast, 
EBSD analyses were done us-
ing Oxford Instruments Sym-
metry (20 kV, 5 nA, software 
“Ox. Inst. AZtec”, 8  belts for 
indexing, MAD ~0.1–0.5) at 
the Czech Geological Survey. 
Quant optimization was per-
formed on a cobalt standard.

A set of synthetic elemental 
and mineral standards was used 
for the EDS analysis, and the 
analytical conditions were 15 
kV accelerating voltage, 15 mm 
working distance (WD), 2 nA 
probe current, and 40 s count-
ing time. Subsequently, selected 
mineral phases were analyzed 
by a CAMECA SX 100 electron 
microprobe at the Joint Labora-
tory of Electron Microscopy 
and Microanalysis of the Czech 
Geological Survey and Masaryk 
University in Brno. Quantitative 
analyses were performed using 
wavelength dispersive spec-
trometry with an accelerating 
voltage of 25 kV, beam current 
20 nA, and beam diameter of 
1 μm. Signals and standards 
used: VKα (vanadinite), CrKβ 
(Cr), FeKα (hematite), MnKα 
(spessartine), TiKα (TiO), AlKα 
(sanidine), MgKα (pyrope).

4.  Results

4.1.  Geochemistry of 
black shales

The main geochemical characteristics of black shales 
from the CHY-2 borehole are summarized in Tab. 1. The 
shales have on average 60 wt. % SiO2 and show marked 
enrichment in TOC between 2.3 and 4.6 wt. % (average 
3.7 wt. %) and sulfur (total sulfur contents vary from 

marized in Strnad et al. (2005). The in-run precision was 
always better than 5 % (relative standard deviation) and 
the accuracy based on the analyses of SBC-1 and SGR-
1b certified reference materials (USGS) was better than 
12 % for all analyzed elements.

Tab. 1 Major and trace element concentrations in black shales from Chynín (TBU) (n = 11).

Sample min max average SD median
SiO2  wt.% 47.20 66.26 59.99 5.17 59.75
TiO2 0.34 0.64 0.47 0.09 0.51
Al2O3 8.69 13.50 11.08 1.47 11.19
Fe2O3 0.02 3.13 0.62 0.93 0.13
FeO 3.63 18.28 9.09 3.99 7.45
MgO 1.55 3.85 2.27 0.74 1.93
MnO 0.04 0.19 0.08 0.05 0.06
CaO 0.47 3.57 1.00 0.89 0.62
Na2O 0.85 2.83 1.41 0.65 1.14
K2O 1.90 4.32 3.40 0.68 3.61
P2O5 0.08 0.17 0.12 0.03 0.12
F 0.03 0.08 0.05 0.02 0.06
CO2 0.06 1.00 0.30 0.32 0.11
C(ost.) 2.26 4.63 3.69 0.78 3.67
S(tot.) 2.75 10.37 5.60 2.41 5.22
H2O(+) 1.19 2.49 1.99 0.32 2.01
H2O(–) 0.07 0.76 0.34 0.18 0.30
F(ekv) 0.01 0.03 0.02 0.01 0.03
S(ekv) 0.81 2.89 1.63 0.58 1.41
Total 99.14 100.56 99.85 0.49 99.92
V (ppm) 81 439 341 96 348
Cr 55 286 125 74 92
Co 8 52 22 11 18
Ni 36 254 136 56 129
Cu 51 307 186 65 194
Zn 68 572 361 166 378
Mo 10 116 49 25 47
Cd 0.1 11 6 3 6
Sb 1.0 7.0 3.5 1.5 3.3
La 25 40 29 4 28
Ce 48 82 59 12 51
Pr 6 9 7 1 7
Nd 25 37 29 4 28
Sm 5 8 6 1 6
Eu 1 2 1 bdl. 1
Gd 5 9 6 1 6
Tb 1 1 1 bdl. 1
Dy 4 9 6 1 5
Ho 1 2 1 bdl. 1
Er 2 6 4 1 4
Tm bdl. 1 bdl. bdl. bdl.
Yb 2 5 3 1 3
Lu bdl. 1 bdl. bdl. bdl.
Pb 9 32 22 7 21
Th 7 11 9 1 8
U 5 24 10 6 7
suma REE 129 202 152 22 142
TOC/P molar 167 161 181 146 180
SD – standard deviation; bdl. – analysis below the detection limit
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2.7 to 10.4 wt. %, on average 5.6 wt. %); they belong to 
metal-rich black shales as defined by Pašava (2000). This 
is reflected in high levels of several metals (Zn up to 572 
ppm, V up to 439 ppm, Cu up to 307 ppm, Ni up to 254 
ppm, Cr up to 286 ppm, Mo up to 116 ppm, Co up to 52 
ppm, Pb up to 32 ppm, and U up to 24 ppm). 

