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The depositional environment and climatic conditions 
significantly affect the composition of early diagenetic 
minerals (e.g., Burley et al., 1985; Weibel et al., 2017). 
Therefore, understanding the formation of new mineral 
phases in sediments is crucial for the interpretation of flu-
id–mineral diagenetic processes (e.g., Taylor et al., 2010). 
Cr-rich smectites can form by the decomposition of ultra-
mafic and mafic rocks, as epigenetic minerals, filling voids 
left by the decomposition of organic matter in Permian sed-
iments or filling material in cavities and fractures hosted 

by Pleistocene travertine and caliche (Foord et al., 1987; 
Khoury, 2012; Khoury and Al-Zoubi, 2014; Mitsis et al., 
2018). 

The stability of the illite-smectite (I/S) group generally 
limits its environments of formation to near-surface settings 
(diagenesis, weathering), although it may precipitate in 
postmagmatic, low-grade metamorphic, and hydrothermal 
environments (Maksimovic and Brindley, 1980; Inoue et 
al., 2005; Manuella et al., 2012). Sedimentary rocks contain 
I/S, originating from a range of source areas (Deocampo, 
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Abstract: The Upper Carboniferous polymictic Balinka Conglomerate was deposited along the western margin 
of the Boskovice Basin (eastern part of the Bohemian Massif). Angular aggregates of deep-green chromium-rich 
interstratified clay mineral R1-illite(0.8)/smectite (I/S) are present exclusively in the basal part of this unit. The 
textural position of chromium-bearing I/S (0.77–2.88 wt.% Cr2O3; 0.040–0.153 apfu Cr) in the conglomerate ma-
trix indicates a genetic link with the highly altered chromium spinel, which is preserved in the relics. The source 
of Cr-rich spinelides was serpentinized peridotites in the adjacent Moldanubicum (Gföhl Unit). The formation of 
I/S is related to diagenetic processes in the conglomerate matrix. The fluids would have relatively high fugacity of 
CO2 and activity of K+. K/Ar ages of 284.1 ± 7.7 and 276.3 ± 7.4 Ma (lower Permian – Kungurian/Artinskian age) 
confirmed the diagenetic origin of this I/S.
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2015; Abbott et al., 2019). However, chromium I/S in most 
cases is interpreted as the product of hydrothermal alteration 
of ultrabasic rocks (e.g., Maksimovic and Brindley, 1980).

In this work, the authors explored possible mechanisms 
of the formation of chromium-bearing I/S in the Balinka 
Conglomerate of the southern part of Boskovice Basin, 
Bohemian Massif. On the basis of an integrated approach, 
using X-ray diffraction, electron microscopy and micropro-
be analyses, the authors investigated the mechanism of for-
mation of chromium-rich I/S after spinel. The discovery of 
this chromium-bearing phyllosilicate (Houzar et al., 2013, 
2017) in the Upper Carboniferous–Lower Permian sed-
iments and their K/Ar dating provide precise information 
about the timing of diagenetic processes in the Boskovice 
Basin.

THE BOSKOVICE BASIN  
– GEOLOGICAL SETTING

The Boskovice Basin (BB) is situated in the eastern 
part of the Bohemian Massif at the boundary between the 
Moldanubian zone, the Bohemicum, and the Moravosilesian 
zone (Čepek, 1946; Jaroš, 1961). Sedimentation in this pos-
torogenic intracontinental basin was controlled by a major 
NNE-trending marginal dextral strike-slip fault (Čepek, 

1946; Jaroš, 1961). The Carboniferous-Permian sedimen-
tary succession is a cyclic alternation of fluvial and limnic 
sediments (sandstones, mudstones, conglomerates, and 
subordinate bituminous and carbonate-rich sediments).  
The current width of the Boskovice Basin is 5 to 12 km 
and the length approximately 90 km (Fig. 1). The maximum 
present-day thickness of the Boskovice Basin sedimen-
tary fill is assumed to be less than 3,000 m (Šimůnek and 
Martínek, 2009).

The basin depocentre is divided into the southern Rosice-
Oslavany Sub-basin and the northern Letovice Sub-basin 
(Havlena, 1964; Pešek et al., 2001). In the older southern 
sub-basin (Fig. 2), the sedimentation (Stephanian C – low-
er Autunian = late Ghzelian – early Asselian) started by 
the Balinka and Rokytná conglomerates, followed by de-
posits of the Rosice-Oslavany and Padochov formations. 
Younger (lower–middle Autunian = Asselian) deposits of 
the Veverská Bítýška and Letovice formations fill the north-
ern sub-basin (Pešek et al., 2001; Pešek, 2004). There are 
two types of thick conglomerate sequence, produced by the 
accumulation of alluvial fan deposits along the margin of 
Boskovice Basin. The Rokytná Conglomerate evolved along 
the tectonically active eastern basin margin (Main Fault of 
the Boskovice Basin), whereas the Balinka Conglomerate is 
situated along the western margin.

Scarce volcanic activity is recorded mainly in the Rosice-
Oslavany Sub-basin. Dacites, andesites, trachyandesites, 
and basalts in the Boskovice Basin were described as dykes 
that cut sediments of the Rosice-Oslavany and Padochov 
Formation (Přichystal, 1993, 1994). Acid volcaniclastic rocks 
are present as up to 50 cm layers in the Rosice-Oslavany 
formations (Králík and Malý, 1987). U-Pb geochronology 
on single zircon crystals from a layer of volcaniclastic rocks 
near the top of the Rosice-Oslavany Formation provided an 
age of 298.88 ± 0.09 Ma (Opluštil et al., 2017).

