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The dolomites altered to dolomite-illitic rocks were found accompanying marcasite-pyrite-hematite mineralization within the
Middle Devonian carbonate rocks in the eastern part of the Holy Cross Mts. (Poland) in the fault zones and their close vicin-
ity. The alteration consist of dolomite recrystallization and replacement by illite, accompanied by small amounts of silica,
K-feldspars and disseminated pyrite or hematite. The final product of dolomite replacement by illite are massive, dolo-
mite-illitic rocks unevenly distributed within the unaltered dolomites or in fault breccia. They form irregular metric-sized
nest-like bodies most often with blurred boundaries, or in some places sharp delineated veins and lenses. lllite crystallinity,
demonstrates its hydrothermal origin. Altered rocks are characterized by elevated contents of REE, Rb, and sometimes
other trace metal (Zr, Ti, Zn, U, Th, Ba and al.), compared to unaltered dolomites. The enrichment in REE, Zr and Ti implies
their mobility in hydrothermal solutions. The lamprophyre intrusions present in the close vicinity may be considered as the
probable source of potassium rich hydrothermal fluids. The peculiar features of dolomite-illitic rocks such as: their composi-
tion and occurrence close to the sulphide and hematite mineralization, allow supposing, that they may be a guide to deeply
seated unknown ore deposits.
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INTRODUCTION

In the Holy Cross Mts. a peculiar replacement of Middle De-
vonian dolomites by illite was noticed. It have led to the forma-
tion of irregular bodies of dolomite-illitic rocks. Their widespread
appearance, within tectonically disturbed dolomites close to
marcasite-pyrite-hematite mineralization, the irregular mode of
occurrence, mineral composition, petrographic features and
trace element content may be related to the specific hydrother-
mal rock alteration, and may be considered as a possible guide
to the hidden hydrothermal ore deposits. Below we present the
preliminary study of these uncommon dolomite-illitic rocks.

Hydrothermal argillaceous rock alteration is a well-recog-
nized phenomenon accompanying ore deposits within igneous
and metamorphic alumosilicate rocks. It is seldom reported in
carbonate rocks. Lovering and Shepard (1960) observed and
studied this type of alteration in the Tintic (Utah, US) ore de-
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posit, where dolomite, near the contact with argilized quartz rhy-
olite (latite), was replaced partly by fluorite accompanied by
kaolinite and diaspore and at some distance by smectite-illite.
Clay minerals appearing within the aureole of the ore deposits
located in carbonate rocks are considered as a residual prod-
ucts of carbonate removal, e.g. by hydrothermal karstification.
Their transformations to the well-ordered varieties (Heyl et al.,
1964) or reprecipitation (Mattoussi Kort et al., 2008) are re-
ported. Clay minerals that may be the direct hydrothermal prod-
uct are rarely noticed. Hosterman et al. (1964) suggested a hy-
drothermal formation of illite in the aureole of the Mississippi
Valley zinc—lead deposits. In the Krakéw-Silesian zinc-lead
MV-type deposit, small quantities of allophane were found (Bak
and Niec, 1979). Haloysite, cementing marcasite breccia (Niec,
1968) and chlorite accompanying dolomite and siderite veins
were observed (Logters, 1944; Nie¢, 1968) at the iron sulphide
deposit at Rudki (Holy Cross Mts., Poland). The replacement of
dolomites by clays in this deposit was also supposed but not
sufficiently documented (Jaskdlski et al., 1953). Dickite associ-
ated with Fe, Zn, Pb sulphides and vein carbonates was ob-
served (Chlebowski and Rubinowski, 1970) within the fractured
Middle Devonian dolomites at the Holy Cross Mts. near the
tagow village.
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Fig. 1. Location of registered places of occurrence of dolomite-illitic rocks in the Holy Cross Mts.
(geological map after Konon, 2006)

Migaszewski (1990, 1991) was the first who observed the
occurrence of irregular or lenslike bodies of clay accumulation
within the Devonian dolomites in the western Holy Cross Mts.
and suggested their hydrothermal origin. He also noticed the
occurrence of dolomite-clayey rocks and named them “hybrid
dolomites” (Migaszewski, 1990). They are grey-greenish or
reddish rocks, fine to coarse grained with disseminated fine py-
rite. They are composed of euhedral dolomite rhombohedra
surrounded by clay minerals. Based on the oxygen isotope
study, he has demonstrated hydrothermal origin of such rocks
(Migaszewski, 1990), and supposed their formation due to the
synsedimentary smockers activity. The nature of clay minerals
was not defined.

In the southeastern part of the Holy Cross Mountains similar
rocks, composed of dolomite and illite as the main constituents,
have been found (Nie¢ and Pawlikowski, 2015) in three distant
active quarries, located in Wszachow, Piskrzyn and Budy
(Fig. 1). They accompany iron sulphide-hematite mineraliza-
tion. The mode of their occurrence suggests that they are the
product of recrystallization of dolomite and replacement by illite.
Due to the advancement of quarry operations for dolomite, the
replacement of dolomite by illite was found widespread. De-
tailed observation of the mode of occurrence of dolomite-illitic
rocks, and their petrographical and geochemical study, pre-
sented below, allow discuss their possible origin. The peculiar
petrographic features and mineral composition of the dolo-
mite-illitic rocks and their widespread occurrence allow us also
to propose colling them “dolillites” instead of previous “hybrid

dolomite” applied by Migaszewski (1990). Such rocks observed
in various distant sites in the Middle Devonian dolomites, but al-
ways within and close to the sulphide-hematite ankerite miner-
alized fault zones, merit attention as a peculiar accompanying
ore wall-rock alteration, and a possible guide to the hidden ore
deposits.

STUDY MATERIAL AND METHODS

The occurrence of dolomite-illitic rocks was observed fol-
lowing quarrying advancement during the past several years in
Wszachow, Piskrzyn and Budy (Fig. 1) and allowed sampling
for petrographic and geochemical investigations. The basic
standard petrographic and ore microscopy study, X-ray
diffractometric and chemical analyeis were performed.

The DRON 2.5 diffractometre with monochromatic CuKa
radiation was applied in the diffractometric study. The mineral
composition was determined with the use of XRYAN program.

Determination of minute mineral inclusions was carried out
using a FEI QUANTA 200 FEG scanning electron microscope.