4.2.	Mineralogical characteristics 

A typical black shale at Chynín is fine-grained organic-
rich sediment with numerous quartz-rich layers. Its 
matrix comprises quartz, diopside, muscovite, biotite, 
graphite, K-feldspar, calcite, titanite and chlorite, and it 
contains accessory apatite, rutile, monazite, xenotime, 
and abundant iron sulfides. The mineral assemblage and 
the presence of parallel alignment of quartz, micas and 
chlorite resulting in a weak schistosity indicate that the 
black shales were subject to low-grade regional meta-
morphism. 

4.2.1.	Sulfides

The most common sulfides are pyrite and pyrrhotite, with 
less frequent chalcopyrite and sphalerite. 

Pyrite I (syngenetic) occurs in the form of small fram-
boids (up to 5 μm in size) dispersed in the rock matrix 
(Fig. 2a).

Pyrite II (recrystallized) forms larger (> 50 μm) and 
somewhat porous grains of cubic habit, representing 
recrystallized framboidal aggregates (Fig. 2b). Pyrite 
II grains commonly contain framboids of the original 
pyrite I and pyrrhotite. These framboids are separated 
from the sulfide matrix by a thin discontinuous layer of 
organic carbon.

Pyrite II is mostly homogeneously dispersed. Only 
locally, it forms sulfide layers up to 2 mm thick. Sul-
fide (dominated by pyrite) veinlets are both stratiform 
(Fig. 2a) and diagonal and are always rimmed by quartz 
(Fig. 2a).

Pyrrhotite forms coarse aggregates and replaces 
pyrite I (framboidal pyrite) and pyrite II (larger grains) 
(Fig. 2c). Newly formed pyrrhotite aggregates commonly 
show similar extinction for several grains, which is evi-
dence for similarly oriented pyrrhotite grains structure 
even for separated grains, which originated during the 
transformation of pyrite into pyrrhotite (replacement of 
pyrite by pyrrhotite). Pyrrhotite formation was a response 
to the thermal effects on the host rock. Sulfide coarse ag-
gregates always follow lamination.

Chalcopyrite and sphalerite are locally present in 
small grains intergrown with pyrite II and pyrrhotite. 
Sphalerite contains from 3.7 to 11.4 wt. % Fe, 0.5 to 1.2 
wt. % Cd and rarely also Mn (up to 3.8 wt. %). 

Molybdenite is even less common than Cu- and Zn-
sulfides, and forms small flaky aggregates (up to 30 μm 
long) in the rock matrix or in Fe-sulfides. We also identi-
fied one 20 μm grain of breihauptite (NiSb) in associa-
tion with pentlandite ((FexNiy)Σ9S8) in calcite matrix.

4.2.2.	V–Cr–O phases

The anhedral grains of V–Cr–O phase reach up to 50 μm 
in size (exceptionally up to 0.1 mm) and occur exclu-
sively in pyrrhotite, which they replace (never replacing 
pyrite and/or silicates, Fig. 2c). Replacement of pyr-
rhotite by the V–Cr–O phase begins at the contact with 
pyrrhotite grains and is selective, such that framboids 
may contain preserved pyrrhotite cores (Fig. 2d) whose 
similar extinction with surrounding pyrrhotite provides 
evidence for the similar orientation of the crystal lattice. 
This (V–Cr–O) mineral phase is free of any inclusions 
and its grains are preferentially bound to layers composed 
of abundant grainy aggregates of Fe-sulfides. Based on 
EBSD data, it has a corundum-type structure. Its chemi-
cal composition (Tab. 2) indicates solid solution between 
predominant karelianite (V2O3) and subordinate eskolaite 
(Cr2O3) end-member, with a low content of the hematite 
end-member (Fe2O3). Lower totals (analyses 3, 5 and 6 
in Tab. 2) could reflect alteration of grains, which was, 
however, not observed under BSE. Complete mixing 
in the system V2O3–Cr2O3 was described by Reid et al. 
(1972), who also noted extensive solid-solution in the 
systems V2O3–Al2O3 and V2O3–Fe2O3.