The study area (Fig. 2) is situated along the western 
edge of the Rosice-Oslavany Sub-basin between Rakšice 
near Moravský Krumlov and Oslavany (Havírna-Balinka).  
The basal Balinka Conglomerate here is covered by sand-
stones and mudstones of the Rosice-Oslavany and Padochov 
formations.

The Balinka Conglomerate (Suess, 1907) in the study 
area is a basal member of the coal-bearing Rosice-Oslavany 
Formation (Upper Carboniferous). It is separated from the 
underlying crystalline rocks by a sharp and irregular base, 
usually a few metters thick and may show upward and lat-
eral transitions into arkosic sandstones (Jaroš, 1961). It may 
be locally developed as breccia at the base with a rapid up-
ward transition into the predominant conglomerate, which 
indicates that weathering and talus slope development were 
simultaneous with the early stages of alluvial fan sedimen-
tation (Went, 2005). 

Dominant angular clasts (paragneisses, orthogneisses, 
migmatites, mica-schists, phyllites, quartzites, and quartz) 
originated from nearby geological units. Granulites, aplites, 
marbles, pyrope- and talc-rich serpentinites are rare (<4%). 
The rounded to angular and subangular pebbles reveal ei-
ther longer transport duration with a greater role of stream 
flows or they indicate redeposition (Hršelová et al., 2021). 
The matrix consists of quartz and K-feldspars, Na-rich 

Fig. 1.	 Position of the Boskovice Basin in the eastern part of the 
Bohemian Massif and its relation to limnic Permian-Carboniferous 
sediments. The study area lies between Rosice and M. Krumlov 
(see Fig. 2).
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Fig. 2.	 Geological situation in the southern part of the Boskovice Basin with position of the studied localities (modified according to 
Malý, 1993).

plagioclases, strongly chloritized and hematitized biotite, 
muscovite, illite/smectite, and clasts of metamorphosed, 
sedimentary, and igneous rocks. The heavy mineral associa-
tion (> 0.10 mm) consists of variable amounts of garnet, zir-
con, tourmaline, Cr-rich spinelides, magnetite, and ilmenite 
(Hršelová et al., 2018, 2021). 

Similar conglomerate also occurs in several higher ho-
rizons in the Upper Carboniferous coal-bearing psammitic 
sedimentary sequence (Malý and Uhrová, 1962, 1980). The 
Balinka Conglomerate is completely devoid of fossils. 

The Upper Carboniferous Rosice-Oslavany Formation 
(Havlena, 1964; Opluštil et al., 2016) consists of red to grey 
sandstones and mudstones with various intercalations of the 
Balinka Conglomerate lithotype, coal-bearing mudstones, 

coal, and volcaniclastic rocks (Šimůnek and Martínek, 
2009; Opluštil et al., 2017). 

The overlying brown-red sandstones, arkoses, and 
aleuropelites of the Padochov Formation (lower Permian) 
form the dominant lithofacies of the subbasin. Grey pelites, 
sporadic micritic limestones, and some bituminous shales 
or marls are rich in fossils (Zbýšov and Rosice horizons, 
Opluštil et al., 2017). 

Representative conglomerates were collected from out-
crops of the Balinka Conglomerate with a specific horizon, 
where the green I/S aggregates are clearly present. The stud-
ied samples are oligomictic, well-cemented, matrix-sup-
ported conglomerates. The locations of the collection points 
are shown in Table 1.
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METHODS
Locality study and sample preparation

The Balinka Conglomerate was investigated macroscop-
ically and in thin sections for the composition of the pebble 
fractions (8–64 mm; 100 fragments from the area of 1 m2) 
and the matrix. Special attention was paid to chromium-con-
taining phyllosilicates and accessory heavy minerals. Heavy 
minerals (HM) were separated from 10 kg of conglomer-
ates by mechanical disintegration, sieving, and separation in 
acetylenetetrabromide (density 2.964 g/cm3 at 20 °C). Rock 
forming minerals were studied, both in thin section and pol-
ished epoxy mount. 

Electron-probe microanalysis (EPMA)

EPMA measurements  were performed with a Cameca 
SX-100 instrument at the Joint Laboratory of Electron 
Microscopy and Microanalysis of Masaryk University 
and the Czech Geological Survey (Brno, Czech Republic).  
The measurements were carried out in a wavelength-dis-
persive mode under the following conditions: accelerating 
voltage 15 kV, beam current 10 nA or 20 nA; beam diameter 
of 1 or 4 μm. The standards, X-ray lines, monochromators, 
counting times and detection limits used for phyllosilicates 
analysis are shown in Table 2. The raw data were correct-
ed, using the PAP correction (Pouchou and Pichoir, 1985).  
The abbreviations of the mineral names, used in the text, are 
according to Whitney and Evans (2010). 

X-ray powder diffraction (XRPD)

Mechanically separated green coatings of samples, col-
lected at five sites (Havírna-Balinka, Nový Svět, Oslavany, 
Moravský Krumlov, and Rakšice) were gently ground with 
mortar and pestle, dispersed in distilled water in 12 ml plas-
tic test tubes and subjected to repeated ultrasonic disinte-
gration and centrifugation. Three fractions of each sample 
were prepared and oriented mounts were created of them:  
< 2 μm, < 5 μm and the remaining coarse fraction (> 5 μm). 
The fraction < 2 μm was obtained in suspension by 750 rpm 
centrifugation for 3.3 min. The excess suspension was de-
canted. The same sample was dispersed in water again and 
centrifuged at 300 rpm for 3.3 min to obtain the particle 
size < 5 μm. The excess suspension was decanted again. 
The coarse > 5 μm sedimented fraction was pulverised in 

distilled water using a McCrone Micronising Mill and dis-
persed in a larger amount of water to create oriented mounts. 
The preparation of < 2 and < 5 μm fractions was carried 
out according to the Jackson procedure (1979) described by 
Moore and Reynolds (1997). Oriented specimens were pre-
pared on zero background silicon wafers and were primarily 
used to identify clay minerals. 

