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ABSTRACT:

Nieć, M. and Sermet, E. 2026. Geochemical peculiarities of the Lower–Middle Devonian transition in the 
Jurkowice block (Holy Cross Mountains, Poland) and the problem of the Devonian “ore-bearing horizon”. Acta 
Geologica Polonica, 76 (1), e74.

The deposits of the Emsian to the Eifelian period in the Holy Cross Mountains are of interest due to the oc-
currence of the “ore-bearing horizon” composed of clays with nested iron ores at their outcrops. In boreholes 
drilled in the vicinity of sites of ore occurrence no ore is found at depth but only pyrite-bearing clay-mudstones. 
Exposures of these deposits in the dolomite quarry in Jurkowice have allowed the authors to study their sedi-
mentological features and geochemical properties. There are present here deposits of the upper part of the Winna 
Formation: red sandy mudstones and hematite-bearing clays, followed by grey-black tuffitic mudstone with 
disseminated iron sulphide, overlaid by laminated heterolithic clayey and sandy sediments with intercalations 
of quarzitic sandstone. They are strongly convolute-folded, in their uppermost part and covered by quartz-do-
lomitic sandstone, followed by the carbonate rock series. Chemical analyses reveal a considerably elevated 
rare-earth elements content in the grey heteroliths. The convex-upwards MREE distribution pattern suggests 
their supply by hydrothermal mineralizing fluids. The hematite and iron sulphide-bearing rocks with signs of 
hydrothermal activity allow us to assume that the “ore-bearing horizon” at the Emsian-Eifelian boundary en-
compasses the upper part of the Winna Formation. The siderite appearing in the neighbouring limestones was 
a product of their alteration by iron sulphites produced during the weathering of iron sulphides.

Key words: Emsian-Eifelian boundary, REE distribution, Iron ores,  Holy Cross Mountains.

INTRODUCTION

At the Emsian to Eifelian boundary in the Holy 
Cross Mountains, a fundamental change in sedimen-
tation conditions occurred, related to the progress of 
the transgression of the Devonian sea (Szulczewski 
1995; Racki and Narkiewicz 2000; Belka and 
Narkiewicz 2008). The continental and marginal ma-

rine deposition of the clastic series was succeeded 
by carbonate platform development. It was a period 
of much diversified terrigenous-carbonate sedimen-
tation caused by the varied morphology of the sea 
margin and repeated transgressive-regressive events 
and associated sea level fluctuations (Malec 2005; 
Wójcik 2015). The later sedimentation on the car-
bonate platform led to the formation of the Eifelian 
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dolomites (Skompski and Szulczewski 1994; Malec 
2005; Narkiewicz et al. 2006; Wójcik 2015).

The deposits of the Late Emsian to Eifelian tran-
sition are of particular interest due to their facies 
variations, which makes it challenging to correlate 
recognized formations and members of local and su-
pra-local extent. Attempts at such correlations have 
been presented by Tarnowska (1983), Malec (2005), 
Skompski and Szulczewski (1994), Szulczewski 
(1995), Fijałkowska-Mader and Malec, (2011) and 
Wójcik (2015). Czarnocki (1923, 1951, and 1956) 
pointed to the particular importance of the deposits 
at the Early-Middle Devonian boundary in the Holy 
Cross Mountains, especially in the Western part of 
Kielce region. These deposits, formed by iron-ore-
bearing, often variegated clays, were distinguished 
by him as the” Kuwin” beds in accordance with the 
stratigraphic terminology used at that time, as well as 
the “ore-bearing horizon” located between quarzitic 
sandstones and carbonate rocks. Within this ore-bear-
ing horizon, in numerous sites along the approximately 
30-km-long zone between the Ławeczno–Miedziana 
Góra area and the vicinity of Łagów nested and lentic-
ular occurrences of limonite and, more rarely, hematite 
and siderite were found (Text-fig. 1A). Such iron ores 
were exploited in many places until the beginning of 

the 19th century (Czarnocki 1956; Rubinowski et al. 
1966; Kozak et al. 2025).

The reported occurrences of iron ores within the 
sediments at the Early to Middle Devonian boundary 
prompted the search in the 20th century for their de-
posits. Such attempts were ultimately unsuccessful. 
Drilling carried out in the second half of the 20th 
century as part of large-scale research revealed ei-
ther the absence of ore-bearing clays or the presence 
of only pyrite-bearing clay-mudstones (Tarnowska 
1969a, 1983; Kowalczewski and Wróblewski 1974), 
which were transformed to limonite contained in the 
weathering zone.

Claystones at the Emsian-Eifelian boundary are 
characterized by an increased Cu, Pb, Zn, Ni, and 
Co content (Lenartowicz 1999). In the pyrite-bearing 
rocks, sulphides of Zn, Pb, and Cu were also found 
(Kowalczewski and Wróblewski 1974; Wróblewski 
1973b, 1988; Tarnowska 1969b) and their increased 
radioactivity was often recorded (Borucki et al. 1967, 
Kasza and Król 2019). Such features make the tran-
sitional formations of the Lower to Middle Devonian 
an important component of the metallogeny of the 
Holy Cross Mountains representing a probable site of 
synsedimentary ore accumulation (Czarnocki 1951, 
1956). The “ore-bearing clays” were also considered 

Text-fig. 1. Geological setting. A – Middle Devonian boundary and “ore bearing horizon” in the Holy Cross Mountains (after Czarnocki 1956, 
modified); I – Kielce Region, II – Łysogóry Region. B – geology of the Jurkowice area without Neogene cover (after Nieć et al. 2024).
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a potential source of metals for the widespread ore 
occurrences in younger rock formations whose hy-
drothermal origin is unquestionable (Kowalczewski 
and Wróblewski 1974).