4.2.3.	Ti–V–Fe–Cr phases 

The Ti–V–Fe–Cr mineral phases were found in associa-
tion with sulfides and the karelianite–eskolaite, where 
they form inhomogeneous anhedral grains (Fig 2e). 
The mineral grains are composed of lamellae formed 
by different phases; their chemical composition is given 
in Tab. 3. These phases are vanadium rutile (V-rutile), 
schreyerite (V2Ti3O9) and a phase with the theoretical 
composition of V4Ti3O12, not yet known in the mineral 
system. EBSD confirmed vanadium rutile (2 analyses) 
and schreyerite. Vanadium rutile contains 2.49 and 5.62 
wt. % V, respectively, and its calculated formulae corre-
spond to Ti0.94V0.05Fe0.01O2 and Ti0.87V0.12Fe0.01O2, respec-
tively (Tab. 3).

Schreyerite, first described by Medenbach and 
Schmetzer (1978), dominantly forms polysynthetic twin 
lamellae in V-rutile formed by exsolution. Its chemical 
compositions and empirical formulae are given in Tab. 
3. The mineral phase with the idealized formula V4Ti3O12 
found at Chynín has not been synthesized yet (Brach et 
al. 1977; Döbelin et al. 2006). It can represent either a 
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metastable phase or a structural mixture represented by 
a combination of structural chains of berdesinskiite type 
(V2TiO5 type) and chains of Ti2O4 type (high-pressure 
phase of TiO2 with α-PbO2 structure). The two chain 
types, in the 1 : 1 ratio, form the structure of schreyerite.

4.2.4.	Other minerals 

The groundmass of the black shale is formed primarily of 
quartz, andalusite, diopside, muscovite, calcite, titanite, 
chlorite, apatite, rutile, K-feldspar, monazite (Ce), and 
xenotime. Except for andalusite and calcite, all other 
rock forming-minerals form anhedral isolated grains 
(up to 20 μm in size). Only biotite, chlorite and musco-
vite (locally also diopside) are subhedral. Interestingly, 
chlorite, biotite and diopside have very low or zero Fe 
content. All rutile grains have elevated V contents (2.3 
to 3.8 wt. %, Tab. 3). 

A single grain of xenotime was found, far from the 
ideal formula of YPO4 (containing more than 4 wt. % 
REE only, analysis not shown in tables). Thorium, U and 
Y concentrations in monazite-Ce from Chynín are below 
the detection limit. 

Andalusite (verified by EBSD) forms euhedral (rhom-
boid) relatively large (up to 0.3 mm) porphyroblasts, 
overgrowing the fabric of the shales. These grains contain 
a small number of inclusions (e.g., apatite and monazite-
Ce; Fig. 2f). The presence of large porphyroblasts of 
andalusite overgrowing the rock fabrics reflects an effect 
of subsequent contact metamorphism.


Fig. 2 SEM/BSE photomicrographs of the mineral association in 
metal-rich black shales from Chynín. a – Abundant framboidal pyrite 
I (replaced mainly by pyrrhotite) dispersed in TOC-rich matrix with 
quartz-sulfide (dominated by pyrite) stratiform veinlets. b – Larger 
cubic grains of recrystallized framboidal pyrite (pyrite II) and pyrrhotite 
replacing original framboids of pyrite. c – Pyrrhotite forms coarse ag-
gregates and replaces pyrite I (framboidal pyrite) and pyrite II (larger 
grains) with anhedral grains of V–Cr–O phases which most effectively 
replace pyrrhotite. d – Replacement of pyrrhotite by V–Cr–O phases 
initiates at the rim of pyrrhotite grains and is selective, such that fram-
boids can contain preserved pyrrhotite cores. e –Anhedral grains of 
Ti–V–O mineral phases (V-rutile, schreyerite and two other phases, not 
yet known in the mineral system) associated with pyrrhotite. f – Large 
euhedral grain of andalusite with small number of inclusions (e.g., 
apatite and monazite-(Ce)). Growth of andalusite was also accompanied 
by dissolution of sulfide framboids and re-precipitation of pyrrhotite 
immediately front of growing crystal, forming pyrrhotite grainy ag-
gregates that follow host rock lamination.
py - pyrite, ccp - chalcopyrite, sp – sphalerite, pyh – pyrrhotite, qz 
– quartz, V–Cr–O – karelianite-eskolaite, Ti–V–Fe–Cr–O – V-rutile, 
schreyerite and a phase, not yet known in the mineral system, mnz-Ce 
– monazite-Ce, and – andalusite.