The XRPD analysis was conducted using a Panalytical 
X´Pert MPD PRO instrument with RTMS detector 
(X’Celerator) and Fe-filtered Co radiation (λKα1 = 0.178901 
nm) at Bragg-Brentano reflection geometry. The tube was 
powered at 40 kV and 30 mA. 2Θ range: 3.7–50 °2Θ for 
oriented mounts, step size: 0.033 °2Θ, time per step: 150 s, 
total scan duration: 1712 s. The analysis of oriented speci-
mens was performed after three procedures: 1) air-drying, 
2) saturation with ethylene glycol and 3) heating to 375 °C 
for 1 h. The data were processed with the Panalytical High 
Score 3 plus and Bruker AXS Diffrac plus EVA 2 software. 
ICDD PDF-2 and ICSD 2012 databases were used.

Ordering type (Reichweite) of illite/smectite was deter-
mined by the position of 002/003 reflection in EG treated 
samples (Jagodzinski, 1949). The illite content was estimat-
ed on the basis of the Δ2Θ value of 001/002 and 002/003 
reflections (Moore and Reynolds, 1997). 

K-Ar dating

Two samples (i.e., Oslavany and Rakšice) were dated by 
the K-Ar method. The potassium contents were measured, 
using a Sherwood Model 420 flame photometer. Radiogenic 
argon measurements were performed on an Nu Instruments 
Noblesse multicollector noble-gas spectrometer. The tanta-
lum foil-wrapped portions were melted by defocused 972 
nm infrared laser in a vacuum preparatory line. Gases ex-
tracted from the samples were cleaned by a titanium subli-
mation getter and then by two getter pumps. All the samples 
were melted for the second time, using the same procedure 
of measurement, but with a higher laser power. Pure 38Ar 
was used as the spike. The amount of the original aliquot 
of 38Ar spike was determined by measuring the internation-
al standard GLO (Odin, 1982), which are measured several 
times with every batch of samples. Age errors were calcu-
lated from the law of error propagation, taking into account 
the uncertainties of spectrometric measurement of argon 
isotopes, weighting, potassium measurements, normaliza-
tion of amount of 38Ar in spike based on dating of the GLO 

Locality Latitude Longitude  Underlying rock types

1. Havírna-Balinka 49°7′57.881′′N 16°19′59.901′′E mica schists, fine-grained gneisses, orthogneiss

2. Nový Svět 49°8′25.122′′N 16°20′13.960′′E mica schists

3. Oslavany 49°7′41.971′′N 16°20′3.271′′E pink orthogneiss, mica schist

4. Moravský Krumlov 49°3′2.948′′N 16°18′25.089′′E unknown 

5. Rakšice 49°2′17.739′′N 16°17′57.965′′E pink orthogneiss, serpentinite

Table 1

Position of the studied localities and the underlying rock types.
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standard and assessment of 40Ar/36Ar and 40Ar/38Ar ratios, 
measured every day for air aliquots.

RESULTS
Several minerals with an increased Cr content were found 

in the matrix of the Balinka Conglomerate. The most impor-
tant of these are angular green I/S aggregates, in which rel-
ics of Cr–rich spinelides (magnesiochromite, chromite and 
chromspinel) are located.

Chromium-rich illite/smectite and chlorite

Chromium-rich I/S forms intensive green irregular mas-
sive aggregates (Fig. 3), 5–20 mm in size. Relics of disinte-
grated and etched Cr–rich spinelides were also determined 
in several chromium I/S aggregates (Fig. 4B–D). The places 
for the determination of I/S composition were thoroughly 
checked in BSE, spots with a sufficiently large area of I/S 
without the visible presence of submicron admixture of 
spinelides were selected. 

The chemical composition (Tab. 3) of the phyllosilicates 
studied is similar to that of dioctahedral mica, with the gen-
eral formula I M2-3 □1-0 T4O10 A2, which includes micas defi-
cient in dioctahedral interlayer (I) of the illite group (Rieder 
et al., 1998).

Illite/smectite is close to the illite series nominal for-
mula K0.65Al2.0Al0.65Si3.35O10 (OH)2, with octahedral cation 
ratio VIR2+/(VIR2++ VIR3+) ≤ 0.25; VIAl/(VIAl+ VIFe3+) ≥ 0.6 
and the total of I cations 0.6–0.85 (Fig. 5A; Rieder et al., 
1998). The detailed study of Środoń et al. (2009) defined 
the chemical composition of pure illite: FIX0.95(Si3.25Al0.75)
(Al1.81Fe0.01Mg0.19)O10(OH)2.

Potassium (6.08–8.01 wt.% K2O; 0.508–0.698 apfu K) 
predominates over Ca (0.025–0.071 apfu) and Na (≤ 0.012 

apfu) in the I/S from the Balinka Conglomerate. The Al 
amount varies from 23.16 to 28.21 wt.% Al2O3. Aluminum 
dominates at the octahedral position M (1.335–1.627 apfu 
Al). There is usually more Mg (0.162–0.404 apfu) than Fe2+ 
(0.137–0.327 apfu) in I/S. The Cr2O3 contents vary between 
0.77–2.88 wt.% (0.040–0.153 apfu Cr). The contents of  
Mn (≤0.003 apfu), V (≤0.005 apfu), Ni (≤0.008 apfu), and 
Ti (≤0.006 apfu) are below or close to the detection lim-
it. The tetrahedral sheet contains 3.391–3.541 apfu Si and 
0.459–0.609 apfu Al. The A-position (OH) accommodates 
a small proportion of F (0.034–0.139 apfu). Representative 
results of EPMA measurements are presented in Table 3. 