In the eastern part of the Kielce Region, ore-bear-
ing or pyrite-bearing clays have not been identified. 
Based on detailed studies of borehole profiles, the 
Late Emsian rock suite below the Eifelian carbonates 
was described by Tarnowska (1983) as the Winna 
Formation. It is formed of a complex of variegated 
mudstones occurring above white quarzitic sand-
stones and below the overlying, partly dolomitic, 
sandstones (“upper sandstones”), which often con-
tain sulphide mineralization (Tarnowska 1969a, 
1970). A characteristic feature of this formation is 
the presence of two tuffitic beds, T-3 and T-4, consid-
ered to be regional correlation horizons (Tarnowska 
1999). The complex of carbonate rocks that over-
lies the Winna Formation was named the Łagów 
Formation by Tarnowska (1983) and the Barania 
Góra Formation by Wójcik (2015). In the Western 
part of the Kielce region, pyrite-bearing clays were 
defined by Wójcik (2015) as the Porzecze Member, 
located at the base of the Barania Góra Formation. 
It occurs directly over the mudstones of the Winna 
Formation identified by the presence of the T-4 tuff-
ite bed (Tarnowska and Malec 1987).

The sparse and fragmentary exposures of deposits 
at the Lower to Middle Devonian transition make their 
study difficult and most investigations have therefore 

relied on borehole data often with deficiencies in core 
recovery. Between 2014 and 2019, however, these de-
posits were exposed on a large area in the northern 
part of the dolomite quarry in Jurkowice. This al-
lowed observations of their sedimentological features 
and study of their geochemical properties, character-
ized by a noteworthy increased REE content (Musiał 
et al. 2017) and signs of supposed synsedimentary 
hydrothermal activity. Their results prompted discus-
sion of the relationship between the “ore bearing hori-
zon” and the Winna Formation. The mine closure and 
filling of the open pit with crushed dolomite waste 
has now made the described formations inaccessible.

GEOLOGY OF STUDIED AREA

The recently closed Jurkowice dolomite open 
cast mine (quarry) is located in the southern wing 
of the Klimontów Anticlinorium, within a tectonic 
half-graben exposed over a small area at the south-
ern border of the Paleozoic massif of the Holy Cross 
Mountains plunging under Miocene sediments of 
the Carpathian Foredeep. The exposed fragment of 
Devonian deposits (Text-fig. 1B) is referred to as the 
Jurkowice Block or Element (Romanek 1977). The 
quarry is located in the western part of this block, 
which is cut by a meridional dislocation zone. Within 
its boundaries, the Eifelian dolomites of the Barania 
Góra formation predominantly occur. Their detailed 

Text-fig. 2. North-western part of the Jurkowice Quarry (photo made in 2014).
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lithology and stratigraphic position were described 
by Narkiewicz et al. (1981) and Wójcik (2015).

In the northwestern part of the quarry, the rocks 
of the Winna Formation were exposed (Text-fig. 2), 
cut by an NWW-SEE dextral strike-slip fault (Text-
fig. 3A). Within the dislocation zone, clay and car-
bonate formations are contractionally folded (Text-
fig. 3B, C), similar to such structures associated with 
strike-slip faults recorded in other parts of the Holy 
Cross Mountains, studied by Konon (2007).

MATERIALS AND STUDY METHODS

The field work was carried out in Jurkowice quarry 
during its period of activity. Detailed geological map-
ping of the quarry walls (Text-fig. 2) enabled the study 
of the lithology and sedimentological features of the 
complete rock succession from the Early to Middle 
Devonian (Text-fig. 4). Each macroscopically distinct 
rock variety was sampled for standard petrographical 
study using thin sections, and for chemical analysis, 
some of which were supported by X-ray investigation. 
The age of the exposed rocks was not determined, but 

based on lithological analogy to well-studied similar 
rocks in boreholes located northward in Haliszka and 
Łagów locality (Tarnowska 1969a 1976), they may 
be recognized as representing Upper Emsian Winna 
Formation. The Lower Eifelian age of overlying car-
bonate rocks was demonstrated by Narkiewicz et al. 
(1981) and Wójcik (2015).

Chemical analysis were performed in the 
AcmeLabs laboratory. Samples of approximately 1 kg 
were crushed to 2 mm grain size, and after homoge-
nization, 250 g was pulverized to achieve 85% below 
75 μm. For the analytical procedure, 0.5 g of pulver-
ized material was used. It was decomposed by lithium 
borate fusion, and analyzed by IPC-ES/MS following 
standard AcmeLabs procedures (LF 200 and A 200). 

Text-fig. 3. Strike-slip fault zone (A), and associated contractionally folded marly dolomites of unit “H” (B) and tuffitic mudstones of unit “C” (C).

Tab. 1. Chemical analyses. 1, 2 – quarzitic sandstones (unit “A”); 
3 – hematite bearing sandy mudstone (unit “B”); 4 – hematite bear-
ing laminated sandy mudstone (unit “B”); 5 – tuffitic mudstone 
(unit “C”); 6, 7 – laminated clay-muddy-sandy hetorolite (unit “D”); 
8 – quarzitic sandstone within hetorolite (unit “D”); 9 – upper 
quartz-dolomitic sandstone (unit “F”); 10 – limestone (unit “G”); 11, 
14 – marly dolomites (unit “H”); 12, 13 – clayey mudstones, tuffitic 
(unit “J”); 15 – limestone, siderite bearing (in unit “H”), 16–19 –  

dolomites, Jurkowce Member (unit “K”).

→
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Winna Formation
Barania Góra Formation

Janczyce Member Jurkowice Member
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