Tab. 2 EPMA chemical composition of V–Cr oxide phases in black shales from Chynín (TBU).

wt. % apfu
V2O3 Cr2O3 Fe2O3 Mn2O3 TiO2 Al2O3 MgO Total # V Cr Fe Mn Al

76.69 20.29 1.40 bdl. bdl. bdl. bdl. 98.39 2 1.56 0.41 0.03 bdl. bdl.
74.53 22.31 1.24 0.07 bdl. bdl. bdl. 98.16 4 1.52 0.45 0.02 bdl. bdl.
86.28 12.93 0.93 bdl. bdl. bdl. bdl. 100.15 7 1.73 0.26 0.02 bdl. bdl.
90.06 9.41 0.59 bdl. bdl. bdl. 0.03 100.09 8 1.80 0.19 0.01 bdl. bdl.
89.94 9.50 0.70 bdl. bdl. bdl. bdl. 100.14 9 1.80 0.19 0.01 bdl. bdl.
90.32 9.47 0.58 bdl. bdl. bdl. bdl. 100.37 10 1.80 0.19 0.01 bdl. bdl.
82.93 16.26 1.09 bdl. bdl. bdl. bdl. 100.28 11 1.66 0.32 0.02 bdl. bdl.
89.05 10.56 0.82 bdl. bdl. 0.08 bdl. 100.51 12 1.77 0.21 0.02 bdl. bdl.
88.52 10.99 0.86 bdl. bdl. bdl. bdl. 100.36 13 1.77 0.22 0.02 bdl. bdl.
85.40 13.37 1.17 0.07 bdl. bdl. bdl. 100.00 14 1.71 0.26 0.02 bdl. bdl.
82.95 15.13 0.99 bdl. bdl. bdl. bdl. 99.08 15 1.68 0.30 0.02 bdl. bdl.
82.58 16.44 1.36 0.07 bdl. bdl. bdl. 100.45 16 1.65 0.32 0.03 bdl. bdl.
81.82 16.84 1.31 0.06 bdl. 0.06 bdl. 100.10 17 1.64 0.33 0.02 bdl. bdl.
75.50 23.23 1.27 bdl. bdl. bdl. bdl. 100.00 18 1.52 0.46 0.02 bdl. bdl.
78.94 19.74 1.22 bdl. bdl. bdl. bdl. 99.89 19 1.59 0.39 0.02 bdl. bdl.
69.24 29.74 1.61 0.11 bdl. bdl. bdl. 100.71 20 1.38 0.59 0.03 bdl. bdl.
67.99 31.57 1.39 0.10 bdl. 0.05 bdl. 101.10 21 1.35 0.62 0.03 bdl. bdl.
71.61 27.61 1.12 0.09 bdl. 0.16 bdl. 100.59 22 1.43 0.54 0.02 bdl. bdl.
71.46 27.05 1.24 0.08 bdl. 0.28 bdl. 100.11 23 1.43 0.53 0.02 bdl. 0.01
88.15 5.28 6.36 0.08 0.37 0.13 0.04 100.41 24 1.76 0.10 0.12 bdl. bdl.
58.14 6.07 30.65 4.48 bdl. 0.74 0.35 100.45 26 1.18 0.12 0.59 0.09 0.02
47.27 17.61 19.12 15.07 bdl. 0.14 0.17 99.38 27 0.97 0.36 0.37 0.29 bdl.
52.68 13.40 20.28 14.88 bdl. 0.18 0.14 101.57 28 1.06 0.27 0.38 0.28 0.01
89.04 4.63 5.63 0.09 0.17 0.11 0.03 99.69 29 1.80 0.09 0.11 bdl. bdl.
89.80 4.19 5.19 0.08 0.12 0.08 0.04 99.50 30 1.81 0.08 0.10 bdl. bdl.

