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Abstract: The Upper Jurassic carbonates representing the microbial-sponge megafacies in the area of the Krakow-
Czestochowa Upland (KCU) were locally silicified. In the reclaimed Lipéwki Quarry, in Rudniki near Czesto-
chowa (in the northern part of the Upland), macroscopically different silicification products were observed in
blocks of Upper Jurassic limestones, deposited as mining waste. Two varieties were distinguished: (i) chert con-
cretions representing the I silicification stage and (ii) light-brown, silicified limestones infilling the fractures in
chert concretions or forming the cortices around the concretions or forming irregular bodies, all representing the
IT silicification stage. The diagnostic features are the following: (i) macroscopic development, (ii) the presence of
moganite exclusively in chert concretions and (iii) significant differences in crystallinity index (CI) values, name-
ly: 0.1-0.7 for chert concretions and 6.0-6.6 for silicified limestones. The formation of chert concretions was ini-
tiated as early as in unconsolidated sediment, whereas the II silicification stage followed the chemical compaction
of the limestones. The results of geochemical analyses of the products of both silicification stages indicated that
the probable source of silica were the low-temperature hydrothermal solutions. Two types of fractures were found
in the chert concretions, generated during different tectonic events. The older, open fractures were formed during
the extension of the Late Jurassic sedimentary basin, which formerly occupied the territory of the more recent
KCU. These fractures were infilled with unconsolidated, fine-detrital carbonate sediment, in which the concre-
tions were embedded and finally silicified in the II silicification stage. The younger, closed fractures, transversal
to those filled by the products of II silicification stage, along which small displacements are evident, document the
later tectonic deformations presumably related to Cenozoic faulting.

Keywords: chert concretions, silicified limestones, stages of silicification, Upper Jurassic, tectonics, Krakow-
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INTRODUCTION northern margin of the Tethys Ocean (see e.g.
Gwinner 1976, Gaillard 1983, Keupp et al. 1990,

The Upper Jurassic carbonates from the Krakow-  Leinfelder et al. 1994).

Czestochowa Upland (KCU) hosting silicifica- Exposures of these rocks are scattered along

tion products represent the members of micro- an extended belt which stretches from Portugal to

bial-sponge megafacies, typical of the passive, the Caucasus Mts.
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In the KCU, the Upper Jurassic microbial-
sponge megafacies host siliceous sediments of di-
verse development and genesis (Kochman et al.
2020a, 2020b). The most common are chert con-
cretions (Dzulynski 1951, Alexandrowicz 1960,
Matyszkiewicz 1989, Swierczewska 1990), which
usually accompany the bedded limestones, i.e.
the sediments deposited onto the slopes of micro-
bial-sponge carbonate buildups having the fea-
tures of biostromes with an initial rigid frame-
work (Matyszkiewicz 1997, cf. Pratt 1982). The
bedded limestones belong to the so-called “nor-
mal facies” (Gwinner 1976) together with the
platy limestones, which are the inter-bioherm
sediments, devoid of chert concretions. In con-
trast, in the massive limestones which represent
microbial-sponge buildups with a reticulate rigid
framework, chert concretions are scarce. A partic-
ularly interesting variety of silicification products
are the bedded cherts (Matyszkiewicz 1996), en-
countered somewhat rarely in the Upper Jurassic
microbial-sponge megafacies and only observed
in calciturbidites. Both the chert concretions and
the bedded cherts are regarded as early diagenetic.
The third type of silicification products includes
epigenetic siliceous rocks (ESR), which reveal
a significant variability in development and only
occur in the topmost parts of the Upper Jurassic
succession which have been preserved from ero-
sion (Matyszkiewicz 1987, Matyszkiewicz et al.
2015, Kochman et al. 2020Db).

The published descriptions available and the
genetic models of silicification products found in
the Upper Jurassic microbial-sponge megafacies,
as well as in the other, similar carbonate facies
of various ages, mainly concerned chert concre-
tions (for details see e.g. Aldinger 1945, Dapples
1967, Beurer 1971, Knauth & Epstein 1976, Hein
& Parrish 1987, Hesse 1989, Maliva & Siever
1989, Swierczewska 1990, 1997, Gao & Land 1991,
Knauth 1992, Liedmann 1992, Lawrence 1994,
Zhou et al. 1994, Reinhold 1996, Bustillo et al.
1998, Bolton et al. 1999, Beauchamp & Baud 2002,
Sharp et al. 2002, Migaszewski et al. 2006, Wang
et al. 2012, Neuweiler et al. 2014, Dong et al. 2018,
Lin et al. 2018, Bourli et al. 2019, Lei et al. 2019, Yu
et al. 2019, Abu-Mahfouz et al. 2023). In contrast,
bedded cherts have received much less attention
(e.g. Bustillo & Ruiz-Ortiz 1987, Swierczewska

1990, 1997, Matyszkiewicz 1996, Shen et al. 2018,
Bourli et al. 2019, Kochman et al. 2020a, Matysz-
kiewicz & Kochman 2020). The development of
microbial-sponge megafacies, when generalized
throughout the area of their occurrence, have en-
abled researchers to construct genetic models ap-
plicable to the majority of the studied chert con-
cretions and bedded cherts, whereas the origin of
epigenetic silicification products (ESR) was typi-
cally controlled by local geological settings result-
ing from the geological history of particular re-
gions, including tectonic events.