The chemical analysis were performed in the Acme Labs
Laboratory (Tables 1-3). About 1 kg samples were crushed to
2 mm-size grains and, after homogenization; 250 g were pul-
verized up to 75 ym grain. For the analytical procedure, 0.5 g
was decomposed by lithium borate fusion and aqua regia and
then analysed by ICP-ES/MS following the LF 200 and A 200
Acme Labs standard procedures.
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Table 1
Chemical analysis of samples from Budy Quarry
Samples**

1 2 3 4 5 6 7 8 9 10 11 12 13
SiO, 1.59 3.39 17.47 4.21 4.56 6.88 7.19 11.57 20.16 31.17 10.78 1.55 11.01
Al,O3 0.25 0.88 4.43 0.48 0.64 1.34 2.58 3.23 5.82 10.56 3.28 0.71 4.98
Fe,03~ 0.15 0.43 2.27 0.37 0.41 0.52 1.19 1.27 2.42 2.92 1.32 20.79 45.64
MgO 0.72 0.96 15.35 | 19.85 | 19.59 | 19.15 | 184 16.03 13.42 10.56 15.71 14.78 3.2
CaO 53.52 | 52.37 22.23 | 28.58 | 28.43 |27.33 | 26.59 25.9 21.59 15.02 26.05 22.92 3.79
Na,O 0.01 0.04 0.05 0.03 0.03 0.04 0.04 0.04 0.05 0.08 0.04 0.02 0.04
KO % 0.07 0.39 1.61 0.13 0.17 0.37 0.73 1.14 1.99 3.78 1.17 0.14 1.39
TiOy 0.01 0.04 0.21 0.02 0.03 0.07 0.13 0.15 0.3 0.44 0.13 0.03 0.26
P20s <0.01 | <0.01 0.05 | <0.01 | <0.01 0.01 0.02 0.05 <0.01 0.12 <0.01 <0.01 <0.01
MnO <0.01 0.01 0.08 0.04 0.04 0.02 0.07 0.02 0.03 0.02 0.02 0.09 0.05
Cr,03 <0.002 | <0.002 0.004 | <0.002 | <0.002 | 0.002 | 0.003 0.003 0.006 0.009 0.004 <0.002 0.013
S <0.02 0.36 0.03 | <0.02 | <0.02 0.1 0.26 <0.02 <0.02 0.03 0.03 0.07 35.54
Sc <1 <1 4 <1 <1 1 2 3 6 10 3 <1 5
Ba 9 23 83 11 11 28 47 47 79 188 52 43 89
Co <0.2 2.3 3.2 0.8 0.9 7.4 1.8 2.3 2.3 6.1 2.6 5.6 151.3
Cs 0.1 0.7 2.9 0.2 0.4 0.5 1.1 2.6 4.9 7.7 2.6 0.6 3.9
Ga <0.5 <0.5 5.0 <0.5 0.5 1.8 2.7 5.2 7.3 13.9 4.3 0.7 5.4
Hf <0.1 0.2 1.3 0.1 0.3 0.4 0.6 0.7 2 1.7 0.5 <0.1 1.6
Nb 0.2 0.5 3.5 0.3 0.5 1.2 2.6 3 5.4 8.3 2.5 0.3 4.6
Rb 2.5 10.5 54.5 3.6 5 10.5 20.7 44 .4 80.5 140.5 47.5 4.4 50.7
Sr 215.7 | 3347 | 99.5 78.7 77.3 93.1 88.4 119.1 114.8 106.5 128 58 25.9
Th 0.2 0.6 3.4 0.3 0.5 0.9 1.9 2.1 4.7 6.3 2 0.3 3.9
U 0.7 5.8 2.1 0.9 0.7 2.1 2.9 1.8 1.6 2.9 0.8 5.3 5.2
Vv <8 22 32 <8 8 17 21 26 43 87 22 45 232
Zr 3.3 6.8 51.8 5.1 8.2 17.9 33.3 19.8 65.4 62.7 17.6 5.6 53.9
Mo 0.1 2.4 0.3 0.1 0.1 5.2 0.2 0.1 0.1 <0.1 <0.1 3.5 57.9
Cu 0.7 8.7 2.1 0.6 0.7 4.4 1.5 3.5 1.4 4.5 1.2 1.3 381.8
Pb 0.4 16.3 5.9 0.6 0.9 4.8 2.2 2.6 3.7 21.6 16.6 10.4 220.2
Zn 3 69 47 7 10 4 15 10 11 27 7 649 159
Ni ppm 1.3 8.1 13.2 2.6 2.7 4.5 6.5 5.1 12.5 30.7 7.5 27 144.6
As <0.5 13.1 10.6 0.8 <0.5 7 4.3 4.8 5.6 6.6 1.3 106.2 195.4
Se <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.7 7.7 5.2 <0.5 8.4
Y 1.2 2.7 8.8 2.5 2.9 4.5 4.7 5.3 7.5 14.2 6.2 2.6 3.6
La 1.5 3.4 14.0 2.5 2.6 5.4 6.3 8.2 12.5 19.8 8.5 2.6 9.6
Ce 1.8 7.2 29.1 5.2 5.9 10.9 13.2 171 23.5 43 16.7 6.2 14.3
Pr 0.22 0.80 3.23 0.64 0.69 1.18 1.47 1.94 2.75 5.08 1.79 0.66 1.53
Nd 0.9 3.1 11.2 2.4 3 4.7 5.8 6.9 9.9 19.9 6.6 2.7 5.2
Sm 0.12 0.55| 2.16 0.57 0.55 0.81 1.09 1.37 1.82 3.84 1.42 0.52 0.86
Eu 0.04 0.12 | 0.43 0.11 0.12 0.19 0.2 0.3 0.43 0.77 0.27 0.12 0.14
Gd 0.21 0.52 1.89 0.56 0.63 1.14 1.09 1.29 1.89 3.48 1.39 0.57 0.59
Tb 0.04 0.08 | 0.30 0.08 0.09 0.16 0.15 0.2 0.25 0.5 0.2 0.08 0.11
Dy 0.15 0.46 1.77 0.47 0.37 0.82 0.85 1.13 1.51 2.62 1.04 0.34 0.71
Ho 0.03 0.09 | 0.37 0.1 0.1 0.19 0.2 0.23 0.26 0.57 0.23 0.09 0.15
Er 0.05 0.27 | 0.97 0.24 0.3 0.56 0.52 0.56 0.85 1.61 0.65 0.29 0.4
m <0.01 0.04 | 0.14 0.03 0.04 0.07 0.1 0.09 0.13 0.23 0.09 0.04 0.07
Yb 0.07 0.23 | 0.87 0.23 0.3 0.44 0.61 0.6 0.92 1.55 0.59 0.11 0.58
Lu <0.01 0.03| 0.14 0.03 0.04 0.07 0.07 0.08 0.14 0.22 0.1 0.02 0.09

