Geological Quarterly, 2015, 59 (3): 551-564
DOI: http://dx.doi.org/10.7306/9gq.1231

" Researon

Berthierine in the Middle Jurassic sideritic rocks from southern Poland
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A characteristic green and yellow-brown clay mineral from sideritic rocks was studied from 14 boreholes penetrating the Mid-
dle Jurassic strata of the northeastern margin of the Holy Cross Mountains and Czestochowa region, using polarizing and
scanning electron microscopes, cathodoluminescence and X-ray analysis and revealing the presence of berthierine. In
these sideritic rocks, berthierine occurs mainly in Lower and Middle Bathonian strata deposited in shoreface and deltaic envi-
ronments of the northeastern margin of the Holy Cross Mountains, and in Upper Bajocian deposits of both areas studied. It
forms the clay cement of sideritic rocks, fills voids in bioclasts and is also present in ooids. Ooids consisting of berthierine
have been affected by mechanical compaction and mainly carbonate replacement. Berthierine ooids, replaced by
sideroplesite, pistomesite, Fe-calcite or ankerite, and rarely by pyrite and altered by kaolinite, occur commonly. Berthierine
ooids of the Bathonian sideritic rocks are typically better preserved, compared to those from the Bajocian and Aalenian.
Berthierine crystallised in the eodiagenesis stage in suboxic conditions below the water-sediment interface, where iron-bear-
ing freshwater mixed with sea water. Itis chemically and structurally unstable and, during the mesodiagenetic stage at higher

=

temperatures, could transform to chamosite by recrystallisation.

Key words: berthierine, sideritic rocks, Middle Jurassic, Holy Cross Mountains, Czestochowa region.

INTRODUCTION

Berthierine is a 1:1 layer ferrous-ferric aluminosilicate from
the serpentine subgroup (Brindley and Brown, 1984). Its chemi-
cal composition is identical to that of iron-rich leptochlorite,
commonly referred to as chamosite. It may also be similar to the
composition of another iron aluminosilicate — odinite (Horni-
brook and Longstaffe, 1996). Berthierine (like chamosite) is
generally considered to be characteristic of marine deposits
(Taylor and Curtis, 1995; Ryan and Hillier, 2002; Taylor et al.,
2002), although it has also been reported in deposits of brack-
ish basins (Taylor, 1990), in laterites (Fritz and Toth, 1997), and
even in hydrothermal deposits (Rivas-Sanchez et al., 2006).
Hypotheses concerning the genesis of berthierine are based on
the source of iron. The potential sources for the iron might be:
weathering (see Young and Taylor, 1989), volcanism (Dreesen,
1989; Kimberley, 1994; Sturesson et al., 2000; Garcia-Frank et
al., 2012) or hydrothermal processes (Rivas-Sanchez et al.,
2006). Some authors think that berthierine is an early dia-
genetic mineral (e.g., Young, 1989; Taylor and Curtis, 1995),
and others suggest that one model of berthierine formation
does not necessarily exclude the other (e.g., Young, 1989;
Reolid et al., 2008).
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Berthierine can be considered a geothermometer. The ex-
periments of Hornibrook and Longstaffe (1996), carried out on
berthierine from Lower Cretaceous oil-bearing sands of the
Clearwater Formation, Alberta, Canada, have shown that it
crystallised from fresh or brackish waters at a temperature of
25-45°C in the early diagenetic stage. Berthierine can trans-
form to chamosite at 70°C, and is commonly considered its pre-
cursor (e.g., liima and Matsumoto, 1982; Longstaffe and
Ayalon, 1987). Replacement of berthierine by chamosite can
thus point to a >70°C temperature during diagenetic alteration
in sedimentary rocks (Velde, 1995; Hornibrook and Longstaffe,
1996; Meunier, 2005).

The aim of the study was to determine the phase composi-
tion of a green or yellow-brown clay mineral found in Aalenian to
Bathonian sideritic, siliciclastic rocks of Poland. Customarily, it
has been called chamosite. In the description of sideritic
coquinas from the teczyca-Kltodawa region (Central Poland;
Fig. 1), Turnau-Morawska (1961) suggested that the green clay
mineral may be chamosite, turingite or berthierine in composi-
tion. In the early studies of these sideritic rocks (Maliszewska et
al., 2005, 2006), the green mineral was provisionally called
chamosite, but subsequently was identified as berthierine
(Maliszewska et al., 2007). In this paper we describe the occur-
rence of berthierine in a range of recently studied Middle Juras-
sic sideritic rocks in southern Poland, and suggest its possible
genesis. The results of our observations using polarizing micro-
scope, cathodoluminescence, and XRD and SEM-EDS analy-
ses are aimed at the question: is the occurrence of berthierine in
these Middle Jurassic deposits related to a specific depositional
environment and/or period of time?
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Fig. 1. Location map of the boreholes included in this study