During mining operations conducted in the
20th century in several quarries in the northern
part of the KCU (N-KCU), spectacular siliceous
rocks were encountered and described by Pre-
mik (1937) and Wisniewska-Zelichowska (1971).
Unfortunately, these sediments are currently
only accessible in the reclaimed Lipéwki Quar-
ry in Rudniki, located about 10 km to the north-
east of Czestochowa (Fig. 1). The siliceous rocks
can be observed in limestone blocks which were
dumped during the quarrying as mining waste
in the southwestern part of the lowest bench, at
a point on the “Siliceous Valley” educational trail
(Babelewska 2013, Babelewska et al. 2014). Apart
from chert concretions, the limestone blocks also
host porous, silicified limestone bodies of various
shapes and sizes.

This publication presents the macro- and mi-
croscopic descriptions of siliceous deposits togeth-
er with the microfacies development of limestones
subjected to silicification. Finally, a trans-region-
al reconstruction has been attempted of the dep-
ositional conditions and relative ages of the prod-
ucts of both silicification stages, based upon the
comparative studies made in both the southern
and the northern parts of the KCU (S-KCU and
N-KCU, respectively).

RESEARCH HISTORY

The silicification processes in the Upper Juras-
sic carbonates from the KCU have been studied
since the early 19th century. However, that re-
search focused on the mineralogical and petro-
graphic features of chert concretions, which were
of interest to both geologists and archaeologists
(see Kochman et al. 2020a and references therein).
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Following the macroscopic observations and min-
eralogical/petrographic studies, the genetic prob-
lems of both the chert concretions and the bedded
cherts were discussed. Typically, the formation of
chert concretions and bedded cherts during the
early diagenetic silicification was widely accept-
ed but the silicification mechanism and source of
silica remained controversial. For the chert con-
cretions, it was assumed that silicification pro-
ceeded on the slopes of microbial-sponge carbon-
ate buildups and the sources of silica might have
been the spicules of siliceous sponges (Matyszkie-
wicz 1997). In contrast, the origin of the bedded
cherts was related to the silicification of calcitur-
bidites (cf. Bustillo & Ruiz-Ortiz 1987, MatyszKkie-
wicz 1996) and radiolarian shells were proposed
as a possible silica source. Recently, observations
have increasingly indicated the origin of silica
from the sea-floor outflows of hydrothermal flu-
ids genetically linked to the extensional tectonic
events which took place between the Middle Ox-
fordian and the Early Kimmeridgian in the epi-
continental basin located along the northern mar-
gin of the Tethys Ocean (Migaszewski et al. 2006,
cf. Matyszkiewicz et al. 2015, Matyszkiewicz &
Kochman 2020).

The secondary, epigenetic silicification of Up-
per Jurassic limestones became the subject of sci-
entific interest as late as at the beginning of the
20th century (Kochman et al. 2020b and refer-
ences therein). However, the origin of this process
is still a matter of controversy. Three theories are
generally discussed: (i) the action of hydrothermal
solutions ascending along the faults or joint sys-
tems (Matyszkiewicz 1987, Matyszkiewicz et al.
2015, Matyszkiewicz & Kochman 2020), (ii) the
weathering and erosion of Lower Cretaceous si-
liciclastic sediments preserved locally as covers
resting upon the Upper Jurassic succession or in-
filling the fractures cutting through its carbonates
(Bukowy 1960, Rajchel 1971, Heliasz 1980) or (iii)
both (i) and (ii) processes operating together (Ma-
tyszkiewicz et al. 2015). However, the controver-
sy not only concerns the source of the silica but
also the age of silicification, which has been pos-
tulated to be: (i) the Early Cretaceous (Bukowy
1960, Rajchel 1971), (ii) the Cenozoic (Heliasz
1980), (iii) the Jurassic/Cretaceous turn (Gorecka

& Zapasnik 1981, Bednarek et al. 1983), (iv) the
Early Cretaceous and the Cenozoic (Matyszkie-
wicz et al. 2015) and (v) only the Cenozoic (Koch-
man et al. 2020Db).

The descriptions of early diagenetic and epi-
genetic siliceous deposits from the N-KCU are rel-
atively scarce. Premik (1937, p. 14) described from
the Rudniki Quarry the “huge, irregular, brown-
ish, striped chert concretions”, up to 3 m in diam-
eter, hosted in the topmost part of massive lime-
stones. The concretions were interconnected into
an “almost continuous horizon”. Their outer parts
revealed significant porosity, which was interpret-
ed by Premik (1937) as a result of the presence of
calcium carbonate. Moreover, the same author
also observed “small, irregular, black chert con-
cretions” in massive limestones, which showed
“sharp or almost indiscernible” contact with the
overlying platy limestones (Premik 1937, p. 14).

Wiséniewska-Zelichowska (1971) described fos-
sils from Upper Jurassic bioherms mined in sev-
eral quarries in the Rudniki area, and found rath-
er scarce chert nodules, up to a dozen centimeters
across, hosted in limestone blocks. These were de-
rived from bioherms, up to 9 meters thick, with
uneven top and bottom surfaces. In one of these
quarries, a horizon of huge chert concretions de-
scribed by Premik (1937) was still accessible for
observation.