Careful observation on BSE, in combination with EDS 
and WDS chemical microanalysis, revealed the local pres-
ence of Cr-bearing chlorite in a mixture with I/S. Chemical 
analysis of chromium-bearing chlorite indicated chemical 
variations, mostly in terms of Cr2O3 (2.92–0.01 wt.%) and 
FeOtot (17.27–27.14 wt.%). The presence of interlayer cat-
ions, such as Na, K and Ca (max. 0.69 apfu) in the chemical 
data, could be explained by the existence of a mixture of 
phases between chromium I/S and chlorite, causing com-
positional variations like those described by Morata et al. 
(2001) or Do Campo and Nieto (2005).

Phase analysis and identification of I/S structure

The dominant component of the studied samples in all 
separated fractions is interstratified clay mineral R1-illite 
(0.8)/smectite. It was identified on the basis of Méring´s 
principle (Méring, 1949), using oriented mounts (Figs 6, 7; 
Suppl. Figs 1–4). The broad basal reflection with a max-
imum at 11.3–11.4 Å in air dried samples, which splits 
between 12.1–12.5 Å and 9.5–9.6 Å reflections after EG 
treatment may be assigned to (001)illite/(001)EG-smectite 
and (001)illite/(002)EG-smectite, respectively. The 5.01(2)  

Element X-ray Monochormator Standard Counting time [s]
peak / background

Detection limit
[ppm]

F Kα PC1 topaz 20 / (2 × 10) 760

Na Kα TAP albite 10 / (2 × 5) 701

Mg Kα TAP Mg2SiO4 20 / (2 × 10) 317

Si Kα TAP wollastonite 10 / (2 × 5) 515

Al Kα TAP sanidine 10 / (2 × 5) 365

K Kα PET sanidine 20 / (2 × 10) 401

Ca Kα LPET wollastonite 20 / (2 × 10) 315

Ti Kα LPET anatase 20 / (2 × 10) 229

Cr Kα LPET chromite 20 / (2 × 10) 228

V Kα LLIF ScVO4 20 / (2 × 10) 442

Mn Kα LLIF spessartine 20 / (2 × 10) 502

Fe Kα LLIF almandine 10 / (2 × 5) 740

Ni Kα LLIF Ni2SiO4 20 / (2 × 10) 486

Table 2

Standards, X-ray lines, monochromators, counting times and detection limits used for phyllosilicates analysis.
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Fig. 3.	 Balinka Conglomerate; locality Oslavany. A. Green chromium-rich illite/smectite aggregates together with light K-feldspar clasts 
in the matrix of the conglomerate. B. Macrophotography of I/S aggregate filling the cavities between clasts in the Balinka Conglomerate. 
Photograph by J. Cága and R. Kummer.

Fig. 4.	 Microstructural relationships between newly formed and original minerals. A. An isolated chromium spinel grain with etch pits 
on the surface (Oslavany). B. Cr-spinel (Spl) replaced by chromium I/S (Ilt) and chlorite (Chl) (Nový Svět). C. Anhedral relic Cr-spinel 
enclosed in chromium I/S (Rakšice). D. Chromite (Chr) with chromium I/S and calcite (Nový Svět).
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Table 3

Representative results of EPMA measurements of Cr-rich illite.

71ra 72ra 47ba 80ns 79ns 55os 60mk 57mk 2os 64ra 1ba 2ba
wt.%

SiO2 52.05 52.62 53.46 52.02 52.54 52.62 52.54 52.77 52.52 53.34 52.76 50.21
TiO2 0.05 0.02 0.06 0.09 0.04 0.03 0.03 0.03 b.d. 0.02 b.d. 0.12
Al2O3 23.16 23.55 24.95 24.70 24.99 26.19 26.22 27.81 27.74 27.90 28.21 26.62
Cr2O3 2.88 2.25 2.09 1.96 1.76 1.43 1.14 1.06 0.89 0.77 1.37 2.41
V2O3 0.05 0.06 0.09 0.04 0.04 b.d. 0.03 0.01 0.06 b.d. b.d. b.d.
NiO 0.02 b.d. b.d. 0.02 0.08 b.d. b.d. b.d. b.d. 0.08 0.15 0.02
FeO 4.33 4.51 4.55 5.85 5.07 3.76 4.90 3.22 2.91 2.54 2.50 5.02
MnO 0.03 0.05 0.05 0.04 b.d. 0.01 0.03 b.d. b.d. 0.02 0.01 0.02
MgO 4.03 3.38 2.39 2.40 2.21 2.32 1.97 2.22 2.02 3.14 3.05 1.61
CaO 0.98 0.93 0.39 0.94 0.87 0.86 0.84 0.89 0.97 0.65 0.36 0.51
Na2O 0.01 0.06 0.03 0.09 0.04 0.06 0.06 0.04 b.d. 0.03 0.05 0.02
K2O 6.69 7.50 7.80 7.36 7.55 7.78 7.59 7.48 7.99 6.93 6.08 8.10
F 0.20 0.25 0.20 0.16 0.18 0.22 0.19 0.20 0.21 0.37 0.67 0.22
H2O * 4.36 4.35 4.43 4.41 4.41 4.42 4.43 4.48 4.45 4.43 4.26 4.34
O=F -0.08 -0.11 -0.08 -0.07 -0.08 -0.09 -0.08 -0.08 -0.09 -0.16 -0.28 -0.09
TOTAL 98.76 99.42 100.41 100.01 99.70 99.61 99.89 100.13 99.67 100.06 99.19 99.13