Grey polygon — extent of the Middle Jurassic in Poland after Lott et al. (2010)

GEOLOGICAL SETTING

The study concerns Middle Jurassic rocks from the south-
ern part of the Polish epicontinental basin (Fig. 1), which was
the eastern arm of the Central European Basin System
(Pienkowski et al., 2008). The Polish Basin was surrounded
from the north-east and south-west by lands that served as a
source area for clastic material (Feldman-Olszewska, 1997,
1998).

Lithological-stratigraphical studies of the Jurassic succes-
sion in the southeastern margin of the Holy Cross Mountains,
which began before World War 1l (e.g., Passendorfer, 1927,
1928; Kuzniar, 1928; Samsonowicz, 1932), provided much new
data after the War, thanks to, among others, work by Kobytecki
(1948), Ciesla (1958) and Daniec (1963, 1970). The greatest
thicknesses of Middle Jurassic deposits of about 800 m were
found on the northern part of the margin. It decreases towards
the south-east to approximately 180 m in the Wyszmontéw re-
gion (Daniec, 1970). These are mainly Aalenian, Bajocian and
Bathonian deposits represented by sandstones and mudstones
with interbeds of claystone and sideritic iron ore (Fig. 2A). The
Callovian deposits, about 20 m thick, are composed of carbon-
ate and carbonate-siliceous deposits.

Lithological-stratigraphical studies of Middle Jurassic rocks
in the Czestochowa region began in the late 19th century (fide

Kopik and Marcinkiewicz, 1997) and continued in the 20th cen-
tury (Kopik and Marcinkiewicz, 1997). The thickness of the Mid-
dle Jurassic in the Czestochowa region is about 184 m in the
northern area, and it decreases to approximately 85 m in the
south (Kopik, 1998). The lithological section is represented
largely by Bajocian and Bathonian sandy claystones and mud-
stones locally containing dark claystones with siderite, custom-
arily referred to as ore-bearing clays (Kopik, 1998; Fig. 2B). The
Callovian is only several metres thick and is represented by
sandy-carbonate deposits. In the last few years, much new in-
formation on the sedimentary conditions and environments has
been provided by the results of petrographic and litholo-
gical-stratigraphical studies (Gedl et. al., 2006) as well as by
geochemical analyses performed by Marynowski et al. (2007),
Szczepanik et al. (2007), Wierzbowski and Joachimski (2007)
and Zaton et al. (2009). The sedimentary structures in these de-
posits (including storm-generated structures) have been de-
scribed by Leonowicz (2012, 2013). The mechanism of the for-
mation of siderite and phosphate concretions in the ore-bearing
clays from Gnaszyn (district of Czestochowa) with regard to
sedimentary conditions and diagenetic processes was studied
by Witkowska (2012).

The difference in the thickness of Middle Jurassic deposits
between these two areas results from their palaeogeographic
position within the epicontinental basin. It is thought that the
northeastern margin of the Holy Cross Mountains occupied its
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Fig. 2. Stratigraphy of the Middle Jurassic deposits from: A—northeastern margin of the Holy Cross Mountains (af-
ter Daniec, 1970) with lithological profile of the Gutwin borehole (after Feldman-Olszewska, pers. comm., 2008),
and B — Czestochowa region (after Kopik, 1998) with lithological profile of the tutowiec 135Z borehole (after

Feldman-Olszewska, pers. comm., 2013)

central part, whereas the Czestochowa region lay in its mar-
ginal part (Feldman-Olszewska, 1998).

Currently, we have focused on mineralogical-petrographic
investigations of clayey siderites and sideritic sandstones, and
partly also sideritic conglomerates and coquinas, containing a
variety of coated grains and berthierine, due to their complex
and interesting genesis. According to Feldman-Olszewska
(pers. comm., 2013), these rocks represent various Middle Ju-