SiO2 % 98.21 97.64 87.65 38.3 53.18 72 65.31 96.03 96.61 4.15 9.05 57.55 51.2 6.75 3.94 2 5.47 1.19 1.72
Al2O3 0.53 0.93 4.95 12.48 20.84 15.2 18.65 0.6 1.01 1.78 1.22 10.48 22.9 1.93 1.06 0.61 1.71 0.57 0.6
Fe2O3 0.52 0.73 2.59 33.56 5.43 1.58 1.86 1.99 0.45 1.25 0.66 18.68 3.22 0.8 2.22 0.43 0.84 1.02 0.4
MgO 0.05 0.06 0.3 1.29 1.45 0.81 1.04 0.05 0.24 7.11 18.5 1.12 3.55 18.44 8 20.78 19.84 19.1 20.82
CaO 0.07 0.02 0.04 0.49 0.21 0.23 0.3 0.06 0.35 42.3 26.6 0.34 1.04 26.61 41.16 30.06 28.22 31.83 29.92
Na2O <0.01 <0.01 0.03 0.03 0.07 0.09 0.1 <0.01 <0.01 0.02 0.04 0.05 0.04 0.04 0.02 0.02 0.03 0.02 0.03
K2O 0.07 0.18 1 2.52 4.08 4.05 4.68 0.06 0.27 0.54 0.36 2.9 5.87 0.64 0.3 0.21 0.64 0.17 0.19
TiO2 0.24 0.1 0.72 0.3 0.82 0.87 1.03 0.07 0.11 0.08 0.06 0.62 0.24 0.09 0.05 0.03 0.07 0.03 0.03
P2O5 <0.01 <0.01 0.03 0.03 0.02 0.04 0.05 0.02 0.01 0.06 0.03 0.12 0.05 0.02 0.01 <0.01 0.02 <0.01 <0.01
MnO <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 0.04 0.03 0.25 0.04 0.02 0.03 0.02 0.03 0.1 0.03
Cr2O3 0.006 0.004 0.011 0.026 0.014 0.01 0.015 0.002 <0.001 <0.002 <0.002 0.011 0.003 <0.002 <0.002 <0.002 0.003 <0.002 <0.002
LOI 0.2 0.3 2.5 10.8 13.7 5 6.7 1.1 0.9 42.5 43.1 7.7 11.6 44.3 43.1 45.8 43.1 45.9 46.2

TOT/S <0.02 <0.02 0.05 0.08 3.05 <0.02 0.15 <0.02 <0.02 <0.02 0.03 0.05 <0.02 0.02 <0.02 0.12 0.34 <0.02 <0.02
Sc ppm <1 <1 4 15 11 13 18 <1 <1 4 3 17 12 3 3 1 2 1 <1

Ni 4 5.6 4.6 8.6 89.2 77 97.1 20.6 1.6 9.8 15.2 86 29.8 5.6 7.8 2.9 7.2 6.6 3
Ba 33 66 186 102 225 425 525 26 39 34 23 346 95 32 25 14 28 30 10
Be <1 <1 2 <1 3 3 2 <1 1 1 <1 4 1 1 1 <1 <1 <1 <1
Co 0.8 1.7 1.5 3.5 31.5 38.6 61.4 5.3 0.9 1.9 3.3 25.2 14 1.1 2 2.7 1.7 1.1 0.5
Cs 0.2 0.5 1.7 10.3 9.7 7.7 12.3 0.1 0.5 1.8 0.8 7.6 25.2 2 1.6 0.3 1 0.2 0.3
Ga 0.5 1 5.3 13.1 17.5 16.3 20.8 <0.5 0.7 1.4 1.2 12.2 25.2 2.1 0.6 1 1.7 <0.5 <0.5
Hf 18.1 3.7 20.8 4.8 6.3 9.5 9.4 3.8 3.9 0.6 0.8 7.7 14.4 0.5 0.3 0.2 0.5 0.3 0.2
Nb 3.2 1.8 12.1 14.3 14.2 15 19 1.5 2 2.4 1.4 10.5 29 1.9 0.7 0.6 1.4 0.6 0.5
Rb 2.2 4.9 30.7 68.9 133.3 120 152.6 1.5 7.7 17.8 10.8 99.8 135 21.1 10.8 6.4 17.5 4.5 5.6
Sn <1 <1 1 4 3 3 3 <1 <1 <1 <1 2 9 <1 <1 <1 <1 <1 <1
Sr 6.8 12.2 21.3 16.9 47.4 63.9 82.2 5.7 124 54.3 64.1 42.9 17.5 78.2 42.1 105.4 84 78.9 84.6
Ta 0.3 0.2 0.8 1.4 0.9 1 1.3 <0.1 0.2 0.1 0.1 0.7 5.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Th 2.8 1.6 10.7 25.7 12.8 13.4 16.6 0.9 1.8 2.2 2.1 13.5 55.7 1.5 1.7 0.4 1 0.5 0.4
U 1.4 0.5 3.2 10.7 7.4 3.6 9.2 1.1 0.6 1.2 2 3.7 6.2 1.3 0.7 2.1 1.7 2.7 2.2
V <8 11 39 161 115 90 117 <8 10 17 16 99 33 19 14 12 13 14 11
W <0.5 <0.5 2 0.6 1.7 1.4 1.5 <0.5 <0.5 0.6 <0.5 1.2 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 12.2
Zr 763.8 145.8 844 132.5 224.8 338 340.5 165.5 156.3 22.2 26.3 283.1 264 18.6 10.3 6.4 16.9 7.6 7.8
Y 9.3 3.6 23.9 5 11.3 42.9 55.9 2.2 4.9 22 10 35 16.1 6.8 11.6 2.2 4.3 3 1.8
La 7.3 6 30 14.5 33.7 66.5 81.8 8 8.9 23.3 15.3 49.7 18.7 8.1 9.9 2.8 5.3 3 2.4
Ce 16.1 14.1 62 30.2 64.9 138 160.3 9.9 21.2 35.9 36.5 94.9 69 17.6 22.1 4.7 9.6 6.1 4.4
Pr 1.79 1.59 6.54 3.73 6.7 15.2 17.92 1.71 2.19 5.84 4.58 13.87 6.65 2.16 2.79 0.59 1.17 0.74 0.5
Nd 7.4 5.9 25.6 14.1 22.3 61 69.1 6.4 7.7 23.9 19.7 56.9 22.4 9.7 13.2 2 4.2 2.9 1.9
Sm 1.31 1.13 4.44 3.21 3.69 11.5 13.07 0.84 1.35 5.12 4.68 11 4.14 2.12 3.13 0.34 0.76 0.44 0.32
Eu 0.24 0.22 0.63 0.55 0.65 2.32 2.9 0.17 0.25 0.92 0.88 2.25 0.44 0.41 0.62 0.09 0.17 0.1 0.08
Gd 1.34 0.86 3.79 1.86 2.7 11.1 13.74 0.71 1.05 4.82 4.07 10.02 3.52 1.91 3.22 0.36 0.78 0.54 0.34
Tb 0.2 0.11 0.64 0.27 0.42 1.65 2.08 0.09 0.16 0.72 0.55 1.57 0.62 0.28 0.47 0.06 0.13 0.08 0.05
Dy 1.29 0.44 4.09 1.37 2.27 8.5 11.18 0.43 0.81 4.08 2.6 7.82 3.46 1.68 2.49 0.3 0.73 0.43 0.25
Ho 0.31 0.12 0.87 0.2 0.44 1.54 2.09 0.07 0.16 0.69 0.45 1.49 0.63 0.27 0.43 0.08 0.14 0.1 0.06
Er 1.08 0.41 2.57 0.64 1.53 4.24 5.44 0.24 0.5 1.84 0.95 3.79 1.82 0.7 1.06 0.17 0.38 0.27 0.16
Tm 0.18 0.05 0.42 0.1 0.23 0.61 0.77 0.03 0.08 0.23 0.14 0.49 0.27 0.1 0.14 0.03 0.06 0.04 0.02
Yb 1.21 0.4 2.9 0.7 1.63 3.84 4.82 0.26 0.54 1.46 0.87 3.23 1.76 0.62 0.81 0.17 0.34 0.22 0.16
Lu 0.22 0.07 0.49 0.1 0.25 0.59 0.74 0.04 0.08 0.19 0.1 0.46 0.26 0.08 0.11 0.02 0.05 0.03 0.02
Mo 1.1 1 0.5 7.7 1 <0.1 0.2 2 0.3 0.2 0.4 2.5 1.2 <0.1 0.6 1 0.7 0.5 0.3
Cu 6.5 10.3 4.4 32.8 218.9 12.7 17.6 77.3 13 1.9 4.2 26.6 52.8 4.6 2.2 4.9 6.9 0.9 1.8
Pb 3.5 8.5 9.8 16.8 81.8 4.5 4.7 13.1 3.1 1.9 7.1 71 128 6.2 1.5 5.8 19.8 1 1.9
Zn 7 2 37 278 259 31 50 70 6 34 208 39 389 76 26 41 177 11 13
As 0.8 1.2 5.8 111.6 46.7 8.4 6.4 11.2 1.1 3.2 2.6 106.2 40.3 <0.5 <0.5 4.5 8.7 1.6 0.7
Cd <0.1 <0.1 <0.1 0.1 0.8 <0.1 <0.1 0.1 <0.1 0.4 0.2 0.2 <0.1 <0.1 <0.1 <0.1 0.5 <0.1 <0.1
Sb <0.1 0.1 <0.1 0.4 <0.1 <0.1 <0.1 0.3 <0.1 <0.1 <0.1 0.2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Bi <0.1 <0.1 <0.1 0.5 0.3 0.2 0.3 <0.1 <0.1 <0.1 <0.1 0.2 1.3 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ag <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Au ppb <0.5 1.4 <0.5 3.3 <0.5 1.8 <0.5 3.2 1 3.5 <0.5 0.7 4.3 <0.5 1.2 <0.5 1.5 1.2 1
Hg ppm <0.01 0.02 0.03 0.07 0.04 0.01 0.01 <0.01 0.01 <0.01 <0.01 0.03 0.07 0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Tl <0.1 <0.1 0.1 0.1 0.4 0.6 1.4 <0.1 <0.1 <0.1 <0.1 0.9 0.2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Se <0.5 <0.5 0.5 2.5 4.8 <0.5 <0.5 1.8 <0.1 <0.5 <0.5 0.9 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
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Text-fig. 4. Generalized profile of studied rocks and REE content.
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The results of chemical analysis (Table 1), in par-
ticular the rare-earth elements (REE) content, were 
normalized in relation to the Post Archean Australian 
Shale (PAAS). They differ insignificantly from the 
normalized to the Upper Continental Crust (UCC) 
and North American Shale Composite (NASC), re-
spectively (Piper and Bau 2013, Rudnick and Gao 
2003). 