In the Julianka area, located about 25 km east
of Czestochowa, Heliasz (1980) found silicification
features in chalky limestones representing the
Idoceras planula zone, which locally graded into
the massive or platy limestones. Silicification pro-
duced leaf-like cherts, up to about 0.8 meter thick,
and elongated zones of silicified limestones, doz-
ens of centimeters thick and several meters long.
Moreover, Heliasz (1980) observed chert concre-
tions in both the chalky and the silicified lime-
stones. The cherts and the silicified limestones
were composed of quartz accompanied by minor
amounts of opal and chalcedony. Finally, Heliasz
(1980) proposed the formation of silicified lime-
stones to be later and their genesis to be different
from those of the early diagenetic cherts. More-
over, he noticed that the epigenetic silicification is
limited to the topmost part of Upper Jurassic suc-
cession and concluded that silica might have been
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supplied via the solutions which infiltrated from
the surface during the Tertiary.

The hydrothermal origin of the epigenetic
silicified rocks (ESR) observed in the Upper Juras-
sic limestones from the central part of the KCU
(C-KCU) was advanced by Goérecka & Zapasnik
(1981) and Bednarek et al. (1983), basing upon
measurements of the decrepitation temperatures
of quartz. These authors also linked the ESR oc-
currences with the fault systems and determined
the silicification age to be at the turn of the Juras-
sic/Cretaceous.

Silicification features from the Rudniki area
were also described by Smolenska (1983b), who
found silicified zones up to 2.5 m thick and sev-
eral dozen meters long in limestone bioherms.
The zones were accompanied by two varieties of
chert concretions: (i) chalky cherts and (ii) com-
pact cherts. The inner parts of compact cherts
were creamy or brownish-grey whereas the outer
parts had white cortices, 1-2 cm thick, composed
of chalky chert. Moreover, a difference in mineral
composition was observed: the chalky cherts were
composed of chalcedony and quartz whereas the
compact cherts and the silicified zones were dom-
inated by chalcedony.

The spectacular veins and crusts composed
of the ESR were described by Matyszkiewicz
et al. (2015) from fractures cutting through the
Oxfordian limestones (Bifurcatus-Bimamma-
tum zone) from Sokole Géry near Czestochowa
(N-KCU). Based upon comprehensive miner-
alogical and petrographic observations, support-
ed by geochemical and tectonic analyses, Matysz-
kiewicz et al. (2015) concluded the reaction of
low-temperature hydrothermal solutions with the
products of chemical weathering occurred during
the two episodes of tectonic deformations: in the
Valanginian and in the Cenozoic. In the veins,
Matyszkiewicz et al. (2015) identified quartz with
minor amounts of goethite, barite, galena and
sphalerite. Chemical analyses revealed increased
amounts of Pb and Cu.

Matyszkiewicz & Kochman (2020) demon-
strated that the silicification products hosted
in microbial-sponge megafacies from both the
S-KCU and the N-KCU are considerably similar
and closely related to the facies development of the
enclosing Upper Jurassic sediments.

GEOLOGICAL SETTING

The Upper Jurassic carbonates from the N-KCU
near Czestochowa represent almost full Oxford-
ian and the lower part of Kimmeridgian succes-
sions (Wierzbowski 1965, 1966, Trammer 1982,
Matyja & Wierzbowski 2006). The monoclinal
dipping of the Upper Jurassic strata to the north-
east results in the appearance to the east of in-
creasingly younger carbonate sediments show-
ing significant facies diversity (Kutek et al. 1977,
Matyja & Wierzbowski 2006). Matyja & Wierz-
bowski (2004) identified the Upper Jurassic sed-
iments exposed on the surface in that area as
the latitudinally extended Rudniki Biohermal
Complex. Taking into account the short distance
(about 3 km) from the Latoséwka Quarry (Fig. 1)
where the stratigraphic position of the sedi-
ments had already been documented by Matyja
& Wierzbowski (2006), as well as the lack of ma-
jor faults between the quarries, it can be suggest-
ed that the Upper Jurassic sediments encountered
in the Lipéwki Quarry also belong to the Idoceras
planula zone. This theory was presented earlier
by Rdzycki (1960), Wierzbowski (1965, 1966) and
Wiséniewska-Zelichowska (1971).

In the area of Rudniki, Upper Jurassic lime-
stones have been extracted since the mid-19th cen-
tury and described by: Roemer (1870), Koronev-
ich & Rebinder (1913), Premik (1930, 1934, 1937),
Wisniewska-Zelichowska (1932, 1971), Rézycki
(1953, 1960), Wierzbowski (1965, 1966), Smolen-
ska (1983a, 1983b) and Czop et al. (2009). Current-
ly, in the hardly accessible, southeastern wall of
the Lipoéwki Quarry in Rudniki, a 30-meter long
succession of platy limestones is exposed. More-
over, in the southwestern wall of that quarry, the
bedding of platy limestones disappears, and the
limestone is composed of irregular clots dozens
of centimeters across, with single, randomly dis-
tributed irregular chert concretions of diameters
of up to 20 cm. Spectacular silicification prod-
ucts are observed in the Upper Jurassic limestone
blocks, with volumes of up to several cubic me-
ters piled in the southwestern part of the lowest
bench (Fig. 2). Originally, these blocks were min-
ing waste and were dumped in various parts of the
lowest quarry bench during the operations of the
Lipowki Quarry (closed in 1989).
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Fig. 2. Dump of Upper Jurassic limestone blocks with chert concretions and silicified limestones fragments in the reclaimed
Lipowki Quarry, in Rudniki

Geology, Geophysics and Environment, 2023, 49 (3): 225-243



230

Kochman A., Matyszkiewicz J.