rassic sedimentary environments, including: offshore, transition
zone, shoreface, deltaic and estuarine environments and spo-
radically, carbonate ramp and Aalenian fluvial environments
(Tables 1-4). Siderite layers and concretions, and sideritic
sandstones are observed mainly in the Aalenian, Bajocian and
Bathonian rocks of the northeastern margin of the Holy Cross
Mountains and in the Bajocian and Bathonian rocks of the
Czestochowa region (Fig. 2).
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Table 1
Clayey siderite samples containing berthierine
Percentage
Depth Berth. | Bert. | Other | S€condary | * ¢ ooids
Area Borehole [m] Age | cement | ooids | ooids Tr:ngc:?dlg in rock Method
[vol.%)]
Gutwin 191.1 Bj2 + Sd 2.0 PL
Justynéw PIG 1
958.0 Bt1-2 + + + Ak 1.0 PL
Mniszkéw IG 1 959.5 Bt1-2 + + Sd 0.7 PL
961.0 Bt1-2 + + + Sd 1.0 PL, X-ray
274.1 Bj2 + + Sd 3.0 PL, SEM
Motdawa -
401.3 Bj2 + + + Sd 0.3 PL
Northeastern margin of o .
the Holy Cross Moun- Omigcin XI/2 67.7—68.2 Bj2 Sd 1.7 PL
tains 116.0-116.2 | Aal? + Sd, Pt 0.7 PL
o 132.2 Bj2 + + Sd 1.7 PL
Omigcin XI/3
Wadl 395.2 Bt1-2 + + Sd, Ca 18.0 PL, SEM
aglany 412.4 Bt1-2 Sd, Ca 17 PL, SEM
k/Opoczna

Wyszmontéw 1

Czestochowa region

Parkoszowice
58BN

Zrebice 33BN
el 353.4

Bj2

Biskupice
25BN 190.1 Bj2 + + + Sd, K 1.0 PL, SEM
190.6 Bj2 + + + Sd, KI 2.0 PL
tutowiec 1357 178.9 Bj1 sd 2.0 PL, SEM

Aal - Lower Aalenian, Cl — Callovian, Aa2 — Upper Aalenian, Bj1 — Lower Bajocian, Bj2 — Upper Bajocian, Bt1 — Lower Bathonian, Bt2 — Mid-
dle Bathonian, Bt3 — Upper Bathonian; Ak — ankerite, Ca — calcite, Kl — kaolinite, Sd — sideroplesite, Pt — pistomesite, Py — pyrite; tr — trace;
PL — polarizing microscope; SEM — scanning electron microscope; CL — cathodoluminescence; X-ray — X-ray diffraction analysis; * — no

berthierine, chlorite present

Environments

| deltaic | estuary

carbonate ramp fluvial

MATERIAL AND METHODS

The rock samples studied originated from 14 boreholes
drilled along the northeastern margin of the Holy Cross Moun-
tains and in the Czestochowa region (Fig. 1) in the period
1955-1989. The boreholes were drilled for iron ore mining in
both areas, where intensive mining development dates from the
17th century and came to an end in the 1980s.

Rock samples were collected from all sideritic interlayers
and concretions that were found in the boreholes investigated.
A total number of 276 thin sections was made, which were stud-
ied using a polarizing microscope Nikon Eclipse LV 100 Pol.
Detailed analysis was performed on 82 thin sections of sideritic
rocks in which berthierine was identified (Tables 1-4). The de-

scription of coated grains is based on a scheme used by
Turnau-Morawska (1961) and the definition of Fligel (2010),
according, with some modifications, to the classification of
coated grains by Kearsley (1989). Thin sections were stained
with the Evamy’s solution to identify carbonate minerals. Seven
samples containing calcite or ankerite were subjected to catho-
doluminescence analysis using the so-called “cold cathode”,
CITL MKS5 type from Cambridge Image Technology Ltd.