apfu
Si4+ 3.500 3.528 3.541 3.478 3.507 3.490 3.487 3.460 3.463 3.472 3.452 3.391
(IV)Al3+ 0.500 0.472 0.459 0.522 0.493 0.510 0.513 0.540 0.537 0.528 0.548 0.609
(VI)Al3+ 1.335 1.389 1.489 1.424 1.473 1.537 1.538 1.609 1.619 1.613 1.627 1.510
Cr3+ 0.153 0.119 0.109 0.104 0.091 0.075 0.060 0.055 0.046 0.040 0.071 0.129
Ti4+ 0.003 0.001 0.003 0.005 0.002 0.001 0.001 0.001 0.001 0.006
V3+ 0.003 0.003 0.005 0.002 0.002 0.002 0.001 0.003
Ni2+ 0.001 0.001 0.004 0.004 0.008 0.001
Fe2+ 0.243 0.253 0.252 0.327 0.283 0.209 0.272 0.177 0.160 0.138 0.137 0.284
Mn2+ 0.002 0.003 0.003 0.002 0.001 0.002 0.001 0.001 0.001

Mg2+ 0.404 0.338 0.236 0.239 0.220 0.229 0.195 0.217 0.199 0.305 0.298 0.162

Ca2+ 0.071 0.067 0.028 0.067 0.062 0.061 0.060 0.063 0.069 0.045 0.025 0.037
Na+ 0.001 0.008 0.004 0.012 0.005 0.008 0.008 0.005 0.004 0.006 0.003
K+ 0.574 0.603 0.598 0.628 0.643 0.658 0.643 0.626 0.672 0.576 0.508 0.698
F- 0.043 0.053 0.042 0.034 0.038 0.046 0.040 0.041 0.044 0.076 0.139 0.047
H+ 1.957 1.947 1.958 1.966 1.962 1.954 1.196 1.959 1.956 1.924 1.861 1.953
O2- 11.957 11.947 11.958 11.966 11.962 11.954 11.960 11.959 11.956 11.924 11.861 11.953
CAT SUM 8.747 8.731 8.685 8.777 8.747 8.733 7.977 8.713 8.724 8.651 8.542 8.784
AN SUM 12 12 12 12 12 12 12 12 12 12 12 12

Notes: ba – Havírna-Balinka, ns – Nový Svět, os – Oslavany, mk – Moravský Krumlov, ra – Rakšice. b.d. – bellow detection.
* Structural formulae were calculated by normalizing cation analyses to a theoretical structure containing O10(OH)2

Å reflection (air-dried) splits into 5.19 Å [(002)illite/(003)
EG-smectite] and 4.75 Å [(002)illite/(004)EG-smectite] 
reflections after EG treatment. The broad reflection at ca. 
3.3 Å (air-dried) shifts to 3.33–3.35 Å after EG-treatment 
and may be assigned to (003)illite/(005)EG-smectite here. 
I/S identification was confirmed by heating to 375 °C for  
1 hour leading to collapse of smectite layers and the re-
sult was a diffraction pattern similar to illite (Moore and 

Reynolds, 1997). Only insignificant differences in the il-
lite/smectite structure of the examined samples were 
found. The R1-ordering type (Reichweite) of I/S, deter-
mined by the position of 002/003 reflection in ethylene 
glycol treated samples, is the same for all of the localities. 
The illite content in I/S estimates, based on the Δ2Θ value 
of 001/002 and 002/003 reflections (Moore and Reynolds, 
1997), reaches ca. 80% (Tab. 4). 
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Sample
(001)I/(002)EG-S (002)I/(003)EG-S Δ °2Θ

(CuKα1)
Ordering 

type Illite (%)
d(Å)

°2Θ °2Θ
d(Å)

°2Θ °2Θ
(CoKα1) (CuKα1) (CoKα1) (CuKα1)

Havírna-Balinka 9.54 10.76 9.26 5.19 19.85 17.07 7.81 1 80
Oslavany 9.54 10.76 9.26 5.19 19.85 17.07 7.81 1 80
M. Krumlov 9.67 10.62 9.14 5.19 19.85 17.07 7.93 1 82
Nový Svět 9.63 10.66 9.18 5.19 19.85 17.07 7.89 1 81
Rakšice 9.63 10.66 9.18 5.19 19.85 17.07 7.89 1 81

Table 4

Position of the basal reflections of illite/EG-smectite used for illite in I/S percentage estimation.  
Diffractograms were measured with Co radiation, the reflection values for commonly used CuKα1 were calculated.

Fig. 5.	 Compositional variability of studied I/S. A. M2++ Si vs. M3+ + Al diagram. Representative illite and glauconite compositions 
are according to Rieder et al. (1998). The dashed line is the boundary between di- and trioctahedral micas (Ferenc et al., 2016). B. Linear 
correlation AlVI vs. (Mg + Fe + Cr + Mn) Randive et al. (2015). C. Correlation of Cr3+ and Al3+ in the octahedral position (Morata et al., 
2001). D. Si/Al vs. (K + Na + Ca) diagram showing dominant Tschermakitic substitution Randive et al. (2015).
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Lower amounts of other minerals were also found in the 
fine (< 2 and < 5 μm) fractions: smectite, mica (or illite) 
in Havírna-Balinka and Nový Svět, kaolinite in Balinka, 
Oslavany and Moravský Krumlov and goethite in all 
samples except of Moravský Krumlov (Figs 6, 7; Suppl.  
Figs S1–S4). At Havírna-Balinka and Nový Svět, the smec-
tite was identified on the basis of the (001) reflection, ex-
panding upon EG solvation (Suppl. Figs S1, S2). Higher-
order smectite reflections were not observed in the air-dried 
samples owing to low relative intensities and overlaps with 
I/S peaks.