METHODS

From the deposited Upper Jurassic limestone
blocks, a total of 25 samples were collected, in-
cluding 10 samples of chert concretions and 10
of silicified limestones. Field observations were
supported by photographic documentation of the
sampling sites. Polished sections were prepared
from all of the samples. Additionally, 11 thin sec-
tions were made and subjected to microscopic ex-
amination with an Olympus SZX10 polarizing
microscope.

The principal research methods were micro-
facies analysis and petrographic studies. For the
description of the SiO, phases, the simplified ter-
minology was applied after Folk & Pittman (1971)
and Klein & Hurlbut (1985), in which chalcedony,
lutecite, quarzine and microflamboyant quartz
(=flamboyant lutecite) were ascribed to a group
of fibrous SiO, varieties. In this group, moganite
(microcrystalline SiO, polymorph) was iden-
tified with the X-ray diffractometry (cf. Florke
et al. 1984, Miehe et al. 1984, Gratsch & Grin-
berg 2012, Zhang & Moxon 2014). Petrographic
examinations revealed the presence of: (i) micro-
crystalline quartz (crystals <4 um in diameter),
microquartz (crystals between 4-20 pm in diam-
eter) and megaquartz (crystals over 20 pm in di-
ameter).

The X-ray powder diffraction analysis was car-
ried on for 8 samples (4 of chert concretions and
4 of silicified limestones) in order to determine their
mineral composition and crystallinity index (CI).

The samples were analysed at the Laboratory
of Phase, Structural, Textural and Geochemical
Analyses of the Faculty of Geology, Geophysics
and Environmental Protection, AGH University
of Krakow. The Rigaku SmartLab diffractometer
operated under the following analytical condi-
tions: graphite-monochromatized Cuy, radiation
(voltage: 45 kV, current: 200 mA), step 0.05° 20,
counting rate 1 s/step. The identification of min-
eral phases was based upon the interplanar spac-
ings determined from diffractograms using the
ICDD (2014) catalogue of diffraction data and
the XRAYAN software. The CI of quartz was de-
termined in accordance with the procedure de-
scribed by Murata & Norman (1976).

The same samples were analyzed for the com-
position of major, REEs, and trace elements at Ac-
tivation Laboratories Ltd. (ACTLABS) in Ancast-
er (Canada), using the fusion-inductively coupled
plasma (FUS-ICP) and the fusion-inductively cou-
pled plasma-mass spectrometry (FUS-MS) meth-
odologies.

The Ce, Eu and Pr anomalies were deter-
mined with the methodology after Dulski (1994),
and Bau & Dulski (1996). Anomalies were cal-
culated from the following formulae: Ce/Ce* =
= Ceg\/(0.5Lagy, + 0.5Pr, ), Eu/Eu* = 3Eug, /(2Smyy +
+ Tbg) and Pr/Pr* = Pr/(0.5Ce, + 0.5Ndy,)
using the shale PAAS-normalized abundances
(McLennan 1989, Piper & Bau 2013). The enrich-
ment degree of light REEs (LREEs; La-Eu) relative
to heavy REEs (HREEs; Gd-Yb) was presented as
the ratio of shale-normalized La to Yb contents
(Lagy/Ybgy). The REE ratios and enrichments, es-
pecially LREE/HREE,,, Lay/Ybg,, Lag/Smg,
Smy,/Yby,, were computed after Migaszewski et al.
(2016).

MACROSCOPIC DESCRIPTION

The siliceous deposits are represented by chert con-
cretions and silicified limestones. The chert concre-
tions are elliptical or spherical (Figs. 3A, C, D, 4A)
butalso common are irregular shapes (Figs. 3B, 4B).
Diameters reach up to 30 centimeters although con-
cretions of up to 10 centimeters in size predominate.
Some polished sections reveal concentric, banded
structure of concretions (Fig. 5A, B). Occasional-
ly, larger chert concretions are composed of sever-
al smaller nodules growing onto each other, with
concentric bands developed in outer parts (Fig. 4B).
Usually, chert concretions are various shades of
brown or dark grey. In most specimens, the in-
ner parts of the cherts are enveloped by bright or
even white cortices, up to about 2 centimeters thick
(Figs. 3A, B, D, 4A, 5) but in many samples such
rims are absent (Figs. 3C, 4B). Locally, rusty-brown
Liesegang rings can be seen within the concretions
(Fig. 4B). In some larger chert concretions, open
fractures are visible, infilled with silicified limestone
(Figs. 4B, 5C). Such fractures show millimeters-
size displacements developed along cross-cutting,
transversal, closed fractures (Fig. 5C).

https://journals.agh.edu.pl/geol


https://journals.agh.edu.pl/geol

The development and origin of the two-stage silicification of Upper Jurassic limestones from the northern part of... 231