* as total Fe; ** samples: 1, 2 — limestones, 3 — dolomite brecciated in the fault zone, 4—6 — dolomite, 7 — dolomite average from borehole, 8—10 — dolillite, 11 —
dolillite in the fault zone, 12 — dolomite replaced by hematite, 13 — dolomite replaced by marcasite
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Table 2
Chemical analysis of samples from Piskrzyn Quarry
Samples™*
1 2 3 4 5 6 7 8 9 10 11
SiO, 1.75 6.48 12.43 9.56 12.31 10.04 n.d. n.d. n.d. 1.03 2.69
SiO, 0.25 1.89 4.12 2.62 3.33 2.88 0.11 0.09 0.08 0.22 0.88
Al,O3 0.12 0.88 1.39 1.00 1.32 0.96 1.06 1.99 1.06 1.49 18.26
Fe,O3* 20.29 18.96 15.64 16.28 15.46 17.96 9.51 9.55 10.40 19.16 14.08
MgO 30.37 27.74 24.70 26.59 25.08 26.83 26.50 27.53 25.91 31.10 22.86
CaO % 0.03 0.04 0.04 0.04 0.04 0.07 0.01 0.01 0.02 0.03 0.03
Na,O 0.08 0.78 1.53 0.95 1.25 0.54 0.02 0.01 0.02 0.06 0.28
K20 0.01 0.09 0.20 0.11 0.16 0.14 <0.002 0.00 0.00 0.01 0.04
TiO, 0.01 0.02 0.11 0.04 0.03 0.04 n.d. n.d. n.d. 0.01 0.01
P,05 0.03 0.05 0.02 0.12 0.09 0.10 0.26 0.21 0.25 0.34 0.08
MnO <0.002 0.003 0.003 0.002 0.00 | <0.001 0.0004 0.00 0.0001 0.00 0.00
Cr;0; 0.03 0.40 0.61 0.08 0.04 0.10 <0.05 <0.05 0.11 0.04 14.10
Sc <1 2 4 2 3 1 1 0 1 1
Ba 7 33 67 39 64 47 10 15 7 13 16
Co 0.4 2.7 3.7 1.4 1.4 4 1.1 1.6 6.3 1.7 6.9
Cs 0.3 1.4 3.3 2.6 3.9 1.9 <0.1 <0.1 <0.1 0.2 1.0
Ga <0.5 1.5 5.4 3.5 3.5 34 <0.5 <0.5 <0.5 0.1 3.2
Hf 0.1 0.4 0.9 0.4 0.6 0.5 0.2 0.1 <0.1 0.1 0.2
Nb 0.3 1.3 4.6 1.8 2.7 2.5 0.6 0.3 0.3 0.2 1.3
Rb 2.4 26.1 56.3 35.5 42.4 36.5 1.7 1.4 1.4 2.1 9.1
Sr 98.9 82.0 113.3 102.9 98.4 82.3 61.6 63.9 72.4 98.2 91.2
Th 0.2 1.4 3.2 1.5 2.1 2.2 0.5 0.4 0.3 0.2 0.6
U 0.7 3.4 3.2 1.6 2.2 1.6 0.3 0.3 0.5 0.3 0.6
\ <8 13 22 26 30 19 n.d. n.d. n.d. 8 14
Zr 4.1 13.6 33.6 13.9 23.3 18.6 5.1 4.4 2.8 3.0 6.3
Mo 0.4 0.6 0.3 n.d. n.d. n.d. 0.4 0.7 0.1 n.d. n.d.
Cu 0.9 5.2 5.1 0.9 1.1 n.d. 7.3 8.3 5.6 6.5 25.4
Pb 0.9 28.4 7.4 1.2 2.1 n.d. 1.9 1.9 1.1 2.2 382.2
Zn 7 33 38 36 11 n.d. 833 834 206 237 215
Ni PP ™5 5 7.6 10.3 4.0 3.6 n.d. 8.8 9.6 2.9 48 21.7
As <0.5 6.0 2.9 0.7 1.3 n.d. 4.1 3.9 2.1 2.2 12.5
Y 1.0 3.1 10.5 4.1 5.5 5.2 4.4 4.1 1.9 1.9 3.9
La 1.0 4.7 14.6 6.4 8.3 6.9 2.5 2.5 1.5 1.6 4.5
Ce 1.6 7.9 31.4 11.1 14.1 13.5 4.2 4.7 2.6 2.5 8.5
Pr 0.21 0.95 3.72 1.31 1.57 1.57 0.59 0.64 0.34 0.33 1.08
Nd 0.6 3.5 15.3 4.2 5.8 6 2.5 2.6 1.4 1.2 3.6
Sm 0.14 0.66 2.64 0.77 1.04 1.17 0.5 0.51 0.24 0.30 1.02
Eu 0.04 0.13 0.62 0.14 0.31 0.26 0.11 0.1 0.06 0.05 0.30
Gd 0.19 0.56 2.54 0.79 0.94 1.05 0.52 0.58 0.24 0.42 1.46
Tb 0.02 0.09 0.39 0.12 0.14 0.15 0.09 0.09 0.04 0.05 0.13
Dy 0.10 0.57 2.27 0.61 0.80 0.86 0.59 0.53 0.28 0.12 0.66
Ho <0.02 0.11 0.40 0.14 0.24 0.19 0.11 0.1 0.05 0.06 0.12
Er 0.09 0.28 1.15 0.50 0.51 0.62 0.31 0.31 0.16 0.14 0.35
m <0.01 0.05 0.16 0.06 0.08 0.08 0.03 0.04 0.02 0.02 0.07
Yb 0.10 0.31 1.03 0.42 0.49 0.46 0.24 0.25 0.1 0.10 0.33
Lu <0.01 0.04 0.16 0.04 0.09 0.07 0.03 0.03 0.02 0.02 0.06