Bdl. – analysis was below the limit of the detection; negative contents: Ti, Mg, Zn, S.
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5.  Discussion

5.1.  Depositional  
environment of black 
shales and diagenetic 
processes

The chondrite-normalized REE 
patterns of the black shales are 
characteristic of crustal rocks, 
being variably LREE-enriched 
(LaN/YbN = 4.8–13) with pro-
nounced negative Eu anomalies 
(Eu/Eu* = 0.6–0.8), indicating 
a predominantly terrigenous 
source of the REE. Collectively, 
high TOC values, TOC/P molar 

Tab. 3 EPMA chemical composition of Ti–V oxide phases in black shales from Chynín (TBU).

1 25 31 32 33 34
Fe2O3 1.75 3.99 1.52 1.89 0.71 1.05
Mn2O3 bdl. bdl. bdl. 0.06 bdl. bdl.
TiO2 55.43 44.67 60.05 57.95 95.78 89.75
Al2O3 0.26 0.15 0.18 0.19 bdl. bdl.
MgO 0.02 0.02 0.02 0.02 bdl. bdl.
V2O3 39.83 50.71 39.17 39.69 4.44 10.03
Cr2O3 2.34 1.11 0.65 bdl. bdl. bdl.
Total 99.62 100.65 101.59 99.80 100.94 100.83
# Phase Empirical formula
  1 schreyerite (V2.11Cr0.12Fe0.10Al0.02)Ti2.76O9

25 V4Ti3O12 (V3.67Cr0.12Fe0.30Al0.02)Ti3.03O12 

31 schreyerite (V2.02Fe0.08Cr0.03Al0.01)Ti2.91O9

32 schreyerite (V2.09Fe0.10Al0.01)Ti2.87O9

33 rutile Ti0.96V0.05Fe0.01O2

34 rutile Ti0.91V0.11Fe0.01O2

Bdl. – analysis was below the limit of the detection.

Fig. 3 Plots of TOC vs. S and V and between Cr and Ti and V in the thermally affected black shales from Chynín, documenting significant redis-
tribution of metals. Significant positive correlations were found only between TOC and V (r = 0.69) and between Ti and Cr (r = 0.6).
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ratios higher than 100 (average 181), and high Mo and 
U contents (up to 116 and 24 ppm, respectively) suggest 
that Chynín black shales were deposited under highly 
reducing conditions (e.g., Algeo and Tribovillard 2009; 
Algeo and Li 2020). On the other hand, the absence of 
well-defined correlations between TOC contents and 
redox-sensitive metals (e.g., V, U, Cr, Ni, Mo), together 
with their generally decreasing contents with increasing 
S concentrations, indicate significant late-stage metal 
and sulfur remobilization. Yet, V and Mo are most likely 
hosted by authigenic organic matter, while Cr and Ti 
seem to be bound to detrital components (Fig. 3).

The low Th, U and Y contents in monazite indicate its 
formation during the diagenetic process (Čopjaková et 
al. 2011), which agrees with conclusions of Scharm and 
Scharmová (1995) regarding the formation of monazite 
in cherts from the Kokšín locality. 

5.2.	Implications of geochemical data for the 
formation of V-rich phases at Chynín 
locality

Geochemical evidence (increased TOC, S, Mo and U 
values) in our black shales supports highly reducing 
conditions at Chynín. High contents of reactive sulfur and 
preferential bonding with Fe are documented by a sig-
nificant positive correlation between S and FeO (r = 0.9) 
and the absence of Fe-silicate phases in the rock matrix 
(chlorite, biotite and diopside are purely Mg-rich phases). 
Positive correlations between TOC and V (r = 0.69), Cr 
and Ni (r = 0.89) and Cr and TiO2 (r = 0.88) at Chynín 
suggest that authigenic organic matter was a source of V 
(as, e.g., documented by Emerson and Huested, 1991 on 
an example of modern marine sediments). In contrast, 
Cr and Ti were likely derived from detrital sources, such 
as, e.g., reported by Algeo and Maynard (2004) reported 
from Pennsylvanian black shales (Kansas, USA). 