STUDY RESULTS

Lithology of studied transitional formations from 
the Lower to Middle Devonian

Early and Middle Devonian rocks were exposed 
on the north-western walls of Jurkowice quarry, 
reaching depths of up to 30 m below the original 
ground level. The presence of a strike-slip fault com-
plicates continuous observation of the exposed rock 
sequences, making it difficult to trace the complete 
profile of strata continuously. However, the broad ex-
posure of these deposits on the quarry walls – locally 
up to approximately 10 m high – made it possible 
to combine fragmentary sections into a synthetic one 
(Text-fig. 4).

The exposed suite of rocks (units “A”–“K” on 
Text-fig. 4) begins with white quarzitic sandstones of 
about five meters of visible thickness. They are mas-
sive and compact, in colour passing upwards from 
white to bright gray, slightly beige. Cross-bedding 
is locally visible, and there are ripple marks and ir-
regular bioturbations on some bedding planes. The 
white sandstones (unit “A”) are overlain by red, he-
matite-stained, massive, sandy mudstones (unit “B”). 
Their average thickness does not exceed 0.5 m. They 
pass upwards into a laminated series of beds, com-
posed of graded sandy-mud layers separated by thin 
irregular ferruginous haematitic bands (Text-fig. 5C). 
The Fe2O3 content in hand-size samples may be up 
to about 30%. The red-stained and laminated sandy 
mudstones pass upwards to gray-black clays and tuff-
itic mudstones (unit “C”), brown, limonite-stained 
if weathered (Text-fig. 3C). Their characteristic 
feature is high porosity when air-dried. The rock is 
composed of angular quartz silt with accompanying 
muscovite dispersed in structureless clayey material 
of mixed-layered composition (Text-fig. 5B and 6). 
The rock contains a few percent of dispersed iron 
sulphide and carbonaceous material. Overlying this 
interval is an approximately 8-m-thick suite of lam-
inated heterolithic sediments (unit “D”), composed 
of alternating millimetric bands of gray silty clay 

Text-fig. 5. The hematite-bearing sandy mudstones (A, C) and the overlying tuffitic mudstones (A, B); B, C photos in transmitted light.
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Text-fig. 6. X-ray diagram of the tuffitic mudstone (unit “C”).