Fig. 3. Macroscopic development of chert concretions and silicified limestones from the Lipéwki Quarry: A) single, regular chert
concretion enveloped by several-millimeters-thick white cortex; B) chert concretion composed of several interconnected bodies;
to the left of spherical concretion its extension is visible as irregular body (arrow); white cortex enclosing the dark-grey nucleus
has variable thickness; C) single, dark-brown concretion with light-brown envelope composed of silicified limestone; thin, white
cortex is only locally present (arrow) at the boundary of chert concretion with silicified limestone; D) two chert concretions em-

bedded within silicified limestone; siliceous sponge (arrow) affected by secondary silicification occurs at the boundary of silicified
and unsilicified limestones

Fig. 4. Macroscopic development of chert concretions and silicified limestones from the Rudniki Quarry: A) fractured chert con-
cretion (left) enclosed by silicified limestone; B) chert concretion built of several bodies with banded structures (center); on the
right (black arrow), silicified limestone is visible, which also infills a fracture in the chert concretion; in the upper part of chert
concretion, rusty-brown Liesegang rings occur whereas on the left, an elongated, band-free concretion is present; C) silicified,

irregularly shaped limestone fragment resting upon the joint surface; noteworthy is the complete absence of chert concretions;
D) silicified limestone layer

Geology, Geophysics and Environment, 2023, 49 (3): 225-243
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Fig. 5. Polished sections of chert concretions and silicified limestones with marked sampling points for geochemical and X-ray
analyses (see Tables 1, 2): A) and B) ellipsoidal, banded chert concretions (so-called onion structure); C) chert concretion on the
right and in the center, on the left - fracture in chert concretion infilled by silicified limestone; the arrow marks the infilled and
displaced fracture in chert concretion; D) chert concretion embedded within silicified limestone. Scale bars are 5 cm

Silicified limestones are much more common
than chert concretions. Three varieties were ob-
served: (i) concentric cortices completely or part-
ly enclosing the concretions, of thicknesses larger
than diameters of the cherts (Figs. 3C, D, 4A, B,
5C, D), (ii) infillings of fractures in chert con-
cretions, several millimeters thick (Figs. 4B, 5C),
(iii) irregular bodies embedded within the lime-
stones and covering areas of several square me-
ters (Fig. 4C), and (iv) layers up to some tens of
centimeters thick (Fig. 4D). Silicified limestones
are light-brown and their boundaries with the en-
closing, white, non-silicified limestones are sharp.

Another typical feature of the silicified limestones
is their macroscopically visible porosity.

MICROSCOPIC DESCRIPTION

Chert concretions

The chert concretions are composed of sever-
al polymorphic varieties of SiO,, mostly micro-
crystalline but also fibrous. Locally, micro- and
megaquartz can also be present. In the complete-
ly silicified microcrystalline matrix, the relics of
limestone components are seen, which can be
filled with micro- or even megaquartz (Fig. 6A).
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Fig. 6. Microscopic images of chert concretions and silicified limestones under polarized light with crossed nicols: A) chert con-
cretion with relics of silicified limestone (Crescientiella sp., arrows) and empty voids infilled with megaquartz; B) chert con-
cretion with silicified columnar microbial stromatolites; larger voids are infilled with quartz and megaquartz in central part;
the brown, horizontal band is the Liesegang ring; C) transitional zone from chert concretion (far right) to limestone (far left)
developed as silicified limestone; in the chert concretion, larger relics of non-silicified limestone are absent, and the matrix is
completely silicified; in the silicified limestone, both the matrix and some bioclasts are only partly replaced by silica; D) silicified
limestone with pseudonodular texture composed of pseudonodules separated by dissolution seams. Larger bioclasts (arrows) are

infilled with quartz with numerous calcite relics

These are mostly bioclasts: spicules of siliceous
sponges (monaxons and triaxons), fragments of bi-
valves and brachiopods, small gastropods, benthic
foraminifers, ophiuroid ossicles, serpules, ostra-
cods and calcispheres. Moreover, Crescientella sp.
(Fig. 6A), tuberoids with preserved fragments
of siliceous sponge skeletons, calcareous spong-
es, oncoids, intraclasts and microbial structures
(including spectacular columnar stromatolites,
Fig. 6B) are present. The silicified bioclasts per-
fectly reveal visible contours and are composed
of fibrous SiO,, microcrystalline quartz or even
megaquartz in their central parts. Fine open
voids of a maximum size of up to several milli-
meters, typical with a stromatolite rigid frame-
work, are filled with fibrous quartz along the mar-
gins and with megaquartz in the centers (Fig. 6A).

Calcite relics can sometimes be present in coarse-
crystalline quartz, which fills the relics of larger
bioclasts. The transition from chert concretions
to silicified limestones is gradual. Usually, in the
marginal zones of concretions, bioclasts do not
occur due to the complete replacement of carbon-
ates with silica (Fig. 6C).

Silicified limestones

The microscopic features of the silicified limestones
are similar to chert concretions but the main com-
ponent of the silicified matrix is microquartz. The
main difference is the uncomplete replacement
of the matrix, which contains numerous relics of
calcite. This gives a slightly brownish color when
observed in thin sections under unpolarized light
(Figs. 6C, D, 7).
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Fig. 7. Microscopic images of fractures in chert concretions infilled with silicified limestones under polarized light and crossed
nicols: A) silicified fracture (center) in chert concretion infilled with fine-detrital sediment showing relics of lamination; a bound-
ary between the chert concretion and silicified limestone is evident in the upper part of photograph; B) laminated infilling of
silicified fracture in chert concretion; fragment of boundary between silicified limestone and chert concretion is in the lower right
corner

Moreover, the matrix contains far more non-
silicified relics of limestone components, rather
scarce in chert concretions. On the contrary, the
silicified limestones comprise pseudonodular tex-
tures with distinct dissolution seams (Fig. 6D),
which are absent from the cherts. Silicified lime-
stone, which infills the fractures in chert con-
cretions, is a fine-grained, relatively well-sorted
sediment of a wackestone-packstone character
with evident relics of lamination (Fig. 7).