* as total Fe; ** samples: 1 — dolomite, 2—6 — dolillite, 7,8 — dolomite with limonite veinlets, 9,10 — dolomite impregnated by hematite, 11 — dolo-
mite replaced by marcasite; n.d. — not determined
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Table 3
Chemical analysis of samples from Wszachéw Quarry
Samples**

1 2 3 4 5 6
SiO, 0.26 2.86 6.87 9.9 19.1 44.06
SiO, 0.08 0.87 1.31 2.6 4.29 13.62
Al,O3 0.09 0.41 0.77 1.72 1.84 5.36
Fe,O3* 20.94 19.54 17.31 13.92 14.53 6.69
MgO 31.83 30.33 29.57 31.68 23.5 8.14
CaOo % 0.02 0.03 0.03 0.03 0.05 0.08
Na,O 0.02 0.25 0.42 0.87 1.4 4.5
K20 <0.01 0.04 0.07 0.13 0.19 0.59
TiO, <0.01 0.02 <0.01 <0.01 0.01 0.19
P,05 0.02 0.03 0.09 0.18 0.15 0.09
MnO <0.002 <0.002 <0.002 0.003 0.004 0.012
Cr,03 <0.02 0.03 <0.05 0.04 0.24 0.4
Ba 6 24 43 81 59 200
Sc <1 1 1 3 4 13
Co <0.2 1.4 0.8 2.6 1.2 7.3
Cs <0.1 0.3 0.7 2.1 4.3 13.2
Ga <0.5 <0.5 1.1 2.9 5.3 18.2
Hf 0.1 0.3 0.3 0.8 0.9 2.5
Nb 0.2 0.9 1.3 2.6 46 12.3
Rb 0.7 9 13.7 32.9 58.7 175.3
Sr 82.6 108.8 125.4 106.8 103.4 67.9
Th <0.2 0.7 1.1 2.1 3.1 8.9
U 1.1 1.2 1.1 0.8 2.5 7.5
V <8 11 16 28 31 95
Zr 4.4 9.9 11.8 29.4 41.6 90.8
Mo 0.2 0.5 <0.1 0.8 0.1 0.1
Cu 0.3 2 1.50 10 1 2.9
Pb 0.6 4.3 1.10 3.2 3 92.2
Zn 7 17 20.00 45 22 17
Ni ppm| 2.1 4 3.00 10.7 5.9 17.4
As <0.5 2.1 1.30 6.5 0.6 0.6
Se <0.5 <0.5 <0.5 <0.5 <0.5 27.6
Y 1.1 3.5 3.0 6.2 3.9 12.1
La 0.8 4 3.8 7.8 8.1 24.3
Ce 1.1 6.5 7.5 14 12.6 44.8
Pr 0.13 0.79 0.87 1.6 1.39 5.11
Nd 0.6 2.9 3.3 5.7 4.7 18.5
Sm 0.12 0.58 0.61 1.14 0.84 3.4
Eu 0.02 0.12 0.12 0.22 0.16 0.66
Gd 0.14 0.59 0.62 1.14 0.82 2.95
Tb 0.02 0.09 0.09 0.17 0.12 0.43
Dy 0.15 0.56 0.52 1.08 0.73 2.25
Ho 0.03 0.11 0.11 0.23 0.15 0.46
Er 0.08 0.31 0.29 0.62 0.5 1.32
Tm <0.01 0.04 0.04 0.08 0.08 0.19
Yb 0.08 0.3 0.25 0.56 0.46 1.33
Lu <0.01 0.04 0.03 0.08 0.07 0.2

* as total Fe; ** samples:

1 — dolomite, Upper Givetian, 2 — dolomite, Eifelian (average
crushed stone), 3 — weathered dolillite, 4, 5 — dolillite, 6 — illite vein
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GEOLOGICAL SETTING
OF DOLOMITE-ILLITIC ROCKS

The Holy Cross Mountains are located in central Poland.
They are the inlier of folded Paleozoic rocks emerging from sur-
rounding Permian. Mesozoic and Cenozoic deposits (Fig. 1).
The oldest Cambrian to Ordovician predominantly terrigenous
rocks are unconformably covered by Lower Devonian
siliciclastics (mostly quarzitic sandstones and shales) and Mid-
dle to Upper Devonian and Lower Carboniferous carbonates
(dolomites, limestones and marls). The phenomenon of the re-
placement of dolomite by illite was encountered in Middle and
Upper Devonian dolomites in the southern part of the Holy
Cross Mts. called the Kielce Unit (Fig. 1). Detailed studies were
carried out in the Wszachow, Piskrzyn and Budy quarries, lo-
cated in the southeastern part of the Holy Cross Mts. (Fig. 1),
near the great N-S-oriented transversal strike-slip faults dis-
secting the Paleozoic massif.

The Wszachow Quarry is situated in the eastern part of the
Kielce—t.agoéw synclinorium (northern part of the Kielce Unit),
on the southern limb of the Lagéw Syncline. It is located within
the Eifeilan, finely bedded, predominantly micritic dolomites,
and partly within the NE-SW-trending fault zone (Walczowski,
1968), which separate them from fine crystalline fossiliferous
Givetian dolomites, appearing to the east of the fault. The fault
zone, about 10-20 m wide is filled by irregular rotated blocks of
brecciated dolomites and dolomite-illitic rocks, partly ankeritic
and dedolomitized due to weathering near the ground surface.
The dolomite-illitic rocks are finely to medium-crystalline, with
green illite aggregates up to a few mm in size, of irregular shape
and distribution (Fig. 2). Both dolomite and ankeritic dolomites
are dissected by numerous variously oriented veinlets of crys-
talline dolomite, anketrite, dolomite-silica and illite-dolomite.
Their thickness varies from few millimetres up to locally 20 mm.
The irregular vein-shaped illite accumulation appears between
the blocks of dolomite illitic rocks. Within the exposed weath-
ered fault breccia some nests of boxwork limonite and hematite
suggest the existence of iron sulphides, which appears at
deeper levels of the quarry.