Text-fig. 7. Heterolithic mudstones (A, C) with quarzitic sandstone interlayers (B) with disseminated iron sulphide; B photo in reflected light.
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and white, fine-grained sand, sometimes cross- 
bedded and with a few intercalations of quarzitic 
sandstone up to about ten centimeters thick (Text- 
fig.  7) The sedimentary features of the heterolithic 
rock suite suggest a shallow-water epicontinental 
tidal flat or a lagoonal suboxic depositional environ-
ment (Terwindt 1981, Gradziński et al. 1986, Gao 
2019).

The uppermost part of this heterolithic rock suite 
(unit “E”), about 1.5 m thick, is strongly distorted 
by convolute bedding, locally folded (Text-fig. 8) be-
low a planar footwall of the overlying sandstone. The 
forms and sizes of the distortions suggest a seismic 
episode in their formation (Sims 1973, Shanmugam. 
2016). The upper quarzitic sandstone (unit “F”), about 
5 m thick, is locally darkly laminated, dolomitic, and 
with Cylindrichinus burrows in the upper part. The 
overlying rocks are limestones (unit “G”) passing 
upwards into fine-bedded micritic marly dolomites 
(unit  “H”), with lenticular interlayers of greenish 
claystone (unit “J”), transformed to rusty-brown due 
to weathering (Text-fig. 9). A noteworthy feature 
is a brown band, a few centimetres thick, located 
about 10 m above the base of the carbonate sequence, 
formed of recrystallized micritic limestone with dis-
seminated siderite grains, replaced by goethite. The 

siliciclastic rocks are free of macrofossils. Within 
the overlying carbonate rocks, poorly preserved, un-
determined fragments of brachiopods| and probable 
gastropods are occasionally visible.

The location of silt-clay sediments with a tuffitic 
horizon (units “B”–“E” on Text-fig. 4) situated above 
quarzitic sandstones and below quartz-dolomitic 
sandstones (unit “F”), which underlie the sequence 
of carbonate sediments, allows these formations to be 
identified as the upper part of the Winna Formation 
(Tarnowska 1971). The bed of pyroclastic composi-
tion occurring within this interval can be identified as 
a T-4 tuffitic horizon, considered a regional correla-
tion marker (Tarnowska 1999). The above-lying lime-
stones, marly dolomites and thin bedded dolomites, 
represent the Janczyce Member of the Barania Góra 
Formation defined by Wójcik (2015). The discontin-
uous lenticular interlayers of greenish-rusty silty clay 
enriched in oxidized FeS2 may be identified as the T-5 
and T-6 tuffitic horizons of Tarnowska (1999).

The uppermost part of the carbonate rock 
(unit  “K”) series consists of gray, medium to thick 
bedded dolomites distinguished by Wójcik (2015) as 
the Jurkowice Member.Within this unit, a bed of ben-
tonite was found (Czermiński and Ryka 1962), which 
may be identified as a T-7 tuffitic horizon.

Text-fig. 8. Earthquake-induced folded mudstone (unit “E”), below a flat-lying quarzitic sandstone (unit “F”)
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Text-fig. 10. Boxwork structure of weathered siderite-bearing limestone (A, B) and siderite veinlets (C); s – siderite; c – calcite.

Text-fig. 9. Clayey mudstone (unit “J”) a supposed tuffitic T-5 level within marly dolomites of Janczyce Member beds (unit “H”).
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The strike-slip fault places the silty-clay forma-
tions in direct contact with the carbonate formations. 
A characteristic feature of limestones in contact with 
mudstones is their particular cavernosity. Cavities 
up to a few centimeters in size are edged with limo-
nite. Their internal boxwork cellular structure (Text-
fig. 10A, B) is similar to that of limonite formed as 
a result of siderite weathering (Blanchard 1968). The 
rock is also cut with thin siderite veinlets up to about 
1 mm thick (Text-fig. 10C).

Geochemical features of the studied formations

Chemical analysis reveals a number of peculiar 
features of the studied rocks. First of all there is the 
varied content of rare earth elements (REE), partic-
ularly enriched in the gray heteroliths (Text-fig. 4). 
The REE contents in the quarzitic sandstones lo-
cated at the base of the studied rock series are lower 
compared to Post Archean Australian Shale (PAAS) 
(Text-fig. 11). However, there is a clear, more than 
two-fold increase in the heavy rare-earth elements 
(HREE) content compared to that of light rare-earth 
elements (LREE). Noteworthy is a simultaneous 
high content of zircon, estimated in thin section at 
approximately 1% by volume. It may be accompa-
nied by the xenotime as the HREE carrier, which is 
indistinguishable from zircon because of its similar 
optical properties.

In the hematite-bearing unit “B” and in the over-
lying tuffitic mudstones unit “C”, the REE contents 
are slightly lower compared with PAAS (Text-fig. 12). 
However, in the younger gray heterolithics, the REE 
content is considerably higher, with a characteristic 
increased intermediate or middle rare-earth elements 
(MREEnorm) content compared to LREEnorm and 
HREEnorm. The distribution of the REE content in 
the limestone layer above the heterolithic complex is 
similar. In the overlying marly dolomites, as we move 
away from the top of the heterolithics, the REEnorm 
contents gradually decrease in relation to PAAS, and 
the contrast of LREE, MREE, and HREE contents 
diminishes (Text-fig. 13). In the younger dolomites 
of the Jurkowice member, REE contents are more 
uniform and much lower than PAAS, but their local 
increase in the fault zone cutting them has been no-
ticed (Nieć et al. 2024).

DISCUSSION

The lithological features of the studied rocks at 
the Early to Middle Devonian boundary exposed in 

Jurkowice indicate a marginal marine environment 
for their deposition, being a transition from beach 
through tidal flat or lagoonal sedimentation to a car-
bonate platform. An environment of coastal-marine 
sedimentation with freshwater inflow are suggested 
by the low Y/Ho ratio of 25–30 (Nozaki et al. 1997;  
Frimmel 2009). The variable values of the Ce/Ce* 
anomalies 0.84–1.10 indicate the varied pH and redox 
potential of this environment (Tostevin et al. 2016). 
A pronounced negative Ce/Ce* anomaly of 0.61, ev-
idently indicating an oxidized environment, appears 
only in the sandstone interlayers in the heterolithic 
rock suite and in the limestone with siderite, both 
altered by weathering. Terrigenous supply of clay, silt, 
and sand to the sedimentary basin is evidenced by the 
correlation of Al and Zr, as well as the Th in the accu-
mulated sediments (Text-fig. 14). The correlated REE 
content should follow the PAAS pattern. However, in 
the sequence of the studied rocks, the Zr-REE rela-
tionship reveals three different trends (Text-fig. 15).