MAJOR AND TRACE ELEMENTS

The main component of all of the analyzed sam-
ples of chert concretions is SiO, (Table 1). Its con-
tents vary from 95.61 to 98.02 wt.% (average:
96.53 wt.%). Other components are: Al,O, - from
0.09 to 0.25 wt.% (average: 0.17 wt.%); Fe,O, — from
1.23 to 1.77 wt.% (average: 1.49 wt.%) and MnO -
from 0.011 to 0.017 wt.% (average: 0.014 wt.%). In
the samples of silicified limestones (Table 1), con-
tents of SiO, vary from 36.03 to 97.65 wt.% (av-
erage: 80.49 wt.%), those of Al,O, - from 0.05 to
0.18 wt.% (average: 0.13 wt.%); Fe,O, — from 0.06
to 1.60 wt.% (average: 0.92 wt.%) and MnO - from
0.010 to 0.014 wt.% (average 0.011 wt.%). The re-
maining elements show very low abundances
except for a sample of the silicified infilling of
a fracture in the chert concretion, which is clearly
enriched with Cu (Table 1).

The La abundances, an indicator of REE sum
variations (Chen et al. 2006), are generally low in
both the chert concretions and the silicified lime-
stones. Total REE contents are very low (<5 mgkg™;
Table 2). In all samples, the light REE (LREE) mea-
sured prevails over the heavy REE (HREE) with the
LREE/HREE ratios varying from 4.16 to 19.36. The
shale-normalized Lag,/Yb,, ratios (mostly over 1;
except for sample R1) confirm the relative enrich-
ment of LREE versus HREE.

Because of a low number of samples subjected
to lanthanide determinations and a high number
of results below detection limits, REE anomalies
should be interpreted with caution, especially in
the case of heavy REE which show a high percent-
age of censored values.

RESULTS OF
X-RAY DIFFRACTOMETRY

The X-ray diffractometry of the chert concretions
reveals the presence of moganite and a crystallin-
ity index (CI) from 0.1 to 0.7, which indicates low
ordering of chalcedony structure (Table 3, Fig. 8).
In the silicified limestones, the X-ray patterns
confirm the presence of calcite and indicate the CI
values from 6.0 to 6.6, which demonstrate much
higher ordering of chalcedony structure in com-
parison with that from the concretions (Table 3,
Fig. 8).
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Fig. 8. Examples of X-ray diffractograms of chert concretions (samples R1, R2A, R2B and R3-1) and silicified limestones (samples
R3-2, R3-3, R3-4 and R4). Sample symbols, locations, and supplementary data as in Tables 1 and 2, and in Figure 5. Abbrevia-

tions: Q - quartz, M - moganite, C - calcite

Table 3

Values of crystallinity index CI (after Murata & Norman
1976) in chert concretions and silicified limestones from Rud-
niki. Sample symbols are as in Figure 5

Sample CI CI-NM
R1 0.5 <1
R2 0.1 <1
R2B 0.7 <1
R3-1 0.2 <1
R3-2 6.6 6.6
R3-3 6.0 6.0
R3-4 6.2 6.2
R4 6.5 6.5

DISCUSSION AND CONCLUSIONS

The development of the siliceous deposits hosted
in the Upper Jurassic limestones from the Lipow-
ka Quarry allows us to draw a number of conclu-
sions concerning not only the origin of silicifica-
tion but also the evolution of the sedimentation
and tectonics of the Upper Jurassic succession in
the N-KCU.

Lithology of limestones

The lithology of the limestone facies hosting the
silicification products in the Rudniki area cor-
responds to that described from the S-KCU by

Dzutynski (1951) and Matyszkiewicz (1997).
Chert concretions occur in limestones with an ini-
tial rigid framework formed by microbialites, sili-
ceous sponges and Crescientiella sp. (cf. Krajewski
& Olchowy 2023), which is typical of sediments
laid down on the slopes of microbial-sponge car-
bonate buildups. This is documented by the pres-
ence of pseudonodular textures characteristic of
an initial rigid framework from the peripheries
of carbonate buildups subjected to chemical com-
paction (Matyszkiewicz & Kochman 2016).

Archival descriptions provided by Premik
(1937), Wisniewska-Zelichowska (1971) and Smo-
leniska (1983b) reveal that a typical feature of mas-
sive limestone bioherms from the Rudniki area is
their considerable height in relation to lateral ex-
tent. This resulted in remarkable differences in the
denivelation of the basin floor, additionally sup-
ported by a high susceptibility to the mechanical
compaction of inter-biohermal sediments from
which the platy limestones were finally formed
(cf. Matyszkiewicz 1999, Kochman & Matyszkie-
wicz 2013, Matyszkiewicz & Kochman 2016). Such
an interpretation is confirmed by the observations
of Premik (1937, p. 15) who described carbonates
from the Rudniki area as “slightly folded.” More-
over, Wisniewska-Zelichowska (1971, p. 9) stated
that platy limestone layers have “distinct concavi-
ties and rise towards the bioherms.”
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Undoubtedly, such a varied morphology of the
basin floor facilitated the generation of submarine
mass movements, including calciturbidites, which
were documented by Marcinowski (1970) in the
adjacent Jaskréw Quarry (Fig. 2).