No significant differences between the < 2 and < 5 μm frac-
tions within the individual sites appeared (Suppl. Fig. S5).  
Only the non-clay minerals were somewhat higher in the  
< 5 μm fractions. 

In the coarse > 5 μm fractions, variable percentages of 
other phyllosilicates and non-clay minerals were observed. 
These are mainly impurities; only chlorite occurs both in 
the green aggregate and in the surrounding rock. Quartz 
and mica or illite and goethite were identified in all sam-
ples. The mica content is the highest at Moravský Krumlov, 
where the (0 0 1) reflection may be clearly observed, despite 
the overlaps with I/S peaks. Plagioclase and K-feldspar are 
present in the Oslavany, Moravský Krumlov and Nový Svět 
samples. Except for Rakšice, carbonates (calcite predomi-
nates over dolomite) and chlorite are present in all samples. 
The highest chlorite percentage is developed in the Balinka 
sample. A low amount of kaolinite is found in the Rakšice 
sample. However, its presence in the other samples may not 
be excluded, owing to the overlap of (0 0 1) kaolinite with 
(0 0 2) chlorite reflection.

K-Ar dating of I/S

The K-Ar dates of the Oslavany and Rakšice <2 µm 
fractions are relatively consistent (Tab. 5). It is visible that 
only one melting by a defocused infrared laser was neces-
sary to remove practically all radiogenic 40Ar. The second 
melting contributed only <0.1% of the total radiogenic 40Ar. 
Both ages are lower Permian: Oslavany is of Kungurian 
(284.1 ± 7.7 Ma), and Rakšice is of Kungurian/Artinskian 
(276.3 ± 7.4 Ma) age.

DISCUSSION
Lithology of the Balinka Conglomerate  

and depositional conditions

The fossil record indicates relatively humid climat-
ic conditions of the Carboniferous sedimentation of the 
Balinka Conglomerate and the Rosice-Oslavany Formation 
(Šimůnek and Martínek, 2009; Opluštil et al., 2016). Variable 
values of the chemical index of alteration (CIA; Nesbitt and 
Young, 1984) for the matrix of the Balinka Conglomerate 
(Houzar et al., 2013; Buriánek et al., 2020; Hrdličková et 
al., 2020) from 33 to 58 indicate the rapid denudation by flu-
vial erosion rather than a variation in chemical weathering. 
The poorly sorted, coarse-grained Balinka Conglomerate is 
interpreted as the products of the mass flow in the alluvial 
fans (Nehyba et al., 2012). 

Variations in pebble petrography, pebble size and round-
ing, matrix content and the supply of material from local 
bedrock indicate transport over short distances. The chemi-
cal composition and petrography show that terrigenous clas-
tic material in the Balinka Conglomerate was derived from 
the rapid erosion of adjacent crystalline units and their pre-
vious Palaeozoic cover, located to the west of the Boskovice 
Basin. The clasts of the Balinka Conglomerate were trans-
ported over relatively short distances from the Moldanubian 
Zone (Gföhl Unit, Svratka Crystalline Complex) and 
Moravosilesian Zone (Olešnice and Bíteš units) crystalline 
complexes by palaeorivers (e.g., Suess, 1907; Malý and 
Uhrová, 1980). 

The chemical composition of the matrix of the Balinka 
Conglomerate with Cr-rich phyllosilicates (Houzar et al., 
2013) shows an elevated content of Cr (205 ppm) and Ni 
(48 ppm), compared to typical sandstones and conglomer-
ates (chemical composition of the matrix) of the Boskovice 
Basin (32–103 ppm Cr and 9–35 ppm Ni; Buriánek et al., 
2020; Hrdličková et al., 2020). The high Cr and Ni bulk con-
tents indicate an abundance of ultramafic rocks in the source 
regions of the studied sediments (Garver et al., 1996). 

Cr-rich spinelides (Cr-spinel, magnesiochromite, chro-
mite) are common accessory minerals in altered ultrabasic 
and basic rocks of Gföhl Unit of the Moldanubian zone ad-
jacent to the Boskovice Basin (Fig. 8; Weiss, 1966; Medaris 
et al., 2005, 2013; Hršelová et al., 2018). Some authors 