The mineralogical composition of the <2 um fraction of the
sediment (clay minerals) from 10 samples (Table 5) was deter-
mined by X-ray diffraction analysis using a Philips X'Pert PW
3020 diffractometer (Cu Ko radiation and semiconductor detec-
tor). Samples were crushed and ground to obtain particles of
less than 0.063 mm in size. The analysis was performed on ori-
ented air-dried samples, which were subsequently glycolized
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Table 2
Sideritic sandstone samples containing berthierine
Depth Berth. | Berth. | Other | S€condary Pg;%eor;éasge
Area Borehole [m] Age | cement | ooids | ooids rirr\]iréeorigls in rock Method
[vol.%)]
124.2 Bt1-2 + + 4.4 PL, X-ray, SEM
Gutwin 167.6 Bj2 i i 1.3 PL
191.5 Bj2 + + Sd 3.0 PL
Mniszkow I1G 1 962.0 Bt1-2 i + tr PL
73.2 Bt3-ClI + + 3.0 PL
94.9 Bt2-3 + + tr. PL
109.0 Bt1-2 + + 2.3 PL
113.4 Bt1-2 + + + Ak, Py 1.7 PL
123.6 Bt1-2 + + 10.7 PL
168.7 Bt1-2 + + Ca tr PL
208.0 Bt1-2 + + + Sd, Ca 1.7 PL, X-ray
216.7 Bt1-2 4 + 4 Sd 0.7 PL
W 229.6 Bt1-2 + PL
Moldawa 250.75 | Btl-2 |+ + + Sd, Ak 44.7 PL, CL
281.5 Bj2 + + + Ca, Sd, Kl 3.3 PL
308.0 Bj2 + + Sd 17.0 PL
Northeastern margin 3134 Bj2 + + Sd, Pt, KI 5.4 PL
of the Holy Cross 321.8 Bj2 + + + Sd, Pt 7.3 PL
Mountains 347.0 Bj2 + + Ak, KI 6.7 PL, CL
352.0 Bj2 + + Ak 0.3 PL
354.3 Bj2 + Sd 0.7 PL, SEM
L 105.4 Bt1-2 + + + Ca 1.3 PL
Omiecin X172 172.9 Bj2 + + + Ca, AK 3.0 PL, X-ray, SEM
202.9 Bj1 + + + Ca, Kl, Ak 0.3 PL
225.0 Aal? + + Sd 4.3 PL
| Waglany IS 200 S | i S e e
k/Opoczna 643.8 Aal + + Pt 5.3 PL, SEM
166.8 Bt1-2 + + tr PL
Wiadystaw 2005 | BtL2 | + |+ Ca 3.7 PL, SEM
Wyszmontow 1 91.6 Bj2 i i Ca 16.7 PL
Zalesie
Antoniowskie
Depth Berth. | Berth. | Other | S€condary P%rfcggitaage
Area Borehole [m] Age | cement | ooids | ooids Tr:ncfor%lg in rock Method
[vol.%]
190.1 Bj2 + + + Sd, Kl tr PL, SEM
. ) 190.6 Bj2 + + + Sd 2.0 PL
Biskupice 25BN ™= 024 | i + + 3.0 PL, X-ray
199.1 Bj2 + + 0.7 PL
172.6 Bj2 + + Sd, KI, Ak 3.0 PL, SEM, CL
Czestochowa tutowiec 1352 180.6 Bj1 + + 6.3 PL, X-ray, SEM
region 183.5 Bj1 + + 1.7 PI
301.2 Btl i i il Ca 1.0 PL
307.7 Btl + PL
Zrebice 33BN 353.95 Bj2 + + + Kl, Sd 2.0 PL
355.0 Bj2 + - 1.0 PL, X-ray
372.7 Bj2 + + + Sd 0.3 PL, SEM

For explanations see Table 1
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Table 3
Sideritic coquina samples containing berthierine
Percentage
Secondary ;
Depth Berth. | Berth. | Other : of ooids
Area Borehole Age f ] minerals ; Method
[m] cement | ooids | ooids in ooids in rock
[vol.%]
Northeastern margin of the 1575 |Bt1-2 + Sd, Ca 2.3 PL, CL
b Wiadystaw
Holy Cross Mountains y 194.0 Bt1-2 + Ca 2.3 PL, X-ray, CL
For explanations see Table 1
Table 4
Sideritic conglomerate samples containing berthierine
Depth Berth. | Berth. | Other | Secondary | PE{CEAde
ept erth. erth. | Other | =% : of ooids
Area Borehole [m] Age cement | ooids | ooids mlrz)%rigls in in rock Method
[vol.%]
Justynéw PIG 1
153.1 Bt1-2 + + + Ca 1.0 PL
Northeastern margin of the :
Holy Cross Mountains Motdawa 303.9 Bj2 + + + Ca, Sd 4.0 PL
326.6 Bj2 + + Ca, Kl 18.7 PL
Omiecin XI/3 109.1 Bt1-2 A A A Ca 2.0 PL
For explanations see Table 1
Table 5
Results of X-ray diffraction analysis of selected samples
Area Depth Clay fraction
Borehole [m] Age Rock type
Berthierine | Kaolinite Illite | Chlorite
Gutwin 124.2 | Btl-2 | sideritic sandstone i i = =
Mniszkéw IG 1 961.0 | Bt1-2 clayey sideritic + + + -
Northeastern margin of the Motdawa 208.0 | Btl-2 | sideritic sandstone + + — —
Holy Cross Mountains o 104.4 | Bt1-2 | sideritic sandstone = + + +
Omigcin XI/3 - P
172.9 Bj2 sideritic sandstone i = =
Wiadystaw 194.0 | Btl1-2 sideritic coquina + - -
Zalesie Antoniowskie
Biskupice 25BN 192.4 Bj2 sideritic sandstone + - - -
Czestochowa region tutowiec 1357 180.6 Bj1 sideritic sandstone - + -
Zrebice 33B 355.0 Bj2 sideritic sandstone = = =

For explanations see Table 1

and heated at 550°C. They were studied in angular range
1-26°26 (Figs. 3 and 4).