Progress of silicification

The first silicification stage presumably de-
veloped immediately after or even during the
growth of the microbial-sponge carbonate build-
ups in unlithified sediments deposited onto the
slopes of the buildups. This stage produced chert
concretions, the typical features of which are:
(i) the presence of moganite and (ii) the low or-
dering of chalcedony structure indicated by CI
values <0.7. The formation of chert concretions
proceeded during the very early burial diagen-
esis and was related to local redox-controlled
boundaries (cf. Zijlstra 1987, Bourli et al. 2019).
The initiation of concretions growth took place
in the unlithified sediment, which was then sub-
jected to extension. This resulted in the opening
of fractures in poorly lithified concretions, then
filled with the enclosing, fine-detrital, still un-
lithified carbonate sediment (Figs. 5C, 7). The
extension of the Late Jurassic sedimentary basin
at the turn of the Oxfordian/Kimmeridgian took
place throughout the whole of the KCU and was
confirmed by the presence of similar structures
in the S-KCU (Fig. 9).

Fig. 9. Carbonate infilling of the extensional fracture in calci-
turbidite, in which a bedded chert horizon was formed (out-
side the photograph). The arrow indicates the direction to the
top. Sample from the S-KCU, turn of the Oxfordian/Kimme-
ridgian

The second, much more extensive stage of silici-
fication occurred after the completion of the early
diagenesis of carbonate sediment and following its
chemical compaction. It is indicated by the silicifi-
cation of typical pseudonodular textures with dis-
tinct dissolution seams (Fig. 6D; Matyszkiewicz &
Kochman 2016). The archival descriptions of Pre-
mik (1937), Wisniewska-Zelichowska (1971) and
Smolenska (1983b) revealed a horizon of intercon-
nected silica nodules, up to 3 meters thick, in the
contact zone between the massive and platy lime-
stones. It seems that this horizon corresponds to
typical bedded cherts described in detail by Ma-
tyszkiewicz (1996) from calciturbidite successions
in the S-KCU and found also in the N-KCU by
Matyszkiewicz & Kochman (2020). The direct rea-
son for the formation of thick chert horizons was
the presence of stable redox boundaries in perfect-
ly sorted calciturbidites (cf. Thomson et al. 1998,
Bourli et al. 2019). The previously formed chert
concretions were sometimes used as silica crys-
tallization nuclei. At this stage, the open fractures
cutting through the chert concretions and infilled
with fine-detrital carbonate sediment were also
silicified. If chert concretions were absent from
the limestones, silicification invaded vast volumes
of these carbonates. However, siliceous metaso-
matites formed under such conditions did not
contain moganite and showed a much higher de-
gree of the ordering of the chalcedony structure
(CI =6.0-6.6), corresponding to similar values re-
ported from the S-KCU by Swierczewska (1997)
and Kochman et al. (2020a).

Considering the enormous scale of II-stage
silicification, the assumption of the biogenic ori-
gin of silica in bedded cherts hosted in calcitur-
bidites from the KCU (Matyszkiewicz 1996, cf.
Bustillo & Ruiz-Ortiz 1987) seems to be ground-
less. The most probable source of silica appears to
be the solutions released from the sea-floor springs
during trans-regional, extensional tectonic move-
ments (Migaszewski et al. 2006).

The silica source proposed by Migaszewski
et al. (2006) seems to be consistent with the grow-
ing number of results from detailed studies on
the Upper Jurassic sediments from the KCU. In
the S-KCU, Oxfordian neptunian dykes were ob-
served, filled with quartz mineralization of a hy-
drothermal origin (formation temperatures close
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to 90°C), which documented the Late Jurassic ex-
tensional tectonics (Matyszkiewicz et al. 2016).
Moreover, the abundance of spicules of calcified
siliceous sponges found in Upper Jurassic sedi-
ments did not correlate with the amount of chert
concretions. In the Upper Jurassic succession
from the S-KCU, the horizons were observed to
be rich in calcified siliceous sponges and devoid of
chert concretions together with those rich in chert
concretions but poor in calcified siliceous sponges
(Matyszkiewicz & Kochman 2016). Moreover, the
encountered amounts of calcified siliceous spong-
es were far too low to be the sole or even the ma-
jor source of SiO,. Similarly, although noticed in
the Upper Jurassic sediments from the KCU, radi-
olarians did not occur in that part of the relatively
shallow, Late Jurassic sedimentary basin, in accu-
mulations to have been a sufficient source of sili-
ca (cf. Bustillo & Ruiz-Ortiz 1987, Matyszkiewicz
1996). Therefore, the potential source of SiO, for
chert concretions remains the hydrothermal solu-
tions related to the episodes of Late Jurassic ex-
tensional tectonics in the KCU (cf. Matyszkiewicz
et al. 2015, Kochman et al. 2020b).