The Piskrzyn Quarry is also situated in the eastern part of
the Kielce—tagdéw synclinorium, on the southern limb of the
tagow Syncline close to the N-S-trending fault zone located
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eastward (Dowgiatto, 1974; Antoniuk et al., 2005). It is situated
within the Givetian finely to medium-crystalline dolomites, lo-
cally fossiliferous, with small coral bioherms. They are inten-
sively folded and faulted in front of a NWW-SEE-trending flex-
ure. Locally marcasite-pyrite and hematite mineralization ap-
pears here in the fractured and brecciated rocks, and limo-
nite-stained rocks are present near the surface (Nie¢ and
Pawlikowski, 2015).

The grey dolomites are irregularly, spotty transformed to
rose-greenish rock varieties. The bedding vanishes partly and
the conchoidal parting of rock fragments becomes characteris-
tic. llite replacing dolomite is the main constituent of such
rose-greenish rocks.

The Budy Quarry is situated on the southern slope of the
Klimontéw anticlinorium formed by folded predominantly Cam-
brian rocks (Fig. 1), near the transversal N-S-trending fault
zone occurring eastward (Romanek, 1977). It is located within
the Givetian limestones irregularly transformed to dolomites,
which predominate in the accessible part of the quarry. The
dolomitization is epigenetic (Narkiewicz, 1991, 2009). Lime-
stones occur here within the dolomites as isolated irregular met-
ric-sized relic bodies. The entire rock series is cut by
NWW-SEE and NNE-SSW faults, with the prominent
strike-slip component, and by accompanying smaller feather
faults. In the fault zones there are marcasite-pyrite and hematite
veinlets, irregular centimetric-sized accumulations and impreg-
nations. The most prominent is the NWW-SEE fault zone
oblique to the longitudinal quarry axis. It is about 10 m wide.
Within it, dolomites are intensively fractured and brecciated.
The dolomite breccia is cemented predominantly by illite, with
some dispersed hematite admixture and angular fragments of
finely crushed dolomite. Dolomite-illitic rocks appear in the side-
walls of faults and close to the marcasite-pyrite-hematite miner-
alization sites. Limonite occurs near the surface as a product of
oxidation of iron sulphides, that are present below at a depth of
about 40 m.

Dolomites which are transformed to dolomite illitic rocks in a
similar way as in the Piskrzyn, Budy and Wszachéw quarries
were formerly observed by Migaszewski (1990) in the Wietrznia
and Jozefka quarries in the western part of the Holy Cross Mts.
(Fig. 1), within the Upper Devonian (Fransian) dolomitized lime-
stones. That in the Jézefka Quarry is the most interesting.

Fig. 2. Irregular aggregates of illite (green spots) in dolomite Wszachow Quarry
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Fig. 3. Irregular spotted presence of dolomite-illitic rocks
(greenish) at the NWW-SEE fault zone, Budy Quarry

dil — dolomite-illitic rocks, dw — limestones replaced by dolomite

There, the dark grey micritic limestones in the sidewall of the
fault are completely replaced by coarse-crystalline “saccharo-
idal”’, creamy white, finely to medium-crystalline dolomite and
greenish-red iron sulphide and hematite impregnating dolo-
mite-illitic rocks. Such rocks were also recently noticed within
tectonically disturbed rock sequences in other dolomite quar-
ries between Wietrznia and Jézefka.

DOLOMITE-ILLITIC ROCKS (DOLILLITES)

MODE OF OCCURRENCE AND PETROGRAPHIC FEATURES

Dolomite-illitic rocks are distinguishable by their greenish or
greenish-rose colour or greenish irregular staining. They are
massive homogeneous and fine-grained. The conchoidal

Fig. 4. Spotted occurrence of dolomite-illitic rocks (greenish)
within the folded and faulted Middle Devonian dolomites,
Piskrzyn Quarry, mining level IV north

shape of the broken surface is their peculiar feature. They ap-
pear irregularly within the tectonically disturbed dolomites
(Figs. 3 and 4), close to the faults or within the fault breccia
(Figs. 5 and 6). They form variously shaped nests, lens-like or
vein-shaped bodies, with blurred, or less commonly sharp
boundaries subordinated to the bedding planes or fracture walls
(Figs. 7-9). In some places illite with dolomite or hematite ad-
mixture form veins, ten to twenty millimetre thick, filling fractures
(Fig. 10). The mode of occurrence of dolomite-illitic rocks is
clearly epigenetic to the host, unaltered, grey dolomites.

The transition from dolomite to dolomite-illitic rock is most
often gradual. It starts from microsparitic, partly recrystallized
grey dolomite with dispersed neo-formed dolomite rhombohe-
dra orirregular saddle dolomite aggregates with illitic matrix ap-
pearing in the interstitial space (Fig. 11). The increase in illite
content results in the formation of irregular greenish milimetric

Fig. 5. lllitic dolomite, Budy Quarry, mining level Il, north wall

A — dolomite-illitic rock in layers (dil) and breccia (br), B — hematite veinlets in dolomite-illitic rock
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Fig. 6. Nestlike occurrence of dolomite-illitic rocks (green) in Fig. 7. lllite vein in dolomite, Budy Quarry, level V
brecciated dolomite, Piskrzyn Quarry, level Il

Fig. 8. Irregular occurrence of dolomite- illitic rocks replacing dolomites, Piskrzyn
Quarry, mining level lll, the quarry wall is 10 m high

D — dolomite rock, DIL — dolillite
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Fig. 9. Dolomite-illite veins in the non-transformed dolomite (A), Piskrzyn Quarry, level IV, eastern wall;
B - dolomite layers (1, 2, 5, 6), dolomite-illitic rock (3, 4)

Fig. 11. Microstructure of dolomite-illitic rock (dolillite),
transmitted cross-polarized light

Fig. 12. Microstructure of dolomite-illitic rock (dolillite),
transmitted cross-polarized light

D — dolomite, IL — illite

to centimetric-sized spots dispersed within grey (or brownish if
weathered) host dolomites (Fig. 2). The final stage of the pro-
cess of dolomite replacement by illite is the formation of green-
ish-rose, predominantly illitic rocks with scattered dolomite
rhombohedra (Fig. 12). The greenish-rose colour intensity
more or less corresponds to the degree of rock transformation.
Some silica admixture, hardly visible microscopically, accom-
panies the illite. The predominant silica replacement of dolomite
is present locally. The dolomite-illitic rocks, as well as the sur-
rounding unaltered dolomites, contain minute iron sulphide or
hematite impregnation, and their dispersed irregular, mili-
metric-sized, shapeless aggregates, streaks or discontinuous
veinlets. In places iron sulphides or siderite form tiny partial
coating on dolomite grains. Iron sulphides predominates in the
greenish rock varieties, whereas hematite occurrence is
marked by the rose colouration of rock. The X ray analysis re-
veal the clear presence of silica admixture (Figs. 13 and 14).
The d hkl 3, 23-3, 24 A values prove the presence of trace
amounts of K-feldspar.