Emsian quarzitic sandstones and mudstones are 
exceptionally Zr-rich and have moderate REE con-
tent. This may be explained by the wave-induced ac-
cumulation of heavy mineral fractions in the beach 
environment. The mudstones located over the basal 
quarzitic sandstones contain 140 to about 340 ppm of 
Zr, clearly correlated with the REE content varying 
from about 30–440 ppm with a correlation coefficient 
of 0.94. The variation in REE contents in the profile of 
this rock series differs characteristically from PAAS. 
The MREEnorm content in the tuffitic mudstone is 
slightly reduced. The grey heterolithic clay mud-sandy 
rocks lying above display enrichment in MREE, as 
evidenced by the REE convex- upwards distribution 
pattern. Such enrichment of MREE is considered to be 
the result of their delivery by hydrothermal mineraliz-
ing fluids (Hecht et al. 1999; Frimmel and Lane 2005; 
Boulvais et al. 2006; Frimmel 2009), or by remobili-
zation from the bedrocks (Sawłowicz 2013; Bechtel 
et al. 2001; Oszczepalski et al. 2016). Remobilization 
is hardly demonstrated in the case of the studied rocks, 
and their supply by hydrothermal fluids from external 
sources seems more probable; however, their location 
remains enigmatic. The close Zr-REE correlation sug-
gests that these hydrothermal fluids introduced also 
a part of the Zr content (Rubin et al. 1993).

A bell-shaped distribution of REE content appears 
also in the lower part of the carbonate rock series 
(Janczyce Member). However, it varies in the upward 
rock sequence and is characterized by a negative Eu 
anomaly. Initially, the REE content is similar to that 
of the underlying heterolithes but gradually changes 
in younger beds by a decrease in the MREE content 
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Text-fig. 11. PAAS normalized REE content in sandstones (sample numbers as in Table 1, lithologic units as in Text-fig. 4). 1, 2 – Emsian 
quarzitic sandstone (unit “A”); 8 – quarzitic sandstone within heterolithic mudstones of Winna Formation (unit “D”); 9 – sandstone at the top 

of Winna Formation (unit “F”).

Text-fig. 12. PAAS normalized REE content in mudstones and claystones (sample numbers as in Table 1, lithologic units as in Text-fig. 4).  
3, 4 – hematitic mudstones (unit “B”); 5 – tuffitic mudstone (unit “C”); 6, 7 – heterolithic mudstones, Winna Formation (unit “D”); 12, 13 – 

claystones (tuffitic T-5 and T-6 horizons, unit “J”) within carbonate rocks of Janczyce Member.

Text-fig. 13. PAAS normalized REE content in carbonate rocks (sample numbers as in Table 1, lithologic units as in Text-fig. 4). 10–15 –  
limestones (unit “G”) and marly dolomites (unit “H”), Janczyce Member; 16–19 – dolomites (unit“K”), Jurkowice Member.
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indicating either a gradual cessation of hydrother-
mal processes, or a decreasing share of redeposited 
sediments with elevated REE content, from the sur-
roundings into the area of the carbonate platform. The 
enriched REE content and bell-shaped distribution in 
the supposed tuffitic T5 interlayer (Text-fig. 12) advo-
cates for hydrothermal processes.

The distribution of the REE content in the younger 
Eifelian dolomites of the Jurkowice Member is sim-
ilar to PAAS, with their total amount significantly 
reduced. There is a slightly lower total content of 
LREE than HREE. These carbonate rocks are char-
acterized by low Zr content, below 30 ppm, and show 

a weaker correlation with the REE, with correlation 
coefficient r = 0.79.

A conspicuous feature of the studied siliciclastic 
formations of silty-clay composition (units “B” – “E”) 
is the content of finely dispersed iron-bearing compo-
nents, although often in small quantities. In the bottom 
part of the Emsian-Eifelian transitional beds, there 
are mudstones (unit “B”), colored red by finely dis-
persed hematite, with thin centimetric iron ore inter-
layers with up to 30% Fe2O3. In the overlaying tuffitic 
horizon (T-4, unit “C”), iron sulphides appear in the 
amount of about a few percent. The organic carbon 
content has also increased here up to about 1%, and the 

Text-fig. 14. Zr – Al2O3 correlation in the studied rock samples presented in Table 1. Red dots – heterolithic mudstones (unit “D”).

Text-fig. 15. Zr – REE relationship. a – quarzitic sandstone (unit “A”) at the bottom of the Winna Formation, b – mudstones (units “B”–“E”) of 
Winna Formation, c – carbonate rocks of Barania Góra Formation, Janczyce (unit “G”, “H“) and Jurkowice (unit “K”) Members.



14	 MAREK NIEĆ and EDYTA SERMET	

increased content of Cu (219 ppm), Pb (82 ppm), and 
Zn (250 ppm) is noteworthy. The fall of volcanic ash 
forming the tuffitic horizon changed the sedimentary 
environment from an oxidizing to a reducing, eux-
inic one. In the heterolithic rock suite (unit “D”) lying 
above the tuffitic horizon, dispersed iron sulphides 
appear in silty-clay laminae. Iron sulphides are pres-
ent also in the sandstone interlayers, where they are 
dispersed in the quartz grain cement and the filling 
of cracks (Text-fig. 7B) although they are now largely 
replaced by hydrated Fe oxides.