The diagenesis might have changed SiO, con-
tents in siliceous deposits (Geeslin & Chafetz 1982,
Murray et al. 1992, Murray 1994), but Al, Ti, Fe
and REE remained immobile during the diagenesis
(Murray 1994). Taking into account the Al-Fe-Mn
diagram (Adachi et al. 1986, Yamamoto 1987), it
seems possible that hydrothermal solutions influ-
enced the formation of both the chert concretions
and the silicified limestones from Rudniki (Fig. 10).
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Fig. 10. Al-Fe-Mn diagram for chert concretions and silicified
limestones. Position of hydrothermal field after Adachi et al.
(1986). Sample symbols as in Figure 5

Onthe Al-Fe-Mndiagram, mostsamples fallinto
the field of hydrothermal activity, except for sam-
ple R3-3. The low values of geochemical parameter
Al/Al+Fe+Mn seem to indicate the influence of a hy-
drothermal environment on the formation of sili-
ceous precipitates (see e.g., Bostrom 1983, Sugisaki
1984, Adachi et al. 1986, Murray 1994, Wang et al.
2012). The Al/Al+Fe+Mn ratio depends on hydro-
thermal input to the sediments and decreases with
the increasing intensity of hydrothermal activity,
from 0.60 for biological deposition to 0.01 for hy-
drothermal precipitation (Adachietal. 1986, Yama-
moto 1987). The calculated values of Al/Al+Fe+Mn
ratio vary from 0.16 to 0.06 for chert concretions
and from 0.42 to 0.09 for silicified limestones.

Values below 0.6 are indicative of periodic in-
fluxes of fluids from hydrothermal vents into sea-
water (Adachi et al. 1986, Wang et al. 2012, Koch-
man et al. 2020b, Migaszewski et al. 2022). The
contents of Ba, which is another indicator of hy-
drothermal activity (Halbach et al. 2002), vary
from 0.0002 to 0.0016 wt.%. These values are
much lower than those noticed in the Holy-Cross
Mountains by Migaszewski et al. (2022).

The REE are applied as geochemical indica-
tors of the influence of hydrothermal solutions
on siliceous deposits (Michard 1989, German
et al. 1990, Zhou et al. 1994, Chen et al. 2006).
Due to the action of hydrothermal solutions, si-
liceous deposits inherit the REE patterns charac-
terized by weak or no negative Ce anomalies and
pronounced positive Eu anomalies. The negative
Ce anomalies commonly result from the La en-
richment of sediments affected by hydrothermal
solutions (Bau & Dulski 1996, Yu et al. 2019). For
chert concretions, the calculated Ce anomalies are
negative and reach values of Ce/Ce* = 0.66-0.92 at
Pr/Pr* = 1.10-1.29. For silicified limestones, the
Ce anomalies are negative and show values of
Ce/Ce* = 0.19-0.45 at Pr/Pr* = 1.22-1.48. Hence,
the Ce anomalies are primary and are unrelated
to enrichment in La. The Eu anomaly is anoth-
er important indicator of the hydrothermal ori-
gin of cherts (Michard 1989, German et al. 1990,
Zhou et al. 1994, Chen et al. 2006). The calculated
Eu/Eu* ratios for silicified limestones vary from
1.06 to 1.89. It be stated that values of this ra-
tio below 0.8 are indicative of negative anom-
alies whereas those above 1.2 point to positive
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anomalies (Grawunder et al. 2014, Migaszewski
et al. 2016). Moreover, the Eu/Eu* ratios over 1
suggest a strong contribution of hydrothermal
solutions to silica deposition (Douville et al. 1999,
He et al. 2019). Only a single sample R3-2 shows
distinct, positive Eu anomaly. The general lack
of clear positive Eu anomalies suggests that both
the chert concretions and the silicified limestones
might have formed from the waning hydrother-
mal solutions released at the end of hydrother-
mal activity in the distal parts of fracture systems,
away from the main conduit zone, and/or with the
increasing influence of seawater (German et al.
1990, Wang et al. 2012, He et al. 2019, Kochman
et al. 2020D).

Summing up, the REE geochemical indicators:
(i) strong LREE enrichments in relation to HREE,
(i) distinctly positive Eu and Pr anomalies and
(iii) weak, negative to positive Ce anomalies, evi-
dence the strong influence of hydrothermal events
(German et al. 1990, 1999, Wang et al. 2012, Mi-
gaszewski et al. 2022). Variations of REE ratios
and enrichments suggest the mixing of hydro-
thermal solutions and seawater during the forma-
tion of silica gel (German et al. 1990, 1999, Chen
et al. 2006, Qiu & Wang 2011).

The final tectonic episode affecting the sili-
ceous deposits from Rudniki was the formation of
fractures transversal to those infilled with silici-
fied limestone. Millimeters-long displacements
along these fractures document another faulting
episode of the Upper Jurassic sediments which
followed the II stage of silicification and presum-
ably took place in the Cenozoic.

The paper presents a next part of the results of
studies carried on within the grant “Processes con-
trolling the formation of chert nodules and bedded
cherts in the Upper Jurassic sediments from the
Krakow-Czestochowa Upland” funded by the Na-
tional Science Centre, Poland, contract No. UMO-
2017/27/B/ST10/00594) for the period 2018-2021
(AK, J]M).
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