The dolomite rhombohedra that occurs within illitic rock ma-
trix often show complex structure. Their central parts are
micritic with minute iron sulphide impregnation, surrounded by



284 Marek Nie¢ and Maciej Pawlikowski

50

404

Cu, Kor: 1.541837

60 70

Fig. 13. X-ray patterns of dolomite-illitic rock from the Budy Quarry
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Fig. 14. X-ray patterns of dolomite-illitic rock from Piskrzyn Quarry

g — quartz, other explanations as in Figure 13

monocrystalline dolomite coatings (Fig. 12). Some dolomite
crystals are corroded by illite (Fig.15).

Within the massive vein-like accumulations, illite is accom-
panied by disseminated, X-ray detectable silica, and contain
disseminated iron sulphide, as well scattered dolomite grains.
Some of them reveals a sferolitic structure or has a siderite
coating (Fig. 16). Within the illite aggregates, disseminated
micrometric-sized euhedral pyrite crystals are present, as evi-
denced from SEM-RDS data (Figs. 17-19).

lllite replacing dolomite is well crystallized, 2M1 type. Kibler
crystallinity index close to 0.70 A26, and lack of detectable
smectite suggests that it crystallized at the temperature ranging
from about 150°C may be up to 250°C (Yates and Rosenberg,
1998; Junfeng and Brown, 2000). It is macroscopically charac-
terized by a green colour of varied intensity and locally with a
bluish tint, most probably due to the presence of chromium in

the crystal lattice, as evidenced by the Cr,03 content correlated
with K;O (Fig. 20).

The presented mode of occurrence, and petrographic fea-
tures of dolomite-illitic rocks demonstrate, their hydrothermal
origin through recrystallization of dolomite host rock and re-
placement by illite. The unaltered dolomites as well as locally
dolomite-illitic rocks are cut by carbonate veins, whose coarsely
crystalline saddle dolomite is the most prominent component.

GEOCHEMICAL FEATURES

Dolomite-illitic rocks are obviously enriched in Si, Al and K,
as well Fe and S due to the dispersed iron sulphides. The ele-
vated Rb content, up to 100 ppm, 10 times greater than in unal-
tered dolomite, following the increased K,O content (Fig. 21) is
explained by potassium substitution by Rb. Their relationship
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Fig. 15A — illite vein with sulphides in dolomite replaced by illite; B — illite aggregate with sulphides in dolillite; C, D — corroded
dolomite crystals at the boundary with illite, transmitted cross-polarized light

Fig. 16. Scattered dolomite grains with a siderite rim within the illite vein,
transmitted cross-polarized light
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Fig. 19. EDS of pure pyrite present in Figure 16
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Fig. 20. Cr,0; content correlated with K,O (in %) in dolomite replaced by illite
(Budy and Piskrzyn quarries)
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Fig. 21. K;0-Rb content correlation

may be described by equation logRb (ppm) = log1.115
x K;0 +1.597, defined by Shaw (1968) for igneous and related
rocks. It is considered as an indirect, supporting argument for
the magmogenic nature of mineralizing fluids (Ananiew, 2012).

There is a noticeable enrichment of dolomite-illitic rocks in
Zr accompanied by Tiin places, as well as locally in Cu, Zn, Pb,
U, Th (Fig. 22), as compared to unaltered dolomite. The Zn
content up to 800-900 ppm, and As content up to 195 ppm, ac-
companying pyrite-marcasite and hematite mineralization are
prominent. Dispersed fine grains of chalcopyrite and sphalerite
and minute veinlets of sphalerite are microscopically visible in
places. The increased Zr and TiO, content (up to 90 ppm and
0.59%, respectively) in llite veins, following alteration of dolo-
mite, suggests their mobility in mineralizing solutions. The hy-
drothermal mobility of Zr, Ti and accompanying REE, Y, Th and
U was formerly noticed close to igneous rocks (Giere, 1990; Ru-
bin et al., 1993). Zr mobility is most common in F-rich hydrother-
mal fluids and may be promoted by sulphate complexing (Rubin
etal., 1993). Itis supposed to occur also in potassium rich fluids
and favored by CO, activity (Giere, 1990).

The REE (lanthanide) content varies from a few to about
20 ppm in limestones and unaltered dolomites up to about
126 ppm in dolomite-illitic rocks. The close relationship of the
REE and K;O contents (Fig. 23) is remarkable, following the ad-
vancement of dolomite replacement by illite. The increased to-
tal REE content in the altered dolomites, compared to the par-
ent rocks is clearly expressed (Figs. 24—26). The LREE" pre-
dominates over HREE (chondrite-normalized) and the convex
PAAS-normalized REE distribution (Figs. 27-29) indicate
MREE enrichment, increasing with the advancement of
dolomites transformation into dolomite-illitic rocks. The redistri-
bution of these elements is considered to have been governed
by diagenetic processes or by migrating fluids (Giere, 1990). In
warm and mild acidic brines, CI, SOf’ and CO, form com-
plexes with REE, which allow transporting their appreciable
amounts (Migdisov et. al., 2016). Varied examples of hydro-
thermal deposits suggest that hydrothermal processes have
concentrated the REE. The predominance of LREE over
HREE is the consequence of higher mobility of the former in
thermal solutions at low temperatures (Wiliams-Jones, 2015;
Migdisov et al., 2016). The high 6—17 La/Lu (chondrite-normal-

" La to Eu are referred to as LREE, Gd to Lu as HREE and Sm to Dy as MREE
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Fig. 24. Chondrite-normalized REE concentration patterns in carbonate rocks, Budy Quarry
For sample numbers see Table 1
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Fig. 25. Chondrite-normalized REE concentration patterns in carbonate rocks, Piskrzyn Quarry

For sample number see Table 2
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Fig. 26. Chondrite-normalized REE concentration patterns in carbonate rocks, Wszachéw Quarry