In the studied formations, excluding the hetero-
lithic rock series and the sandy mudstones with he-
matite-rich lamina, REE is clearly correlated with 
the Fe (Fe2O3) content, with a correlation coefficient 
of r = 0.83 (Text-fig. 16). This allows us to assume 
that they were either jointly supplied to the sediments 
or the REEs were accumulated by colloidal Fe com-
pounds. The high REE contents in the heterolithes 
evidently deviate from this relationship, which is 
consistent with the assumption that they were intro-
duced by hydrothermal solutions. Sandy mudstones 
rich in Fe2O3 with hematite-hydrohematite interlay-
ers also do not fit into this relationship. The form of 
the iron-oxide accumulation at the bottom of grad-
ed-bedded sandy mud laminae (Text-fig. 5C) sug-
gests that it was of the bog ore type, formed in the 
nearshore swamp environment. Their special feature 
is an increased arsenic content (111 ppm) accumu-
lated in the colloid-ochreous precipitate.

The lithological features of the studied complex of 
mudstone-clayey-sandy rocks in the transition zone 
from the Early to Middle Devonian formations ex-
posed in the Jurkowice quarry, together with their geo-
chemical features indicating possible hydrothermal 
activity during their deposition, provide a basis for 
a discussion of the “Devonian ore-bearing horizon” 
defined by Czarnocki (1923, 1951). This horizon, sit-
uated between the Emsian quarzitic sandstones and 
younger carbonate rocks, conventionally assigned 
to the Eifelian1, may thus be reconsidered in light of 
the new observations. The “ore bearing” rocks are 
claystones with limonite accumulations and supposed 
siderite below the zone of weathering. The deposit 
in Dąbrowa near Kielce was considered a model site 
of siderite occurrence within deposits at the Emsian 
to Eifelian boundary (Czarnocki 1951). However, drill-
ing studies conducted to the East and West of the place 
of former iron ore exploitation revealed that at the 
Emsian to Eifelian boundary only the pyrite-bearing 
clays are present, sometimes enriched with sulphi-
des of Zn, Pb, and Cu (Nieć 1966; Wróblewski 1980; 
Kowalczewski and Wróblewski 1974). Siderite accu-
mulation outside the Dąbrowa deposit has not been 
found. Sometimes only disseminated siderite has been 
detected (Tarnowska 1976; Malec and Studencki 1988) 
or its presence has been supposed by the occurrences 
of limonite concretions (Kozak et al. 2025).

Geochemical studies of black clay rocks from 
the Lower to Middle Devonian boundary zone in the 

Text-fig. 16. Fe2O3 – REE content relationship in the studied rock samples; red dots: a – heterolithes (unit “D”) and b – hematite-bearing 
mudstone (unit “B”), respectively.

 1Detailed chronostratigraphic studies indicate that the transition from clastics to carbonates is diachronous to the Emsian-Eifelian 
boundary. The carbonate sedimentation  began at the end of the Emsian in some areas (Fijałkowska-Mader and Malec 2011). 
In Dąbrowa (D5 borehole) Emsian-Eifelian boundary is located within the pyrite bearing clays (Tarnowska and Malec 1985).
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Western part of the Holy Cross Mountains in Dąbrowa, 
Miedziana Góra and Porzecze (Sadłowska and Lenik 
2018) have revealed a convex-upwards REE PAAS 
normalized distribution pattern with increased MREE 
content, which suggests their hydrothermal supply 
to the sedimentary basin. The “pyrite-bearing clays”, 
named the Porzecze Member by Wójcik (2015), were 
assigned to the base of the carbonate Barania Góra 
Formation. Fijałkowska-Mader and Malec (2011) lo-
cated them above the “upper sandstone” horizon of 
the Winna formation. In the Western part of the Kielce 
region, the “upper sandstone” is missing and “pyrite 
bearing (“ore-bearing”) clays” appears directly over 
the mudstones of the Winna Formation in Dąbrowa 
(Tarnowska and Malec 1987) and in Porzecze (Wójcik 
2015). From a lithological point of view they may be 
considered to be the youngest member of this for-
mation according to the rules of lithostratigraphy 
(Alexandrowicz et al. 1975; Racki and Narkiewicz 
2006). Tarnowska and Malec (1987) have found in the 
Dabrowa (D5 borehole) the Emsian–Eifelian boundary 
located within the pyrite bearing clays.

In the Eastern part of the Kielce region, pyrite- 
bearing clays were not detected, but dolomitic sand-
stones finishing the sedimentation of the Winna for-
mation were recorded below the younger carbonate 
rocks (Tarnowska 1969a, 1981). These “Upper sand-
stones” of the Winna Formation, which contain sul-
phides (Tarnowska 1969a), seem to be coeval with the 
pyrite bearing clays of the Porzecze Member, as both 
units occur above the T-4 tuffitic horizon and below 
younger carbonate formations (Text-fig. 17). In the 

Winna vicinity the pyrite-bearing clays found in out-
crops between quartzites and dolomites (Czarnocki 
1939; Rubinowski et al. 1966) appear close to the site 
of occurrence of the “upper sandstones”, detected 
by boreholes (Tarnowska 1976).

In Jurkowice the hematite accumulations and the 
presence of iron sulphides, replaced in the weather-
ing zone by hydrated Fe oxides (“limonite”), make 
the studied rocks similar to the those forming the 
“ore-bearing clays” horizon in the which occurrences 
of hematite and “limonitic” ores (as a product of iron 
sulphide weathering) on former mining sites were re-
ported by Czarnocki (1923, 1956). Such features of the 
studied rocks allow us to assume that the “ore-bearing 
clays horizon” includes a complex of variegated clay-
stone of the Winna Formation and overlying clayey 
formations or dolomitic sandstones, as previously sug-
gested by Dowgiałło (1970) and Kowalczewski (1971), 
covered with various members of carbonate formations 
of the Late Emsian or Lower Eifelian (Text-fig. 17).

The pyrite-bearing clays, or limonite-bearing at 
outcrops, are also present in the Western part of the 
Łysogóry region (eastward from Bodzentyn) above 
the Late Emsian quarzitic sandstones of the Zagórze 
Formation and below various members of the carbon-
ate formations (Pajchlowa 1957; Wróblewski 1968; 
Bzowska 1970; Wróblewski 1983; Fijałkowska-Mader 
and Malec 2011). They were informally named the 
Tarczek Member (Malec 2001). Such claystones 
dragged into the transversal dislocation zone, sur-
round the part of the iron sulphide deposit at Rudki 
(Czarnocki 1950; Jaskólski et al. 1953; Nieć 1968).