5.3.	Thermal effect and desulfurization of 
pyrite

The mineral parageneses in the black shales at Chynín, 
involving metamorphic phases such as chlorite, biotite, 
muscovite and graphite, reflect a regional metamorphic 
overprint of these rocks. Andalusite with perfect crys-
tal shape overgrows the foliation and thus must have 
formed after regional metamorphism and deformation 
of the black shale. The geological context suggests that 
andalusite formation reflects contact metamorphism due 
to the emplacement of the Central Bohemian Pluton. The 
origin of andalusite is limited to the temperature interval 
200–750 °C and pressures up to 4 kbar (Howie 2005). 
We suggest that its growth at elevated temperature was 
accompanied by dissolution of sulfide framboids and re-

precipitation of pyrrhotite in the immediate front of the 
growing crystal, forming pyrrhotite grainy aggregates 
following the host rock fabric.

At laboratory conditions in a vacuum, desulfurization 
of pyrite begins above 500 °C and the process of pyrrho-
tite formation (with the release of S2) terminates at 800 °C 
(Xu et al. 2019). However, such a dry process is not very 
likely at Chynín as we see, that parts of framboids were 
replaced by quartz. The release of V, Cr and Ti from the 
host-rock at Chynín was accompanied by the formation 
of V–Cr–O and V–Ti–Fe–Cr–O phases. 

5.4.	Examples of formation of V-Cr-Ti rich 
phases worldwide 

Schreyerite and minerals of the karelianite-eskolaite 
group were described from several localities worldwide 
in rocks with anomalous V (Cr, Ti) concentrations, 
which were metamorphosed under amphibolite-facies 
conditions, and which are associated with Fe, base metal 
sulfide, U–V, and Au deposits (Zakrzewski et al. 1982; 
Höller and Stumpfl 1995; Höller and Gandhi 1997; 
Döbelin et al. 2006). Schreyerite and minerals of the 
karelianite-eskolaite group are intimately associated with 
pyrrhotite, similar to Chynín, where black shales have 
elevated base metal, U and V contents. For example, Za-
krzewki et al. (1982) interpreted the origin of schreyerite 
at the Sätra pyrite deposit (Bergslagen district, Sweden) 
to be the result of pyrrhotite formation during remobili-
zation of disseminated Fe-sulfide mineralization. Based 
on the presence of andalusite–cordierite–quartz–musco-
vite–microcline assemblage, they estimated conditions 
of remobilization at 2–3 kbar and T ~ 550 °C. Canet et 
al. (2003) documented that the contact metamorphism 
of lower Silurian V- and Cr-rich sulfidic black shale pro-
duced metapelitic hornfels with V-rich aluminosilicates 
and V–Cr oxides accompanied by mainly pyrrhotite 
and minor chalcopyrite. The occurrence of V oxides in 
apparent equilibrium with V-rich silicates suggests a 
solubility limit for V and Cr in these aluminosilicates at 
the conditions of thermal metamorphism. On the other 
hand, metamorphism of anorthite- and V, Cr-rich sedi-
mentary rocks produces V- and Cr-rich silicates, such as 
goldmanite, V-rich amphiboles, V-rich titanite and V-rich 
allanite (Canet et al. 2003). Similar to the Outokumpu de-
posit (Finland) and the Nairne deposit (Australia), these 
V(Cr,Ti) phases must have formed in a strongly reducing 
environment with extremely high sulfur fugacity (ƒS2) 
(Long et al. 1963; Graham 1978). The small framboid 
sizes (< 5 μm) point to their origin in a strongly reducing 
(euxinic) environment (Rickard 2019).

Höller and Stumpfl (1995) suggested that at the Ram-
pura Agucha base metal deposit (India), clay minerals, 
chlorite and organic matter served as a source (precursor) 
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of V and Cr. They proposed that during prograde meta-
morphism and formation of silicates and graphite, V and 
Cr were liberated and captured in V- and Cr-rich rutile. 
Decreasing P–T conditions resulted in the exsolution of 
schreyerite lamellae. 