Sample % K2O Mass [mg] % K % 40Ar* Age Error

Oslavany  6.93  13.26  5.753 
91.1 276.1743 6.7273

0.7 0.1093 0.6365
SUM 276.28 7.36

Rakšice  6.78  10.55  5.628 

92.0 283.7837 7.2005

2.4 0.3070 0.4878

SUM 284.09 7.69

Table 5

Results of the K-Ar dating of two clay fractions of selected samples
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Fig. 6.	 Diffractograms (4–37 °2Θ) of air/dried, ethylene glycol solvated and 375 °C/1h heated oriented mounts of < 2 µm fraction of 
the Oslavany sample. Reflections of R1-illite(0.8)/smectite are marked in bold and d-values in Å are given for them. I/S – illite/smectite, 
Gth – goethite, Kln – kaolinite.
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Fig. 7.	 Diffractograms (4–37 °2Θ) of air/dried, ethylene glycol solvated and 375 °C/1h heated oriented mounts of coarse > 5 µm frac-
tion of the Oslavany sample. Reflections of R1-illite(0.8)/smectite are marked in bold and d-values in Å are given for them. Cal – calcite, 
Chl – chlorite, Dol – dolomite, I/S – illite/smectite, Kfs – K-feldspar, Pl – plagioclase, Mca – mica, Qz – quartz.
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(Maksimovic and Brindley, 1980; Oze et al., 2004) argued 
that Cr-rich spinelides are not a significant source of Cr, 
compared to silicates. However, in this case, chromium il-
lite/smectite are always spatially associated with relics of 
the Cr-rich spinelides (Fig. 4). Therefore, the present authors 
interpreted chromium-rich phyllosilicate angular aggregates 
as the replacement products of spinel-rich serpentinized 
peridotites clasts in the conglomerates (Hršelová et al., 
2018). Relatively low content of Cr was reported from py-
roxene and olivine in parental peridotites (up to 3 wt.% 
Cr2O3; Becker, 1997). Chromium-bearing green phyllosil-
icates, surrounding Cr-rich spinelides in source ultrabasic 
rocks, are absent (Medaris et al., 2005). The smaller part 
of Cr-rich spinelides could also be generated by weather-
ing of the Culmian greywackes and conglomerates partly 
underlying sediments of the Boskovice Basin in the south, 
which contain accessory chromium spinels (Čopjaková, 
2007).

Diagenetic conditions  
and chromium illite/smectite genesis

The surfaces of the studied Cr-rich spinelides show signs 
of etching of variable intensity (Fig. 4A). The chemical 
composition of the spinels corresponds mainly to spinel 
and chromite, while magnesiochromite is very rare and her-
cynite is absent; 9.80–56.73 wt.% Cr2O3; 11.41–57.31 wt.% 
Al2O3; 10.75–20.50 wt.% FeO and 8.84–19.22 wt.% MgO; 

no zoning in spinels was observed (Hršelová et al., 2018). 
It can be seen that while magnesiochromite is common in 
peridotites, it is almost absent in the Balinka Conglomerate 
(Fig. 8). Also, garnet grains are affected by post-deposi-
tional dissolution and locally pyrope garnet (1.45–3.35 wt% 
Cr2O3) is rimmed by calcite. Rarely, also chromium-bearing 
I/S can fill their fractures and pores (Hršelová et al., 2021).

In all the Balinka Conglomerate localities studied in the 
southern part of Boskovice Basin (see localities in Fig. 2), 
I/S is found in the form of angular aggregates in the con-
glomerate matrix and containing relics of Cr-rich spinelides. 
K/Ar dating of I/S shows that I/S is not transported from the 
primary ultrabasic rocks, but regarding age clearly diage-
netic and Lower Permian. In the north part of the Rosice-
Oslavany Sub-basin (Oslavany), the Balinka Conglomerate 
is lying below the Carboniferous–Permian boundary 
(Opluštil et al., 2017) and the I/S sample yielded K-Ar age 
of 276.3 ± 7.4 Ma (Tab. 5). In Rakšice (south part of the 
Rosice-Oslavany Sub-basin), the data indicate the K-Ar age 
of 284.1 ± 7.7 Ma, but the age of sediments is not precisely 
determined there. However, according to lithostratigraphy 
(the same situation as in Oslavany, i.e., basal conglomerate 
in the bedrock underlying grey mudstones with a small layer 
of black coal), an Upper Carboniferous age is also very like-
ly. Both datasets clearly prove that it is a diagenetic product 
of Permian age in the basal part of the basin.

On the basis of textural position, the chromium-rich I/S 
in the Balinka Conglomerate can be considered mostly 

Fig. 8.	 Primary occurrence of spinels in the adjacent Moldanubian Zone and comparison of spinel chemistry in the Balinka Conglomerate. 
A. Serpentinite occurrences in Gföhl Unit surrounding the Boskovice Basin. Serpentinized spinel (±garnet) type is defined modified after 
Weiss (1966) and Medaris et al. (2013). B. Compositions of the chromium-bearing spinels in the heavy mineral assemblage of conglom-
erates in the Boskovice Basin and peridotites from the adjacent Gföhl Unit including two subtypes of spinel (±garnet) Mohelno type 
peridotites (see Medaris et al., 2005; Hršelová et al., 2018, for explanations).It can be seen that, while magnesiochromite is common in 
peridotites, it is almost absent in the Balinka Conglomerate.
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authigenic. The typical feature is its occurrence, restricted to 
relic chromium spinel and chromite, and it forms irregular 
aggregates (Fig. 4) in the fine-grained matrix, composed of 
clays, Cr-bearing chlorites Cr2O3 (≤ 2.92 wt.%) and carbon-
ates. For this reason, the occurrence of these I/S can be used 
for lithostratigraphic correlation in BB.

Chromium-rich spinelides are relatively resistant heavy 
minerals. However, they can be affected by an incongru-
ent dissolution during low-grade hydrothermal alteration, 
weathering and diagenesis, and Cr can be mobilized as Cr6+ 
ion (e.g., Hounslow 1996; Oze et al., 2004; Garnier et al., 
2008). Hexavalent Cr migrates easily, especially if fluids 
contain CO3

2-, SO4
2-, Cl- or organic compounds. In the re-

duced form, Cr3+ is preferentially absorbed to the Fe3+ ox-
ides and only to a limited extent enters the phyllosilicates 
(e.g., Quantin et al., 2002; Garnier et al., 2008; Ajouyed et 
al., 2011; Arai and Akizawa, 2014; Rosales et al., 2017). 