For sample numbers see Table 3
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Fig. 27. PAAS-normalized REE concentration patterns in carbonate rocks, Budy Quarry
For sample numbers see Table 1
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Fig. 28. PAAS-normalized REE concentration patterns in carbonate rocks, Piskrzyn Quarry

For sample numbers see Table 2
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Fig. 29. PAAS-normalized REE concentration patterns in carbonate rocks, Wszachoéw Quarry

For sample numbers see Table 3
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Fig. 30. La/Lu chondrite-normalized in relation to K,O content
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Fig. 31. Chondrite-normalized REE concentration patterns in mineralized rocks
in the Budy and Piskrzyn quarries

For sample 7-11 see Table 2, for sample 12 and 13 see Table 1
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ized) ratio demonstrates the clear LREE dominance over
HREE and suggests acidic conditions of REE enrichment pro-
cesses (Bau, 1991). The LREE to HREE ratio, however is not
dependent on the K,O content (Fig. 30), therefore, it is not af-
fected by the process of dolomite replacement by illite. The
Lac/Lug, >1 is most likely controlled by sorption processes
(Bau, 1991).

The total increased REE content in dolomite-illitic rocks sug-
gests their external introduction following a decreased pH of min-
eralizing solutions (Michard, 1989; Kucera et al., 2009). The in-
creased Gd content in relation to the weakly expressed Eu anom-
aly (Eu/Eu* 0.43-0.76) suggests also that the transformation pro-
cesses of dolomite into dolomite-illitic rocks took place in a weakly
reduced environment. It is proved also by the lack of clear Ce
anomaly (Ce/Ce* 0.75—-1.14) and replacement of marcasite by py-
rite in mineralized zones (Nie¢ and Pawlikowski, 2015).

The behavior of some HREE is interesting. In the Budy local-
ity, the anomalous, increased contents of Yb and Lu is observed
in iron sulphide-mineralized dolomites and decreased in hema-
tite-bearing ones. Such anomalies, but less prominent, are also
observed in Piskrzyn (Fig. 31). The decreased Dy content in
hematitized dolomites is remarkable. The varied content of these
elements and slightly increased yttrium content allow supposing
their mobility during the processes of dolomite rock transforma-
tion. The behaviour and fractionation of particular RRE may be
explained by local variations of complexing ligands in hydrother-
mal solutions, such as COZ2", HS", SO~, which are pH-and
Eh-dependent (Yongliang and Yusheng, 1991).

DOLOMITE TRANSFORMATION
TO DOLOMITE-ILLITIC ROCKS
— GENETIC CONSIDERATIONS

The transformation of dolomite into dolomite-silicate rock by
the introduction of silica and often iron and other metal (e.g.,
Cu, Zn) sulphides is a well-studied process accompanying ig-
neous intrusions,. The effect of such high temperature pro-
cesses is the formation of diopside-epidote-wollastonite skarns
close to the sidewalls of acid and intermediate magmatic rock
intrusions, often containing magnetite or Fe-Zn-Cu ores, well
described in ore geology textbooks (e.g., Misra, 2000). At lower
temperatures, serpentinization of dolomites occurs (Kowalski,
1962; Lewandowska, 1991; Muszynski and Wyszomirski,
1998), but it is less common. Dolomite silicification is often ob-
served in the hydrothermal environment. The formation of talk
deposits also take place but it is a rarer process (Tornos, 2000;
Boulvais et al., 2006; Walfler et al., 2015). The replacement of
dolomite by illite was noticed by Zalba et al. (2010a, b) in some
stromatolite dolostone beds in the mixed carbonate-siliciclastic
sequences in the Tandilia Basin, Argentina. lllite is accompa-
nied by rutile, and by precipitation of hematite, goethite, pyrite
and quartz. The illuvial introduction of clay, during temporal
weathering, and further burial diagenetic origin of dolomite-illitic
rocks are supposed there. However the tectonic disturbances
(fracture network system filled with reddish clays, slickensides,
brecciation) and the proximity to the cross faults, allow admit-
ting also the post diagenetic hydrothermal replacement of dolo-
mite by illite and accompanying minerals. The widespread oc-
currence of dolomite-illitic rocks independently of sedimentary
features and linked with tectonic disturbances, observed in the
Holy Cross Mts. is the exceptional phenomenon.

The accumulation of clay minerals which accompanies
epigenetic dolomitization, was remarked by Migaszewski
(1990) in the western part of the Holy Cross Mts. Based on the

mode of their occurrence, petrographic features of altered
rocks, and oxygen isotopes composition, he demonstrated its
hydrothermal origin and suggested their formation due to
synsedimentary smoker’s activity. Field data, however, make
the smokers hypothesis disputable (Narkiewicz et al., 2006).
The presence of altered dolomites close to the zones of
brecciated rocks suggest their association with tectonic distur-
bances. The above-presented mode of appearance of similar
rocks in the eastern part of the Holy Cross Mts. in the fault
zones and their close vicinity, and the spatial association with
the marcasite-pyrite-hematite mineralization, strongly support
such a supposition.

The parent rocks transformed to dolomite-illitic ones are
dolomites, formed by epigenetic regional dolomitization of Mid-
dle Devonian limestones, through the action of magnesium-rich
bassinal brines, at about 100°C (Narkiewicz et al., 2006;
Narkiewicz, 2009). The irregular dolomitization front, best visi-
ble in the Budy Quarry proves the post-lithification process.
The dolomites have varied petrographic features, partly inher-
ited from limestone palaeosome. They are most often micro- to
medium-crystalline (sparites), and show a mosaic fabric. The
further replacement of dolomite by illite was preceded by
recrystallization of dolomite and the formation of a coarsely
crystalline rock of saccharoidal appearance. Iron sulphide
(marcasite-pyrite) and hematite mineralization accompanies
illite in the final stage of dolomite replacement. Such mineraliza-
tion also appears in the fractured or fault-dissected dolomites,
beyond the dolomite-illitic rocks, but close to them.