5.5.	V–Cr–Ti association in Si-rich rocks of 
the Bohemian Massif 

Scharm and Scharmová (1995) studied Neoproterozoic 
silexite (silicite with stromatolitic texture) at Kokšín 
near Mítov (ca. 10 km NW of Chynín) and identified 
a Ti–V–Cr oxide phase. It likely was one of our newly 
reported mineral phases despite different host litholo-
gies (metal-rich black shales at Chynín and silicite at 
Kokšín). Houzar and Cempírek (2011) reported a new 
occurrence of schreyerite in the upper amphibolite facies 
graphite quartzite near Bítovánky, in the south-eastern 
part of the Moldanubian zone of the Bohemian Massif. 
Schreyerite is intergrown with V-rich rutile (0.044–0.058 
V apfu) and occurs as isolated microscopic grains in the 
mineral assemblage: quartz + graphite + V-rich musco-
vite + V-rich dravite (lacking sulfides). Mrázek (1984, 
1986) described anomalous Cr and V concentrations in 
Neoproterozoic silicites and interpreted them to result 
from the hydrothermal enrichment. Similarly, high V and 
Cr values (190–931 ppm) have been recently reported 
from Neoproterozoic silicites with stromatolitic texture 
(cherts) in the Brdy area by Stárková et al. (2018), who 
relate them to the combined effects of volcanogenic-
hydrothermal and microbial activities. Hajná et al. (2019) 
reported 195 ppm V and 166 ppm Cr from layered-texture 
chert at Pelechovka (Belt I, TBU). Anomalous vanadium 
(average 691ppm, max. 2100 ppm, n = 47) that correlate 
well with TOC and Cr concentrations (average 190 ppm, 
max. 1200 ppm, n = 47) in Neoproterozoic metal-rich 
black shales of the TBU was reported by Pašava (2000). 
The presence of similar geochemical anomalies (V, Cr, 
(Ti)) in Neoproterozoic metal-rich black shales, their 
contact metamorphosed equivalents and (meta)silicites 
(cherts) in TBU most likely indicate a similar source 
of these elements. However, the different principal car-
riers in these lithologies reflect the specific conditions 
of their accumulation. In black shales, V is dominantly 
associated with TOC (organic matter) and Cr is usually 
derived from terrigenous material or can also be bound 
to organic matter or Fe sulfides (Ackerman et al. 2019b, 
2021; Pašava 2000; Pašava et al. 2021; Bian et al. 2021). 
On the other hand, the absence of well-defined correla-
tions between TOC contents and redox-sensitive metals 
(e.g., V, Cr, U, Ni, Mo) combined with their generally 
decreasing contents with increasing S concentrations in 
thermally affected black shales at Chynín indicate signifi-
cant late-stage metal and sulfur remobilization. During 

this process, the discrete phases of V–Cr–O and V–Ti–O 
were formed. In Neoproterozoic silicites (cherts) of the 
TBU, V is usually bound to Fe-oxides (Stárková et al. 
2018) or V-mica (roscoelite containing up to 5 wt. % Cr) 
and crandallite (with up to 6% V and Cr) (Gabriel 1991). 
Johan et al. (1995) described V and Cr in Mg-rich illite 
and/or gorceixite and florencite and also Cr-muscovite in 
stromatolitic silicites at Kokšín. The presence of goldma-
nite was reported by Litochleb et al. (1985) from black 
metasilicite of the U–V Struhadlo deposit (TBU).

6.	Conclusions

Based on the study of black shales associated with 
metasilicites, metabasalts and basic tuffs and regionally 
accompanied by hornfels at Chynín (TBU), we show that:
1.	Geochemical characteristics including high TOC val-

ues, TOC/P molar ratios > 100 and high Mo and U 
contents suggest deposition of metal-rich black shales 
at Chynín in a strongly reducing environment. This 
is supported by the presence of abundant diagenetic 
framboidal pyrite (pyrite I).

2.	The mineral paragenesis of the black shales (including 
the presence of abundant andalusite) and their location 
in the proximity of the Central Bohemian Pluton indi-
cate that these facies were regionally metamorphosed 
and thermally overprinted. This is also supported by 
abundant pyrrhotite, which formed because of selec-
tive desulfurization of pyrite I and II. Locally, this 
process was also accompanied by replacing pyrrhotite 
with V–Cr–O and Ti–V–O phases.

3.	Similar elemental association of V, Cr, Ti in Neo-
proterozoic metal-rich black shales, their thermally 
overprinted equivalents and (meta)silicites (cherts) 
in the TBU and their different principal carriers in 
these lithologies most likely reflect similar sources 
of these elements and specific conditions of their 
accumulation.
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