Chromium-rich phyllosilicates can be formed during the 
reaction of Cr-rich spinelides with clay-size silicates and 
metamorphic fluids (Kimball, 1990; Barnes, 2000; Barnes 
and Roeder, 2001; Oze et al., 2004; Mellini et al., 2005). 
Chromium-rich I/S is a relatively rare secondary mineral, 
which has been described only from geochemically specific 
environments, e.g., altered ultramafic rocks (Ferenc et al., 
2016, Belogub et al., 2017).

It is likely that chromium first may have been bound in 
smectite and during illitization (increase in Al, K and de-
crease in Fe, Mg, and Cr; Fig. 5) may also have entered 
illite (Tab. 2). Chromium can replace surface Al-octahedra 
by paired Cr3+ octahedra, incorporation of Cr3+ into the illite 
structure is also possible (Hao et al., 2022). 

Illite could be formed in sedimentary basins from ka-
olinite and K-feldspar at temperatures ca. 150–200 °C 
(Cathelineau and Izquierdo, 1998; Ji and Browne, 2000; 
Lanson et al., 2002; Inoue et al., 2004). The illite content 
in the Balinka Conglomerate I/S of ca. 80%, which was 
estimated on the basis of the measured XRPD data and 
according to Moore and Reynolds (1997), corresponds to  
110–130 °C by Horton (1985). But in the same work, a sig-
nificantly higher temperature range (150–190 °C) indicated 
I-S with 80%. A higher temperature of ca. 180 °C of il-
litization, based on the 80% of illite in I-S, also was sug-
gested in other works (Pollastro, 1993; Šucha et al., 1993). 
Chromium-rich illite and mixed I/S are reported from low-
grade metamorphic and hydrothermal P-T conditions of  
≤ 0.5 kbar at ca. 130–160 °C, and > 0.5 kbar at ca. 200–300 °C  
(Maksimovic and Brindley, 1980; Higueras et al., 1999; 
Morata et al., 2001). 

Temperatures of 215–230 °C were reported from vitrin-
ite-reflectance measurements from the overlying coal-bear-
ing Rosice-Oslavany formation of the southern part of the 
Boskovice Basin (Šafanda and Malý, 1994; Franců et al., 
1998; Holzer, 2018). Owing to the assumed burial depth of 
the sediments (ca. 2.5–4.0 km), the conditions for the for-
mation of the I/S lie on the border of diagenesis and hy-
drothermal processes in the Boskovice Basin (Franců et al., 
1998; Hršelová et al., 2021). Small hydrothermal veins of 
calcite and barite occur in places in the studied conglom-
erates, but they completely lack I/S (Houzar and Hršelová, 
2016). Volcanic rocks in the Boskovice Basin were affected 

by similar alteration, with homogenization temperatures of 
up to 128 °C and low- to moderate-salinity aqueous fluids 
(4–6 wt.% NaCl eq.). This hydrothermal alteration is proba-
bly temporally related to volcanic activity in the Boskovice 
Basin (Kratinová, 2009), which was dated directly at the 
Carboniferous/Permian boundary, i.e., 298.88 ± 0.09 Ma 
(Opluštil et al., 2017). 

Chromium-bearing chlorite is also present and is asso-
ciated with the studied I/S. Its origin is not contradicted by 
the temperature conditions of the Balinka Conglomerate 
studied (Šafanda and Malý, 1994). Situations similar to the 
studied associations of chromium-bearing chlorite and I/S 
have also been reported in listvenites (Morata et al., 2001; 
Randive et al., 2015). Also, in this case, the formation of 
illite-smectite is interpreted as a polyphase process, where 
early hydrothermal alteration of the primary Cr-rich spinels 
produced Cr-rich chlorite and fuchsite. Subsequently, during 
the low-temperature second stage of alteration (270 °C), 
illite-smectite partially to completely replaced the Cr-rich 
chlorite and fuchsite (Morata et al., 2001). Alternatively, 
Lanson et al. (2009) described the origin of the I/S and chlo-
rite as several steps of smectite transformation, depending 
on the depth of burial at a low temperature. 

CONCLUSIONS

This paper is focused on the mineralogical and structural 
characteristics of the lower part of the sedimentary sequence 
of the Boskovice Basin (eastern part of the Bohemian 
Massif). The occurrence of accumulations of green angu-
lar chromium phyllosilicates (several mm in diameter) is 
restricted to only the basal Balinka Conglomerate, under-
lying coal seams of the Rosice-Oslavany Sub-basin of the 
Upper Carboniferous. Textural evidence indicates that the 
Cr-rich phyllosilicates are products of the diagenetic trans-
formation of Cr-rich oxyspinels and associated silicates 
(e.g., serpentine group) at temperatures of about ca. 110–190 
°C, accompanied by K+ activity, with Cr6+ in hydrothermal 
solutions. The dominant component of these accumulations 
of chromium-rich phyllosilicates is interstratified clay min-
eral R1-illite(0.8)/smectite (I/S). It is associated with car-
bonates (dolomite, calcite), anhedral (corroded) relics of 
Cr-rich spinelides, and Cr-rich chlorite rarely. Chromium 
I/S was formed mainly owing to the dissolution of Cr-rich 
spinelides (especially magnesiochromite). 

The formation of clay chromium I/S was contem-
poraneous with elevated geothermal activity near the 
Carboniferous–Permian boundary (284.1 ± 7.7 and 276.3 ± 
7.4 Ma). 
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