Text-fig. 17. Lithostratigraphical scheme of the Upper Emsian and Eifelian in the Kielce Region.
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Despite numerous studies of the deposits in the 
Early to Middle Devonian transition beds, the genesis 
of their mineralization is still unclear. A volcano-
genic-sedimentary origin of sulphide mineralization 
has been suggested (Kowalczewski and Wróblewski 
1974). The elevated REE content and their bell-shaped 
distribution in the transition formation from Emsian 
to Eifelian, suggesting their supply by hydrothermal 
solutions, support such previous assumptions. The 
source of the hydrothermal solutions is unknown. 
These could be heated formation waters of deep circu-
lation or juveniles associated with the magmatic pro-
cesses periodically repeated since the late Ludlowian 
up to the Late Carboniferous (Migaszewski 2002; 
Nawrocki et al. 2013; Krzemińska and Krzemiński 
2019). The varied positions of the pyrite-bearing 
rocks may be a result of local variation of the sedi-
mentation environment and localized pulses of sup-
posed hydrothermal activity.

The submarine inflow of hydrothermal mineral-
izing solutions may have been related to the volcanic 
activity and seismic events evidenced in Jurkowice 
by the intensively convolute disturbed mudstone and 
clay layers. Similar phenomena are recorded today 
in coastal and marine formations in Mexico (Nuñez-
Cornu et al. 2000) and Papua New Guinea (Pichler 
et al. 1999). Noteworthy is the occurrence of iron sul-
phide mineralization in the clays deposited at bound-
ary between the Lower and Middle Devonian located 
in the vicinity of fault zones, in Winna and Belno 
in the Kielce region (Czarnocki 1939; Tarnowska 
1969b). They might be the sites of discharge of hy-
drothermal solutions. A special case presents the iron 
sulphide deposit at Rudki located in the transversal 
fault zone (the Świętokrzyski Fault), partly within the 
claystones below the Eifelian dolomites. Its volcano-
genic-sedimentary origin (SEDEX) was suggested 
by Gruszczyk (1961) but the presence of stockwork 
iron sulphide mineralization also in the Givetian 
dolomites indicates a younger hydrothermal deposit 
genesis (Nieć 1968). Hydrothermal remobilization of 
a former one is also possible.

The occurrence of siderite in the ore-bearing hori-
zon is a special question. It occurs in the Dąbrowa 
deposit near Kielce (currently the Słoneczne Wzgórza 
estate in the urban area of Kielce). Czarnocki (1951) 
presented a description of it, based on available his-
torical mine documents, as a model example of the 
sedimentary iron ores in the “Kuwin” beds. It was also 
described earlier by Pusch (1833), according to his di-
rect observations in a mine active during his time. He 
reported gradual transitions from limestone to sider-
ite, which suggests a metasomatic rather than sedi-

mentary origin. Apart from the deposit in Dąbrowa, 
no siderite has been found in clays and mudstones 
deposited from the Emsian to Eifelian (Wróblewski 
1980), but concretions interpreted as oxidized siderite 
have been reported in Szydłówek and Porzecze (Malec 
and Studencki 1988). The variegated clays with limo-
nite iron ores found in transitional beds on the Early 
to Middle Devonian boundary in the other sites are, 
according to Czarnocki (1923), “a product of the de-
composition of dolomitic marls and dolomites”. This 
type of iron ore occurrence led Bohdanowicz (1934) 
to assume that the formation of siderite “may be the re-
sult of a wide underground circulation of mineralized 
water from the surface...”.

The mode of occurrence of siderite in Jurkowice 
gives arguments against its sedimentary formation. 
Limestones in tectonic contact with the iron sulphide 
bearing mudstone-clay formations contain numerous 
centimetric nests of limonite whose boxwork struc-
ture suggests formation through the weathering of 
siderite (Blanchard 1968). Siderite also appears in 
thin veinlets. The siderite was probably formed by the 
reaction of iron sulphites produced through iron sul-
phide weathering, with calcium carbonate, and si-
multaneous removal of calcium sulphite formed in an 
acidic environment (Smirow 1956; Blanchard 1968).

              FeSO4 + CaCO3 = FeCO3 + CaSO4

Minute, fine gypsum crystals remain visible at 
the border of limonite nests formed in place of sup-
posed former siderite.

These observations support the assumption regard-
ing the epigenetic genesis of siderite in the Dąbrowa 
deposit (Wróblewski 1980) suggested by gradual 
transitions from siderite to limestone noted by Pusch 
(1833). The replacement of limestone by siderite there, 
may be explained by the process related to iron sul-
phide weathering. The same genesis of siderite present 
in the Rudki deposit is also possible (Nieć 1968).

CONCLUSIONS

Signs of hydrothermal activity during deposition 
of the Winna Formation allow us to assume that the 
“ore-bearing horizon” on the Emsian to the Eifelian 
boundary comprises the youngest elements of this 
formation and the overlying “pyrite-bearing clays” 
distinguished in the Kielce region as the Porzecze 
Member. Their common feature is varied iron sul-
phide content which is replaced by spotty, streaky 
and nested concentrations of hydrated iron oxides 
in the weathering zone. They are accompanied by  
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hematite, which is also present in unweathered rocks. 
The siderite appearing in these formations and their 
vicinity is most probably a product of replacement of 
limestones or dolomites as the result of their reaction 
with Fe sulphates formed due to the oxidation of iron 
sulphides. The increased REE content which charac-
terizes the clay-silt deposits of the Winna formation 
merits attention because it suggests the possibility 
of their higher concentrations in other areas of the 
occurrence of these deposits.

The widespread area of mineralization at the 
Early to Middle Devonian boundary in the Holy 
Cross Mountains is interesting as it is located on 
the periphery of the “Devonian Mineral Belt” which 
extends from Western Germany up to Romania 
(Amstutz et al. 1971). Numerous ore deposits consid-
ered to be of volcanogenic-sedimentary origin (e.g. 
Meggen, Rammelsberg in Germany, Poiana Rusca in 
Romania) are located here, suggesting the existence 
of a long-lasting, probably deep-seated sources of 
mineralizing solutions.
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