The mode of occurrence of dolomite-illitic rocks indicate that
their formation postdate epigenetic dolomitization of limestone. It
started probably simultaneously with the final stage of main tec-
tonic activity postdating it. The hydrothermal nature of the rocks
was demonstrated by Migaszewski (1990) based on the oxy-
gen-isotopes composition, and the formation at the temperature
of 80-115°C. The silicification of dolomite observed in other lo-
calities took place at 100-200°C (Migaszewski et al., 1999). lllite
crystallinity suggest the temperature of formation over 150°C.
The process of dolomite transformation into dolomite-illitic rocks
started by dolomite recrystallization, accompanied and followed
by illite precipitation in interstitial space and partial corrosion of
dolomite metacrysts, with the almost simultaneous precipitation
of iron sulphides or hematite according to the local pH and Eh
conditions. The coexistence of disseminated iron sulphide and
hematite in dolomite illitic rock may be explained by their forma-
tion close to a redox front. It is supported by the presence of
marcasite-hematite mineralization in the nearest vicinity (Nie¢
and Pawlikowski, 2015). The increased MREE content suggests
the low pH of mineralizing solutions, probably rich in sulphate,
which form MREE-sulphite ligands more stable compared with
LREE and HREE, and allow their greater mobility, and stabiliza-
tion through pH neutralization by carbonates (Johannesson et
al., 1996; Migdisov et al., 2016).

The formation of dolomite-illitic rocks was possible due to
the introduction of considerable quantities of silica, alumina and
potassium. The REE content, higher than in unaltered
dolomites, can be explained by large volume of fluids involved
(Quing and Mountjoy, 1994). The source of Si, Al, K and REE
may be the claystones, forming intercalations present within or
below the limestone-dolomite rock series, or such source
should be searched beyond. This may be either the lampro-
phyre intrusions or the deep-seated magmatic source of both
lamprophyres and hydrothermal solutions. Numerous lampro-
phyre and altered diabase vein intrusions are present south of
the dolomite-illitic rocks in Wszachéw and Piskrzyn (Fig. 32)
and NE from Budy (in the northern part of the Klimontow
anticlinorium and the southern part of the tagéw synclinorium).



Dolomite-illitic rocks (dolillite) — the product of hydrothermal replacement of carbonate rocks in the Holy Cross Mts., Poland... 293

- Cambnan- Sllunan- Lower Devonian - Middle Devonian

! Upper Devonian —" lamprophyries

I
.I faults

Fig. 32. Geology of the area between Wszachow and Piskrzyn (after Walczowski, 1968; Dowgiatto, 1974)

The hydrothermal reprecipitation of illite is demonstrated
e.g., in the neighborhood of mafic rock intrusions in Tunisia
(Mattoussi Kort et al., 2008). The registered elevated chromium
content in the studied dolomite-illitic rocks suggests the link of
hydrothermal processes with intrusions of such rocks. Advo-
cate for it known other occurrences of chromium containing illite
(chrom-illite — “avalite”). It was encountered in hydrothermally
altered serpentinite (Maksimowic and Brindley, 1980), in ser-
pentine hosting cinnabar deposits (Maugin, 1956) and in
streaks and veinlets in association with uranium mineralization,
formed by hydrothermal solutions penetrating sandstones (Kerr
and Hamilton, 1958).

The association of hydrothermal activity with intrusions of
lamprophyres and diabases in the Holy Cross Mts. was sug-
gested earlier by Rubinowski (1969) and the association with
diabase intruded at 331-323 Ma was suggested by Nawrocki et
al. (2013). Disseminated Zn, Pb, and Fe sulphides were noticed
within the sidewalls of lamprophyre veins in the Cambrian and
Devonian mudstones (Pawtowska, 1958; Nowakowski, 1959;
Rubinowski, 1966). The lamprophyre intrusion within the Devo-

nian carbonates west of Piskrzyn is surrounded by friable dolo-
mite, partly altered into “clay-silica-carbonates and siderite-do-
lomite” rock, and cut by chlorite-quartz- carbonate veinlets with
Fe and Pb sulphides (Tarnowska, 1967, 1974). A dyke of hy-
drothermally altered, adularized mafic rock, highly enriched in
potassium up to 8.86%, was found northeast of Budy
(Nowakowski, 1959). It demonstrates the activity of potas-
sium-rich hydrothermal fluids.

The study of organic matter in the Devonian rocks in the Holy
Cross Mountains demonstrates its maturity at 120-160°C and
the existence of the “Variscan thermal anomaly” of elevated heat
flow in the Holy Cross fault zone (Belka, 1990; Marynowski,
1999; Narkiewicz et al., 2006). In the deep borehole Janczyce 1,
located west of Piskrzyn, a distinct depth-related increase in
kerogen maturity was detected, which suggests a deep-seated
heat source (Marynowski, 1999). It may be the source of hydro-
thermal fluids. The fractured rocks in fault sidewalls were good
pathways for hydrothermal solutions. Limestones and
synsedimentary or epigenetic dolomites commonly present in
Middle Devonian carbonate complexes were hydrothermally

2 The name not recognized by International Mineralogical Union (Manecki, 2004)
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transformed. Epigenetic dolomitization was the process of re-
gional extension during the Carboniferous, before the main
Variscan tectonic activity (Narkiewicz et al., 2006). Iron sulphide,
siderite and hematite mineralization in the Holy Cross Mts. pre-
dates the early Permian (Rubinowski, 1966). The dolomite
recrystallization, formation of dolomite-illitic rocks and marca-
site-pyrite-hematite mineralization controlled by faulting and fold-
ing may be simultaneous with the main phase of tectonic activity
or postdate it. The accompanying numerous, variously oriented
generations of dolomite-ankerite-siderite veins demonstrate that
the mineralization was a multistage process.

The wide spreading of alterations of dolomite and
marcasite-pyrite-hematite, as well as siderite-ankeritic mineral-
ization all over the area of the Holy Cross Mts., allow us to sup-
pose the deep-seated source of both hydrothermal solutions
and lamprophyre and diabase veins. The increased contents of
REE and other metals in altered dolomites is the interesting,
phenomenon as a possible fingerprint of hydrothermal pro-
cesses in the aureole of ore deposits that may be located at
large depth.

CONCLUSIONS

The widespread occurrence of dolomite-illitic rocks, the hy-
drothermal origin of which is presented, proves regional hydro-
thermal activity in the Holy Cross Mts. at the final stage of the
Variscan orogeny. The source of hydrothermal solutions is not
clear, but their link with lamprophyre intrusions or some un-
known deep-seated magmatic source seems the most proba-
ble. The occurrence of dolomite-illitic rocks close to marca-
site-hematite mineralization suggests that they may be a guide
to some deep-seated, yet unknown ore deposits.
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