The chemical composition of clay minerals was determined
on four carbon-covered thin sections using a LEO scanning
electron microscope (SEM) with energy dispersive X-ray ana-
lyzer (Table 6). Additionally, the chemical composition of car-
bonate minerals was determined on 15 samples. Back-scat-
tered electron images (BSE) were also made.

RESULTS

Berthierine was identified in clayey siderites, sideritic sand-
stones and conglomerates, and also in two coquina samples.

This mineral mainly comprises ooids but also occurs as the ce-
ment and fills voids in bioclasts (Fig. 5). Siderite, which is the
main component of the sideritic rocks, is represented mostly by
its Mg-rich variety — sideroplesite, rarely pistomesite; pure sid-
erite is also present (Koztowska et al., 2008, 2011, 2013).

CLAYEY SIDERITES (TABLE 1)

The main component of the clayey siderites is sideroplesite
in the form of micrite and microspar, or occasionally as spar.
Clay pelite, silt-sized and sand-sized quartz grains, together
with Fe-calcite and ankerite occur in varying amounts. The per-
centage of clay pelite, locally impregnated by organic matter or
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Fig. 4. XRD diagram of clay fraction in sideritic sandstone

tutowiec 135Z borehole, depth 180.6 m; for other explanations see Figure 3

iron hydroxides, varies from 0 to 30%. Clay minerals occurring
in the form of colourless, very fine, low-birefringent flakes are
represented mainly by kaolinite. Green and yellow aggregates
of clay minerals have been recognized as berthierine and illite.
The microscopic observations have been confirmed by X-ray
studies (Table 5 and Fig. 3). On the XRD pattern, berthierine is
a mineral characterized by an intense reflection at 7.05A and
two reflections of lesser intensity at 4.66 and 3.52A (Stoch,
1974). In contrast, chlorites are recognised by the basal reflec-
tion at 14.0-14.3A. Low-iron varieties are characterized by the

basal reflections of the first five orders with strong or medium in-
tensity. High-iron chlorites are characterized by the presence of
strong reflections at 7.09 and 3.53A, and relatively weak reflec-
tions at 14.25, 4.73 and 2.84A (Stoch, 1974; Wilson, 1987). Ac-
cessory components include feldspar grains, mica flakes, zir-
con, pyrite, hematite and organic matter. Calcitic, locally
pyritized faunal fragments (bivalves, brachiopods, gastropods,
echinoderms and foraminifers) are common. Iron-rich, carbon-
ate and clay-rich ooids were observed in some of the samples;
their size varies from 0.2 to 2.5 mm. Berthierine ooids in clayey
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Table 6
Results of analyses of berthierine in ooids
Borehole Depth Age SiO, Al,O3 FeO MnO CaO MgO K,O P,Os | Total
Rock type [m] [wt.%] | [wt.%] | [wt.%] | [wt.%] | [wt.%] | [wt.%] | [wt.%] | [wt.%] | [wt.%]
Gutwin 124.0 Bt1-2 | 33.52 | 21.70 | 25.59 | 0.44 1.13 0.00 0.00 0.00 | 89.08
Sideritic sandstone 35.41 | 20.80 | 26.87 | 0.32 1.08 5.44 0.00 0.00 | 89.91
Omigcin XI/3 172.9 Bj2 31.42 | 28.40 | 26.01 | 0.00 0.55 5.40 0.00 0.00 | 91.76
Sideritic sandstone 3428 | 25.79 | 29.29 | 0.05 0.08 3.52 0.00 0.00 | 93.00
Biskupice 25BN 190.1 Bj2 26.93 | 23.16 | 33.48 | 0.00 0.00 3.07 0.29 0.00 | 86.92
Clayey siderite 27.14 | 22.96 | 36.04 | 0.00 0.00 2.68 0.08 0.00 | 88.91
tutowiec 135Z 180.6 Bj1 20.78 | 21.64 | 38.05 | 0.00 0.39 1.14 0.27 1.36 | 83.63
Sideritic sandstone

For explanations see Table 1

siderites are rare (Fig. 5A). A sample from the Biskupice 25BN
borehole was analysed for the chemical composition of
berthierine in an ooid (Table 6). Ooids, formed as a result of re-
placement of berthierine ooids by carbonate minerals (sidero-
plesite, pistomesite, Fe-calcite and ankerite; Fig. 5B, C) and py-
rite or altered to kaolinite, are more frequent. In the same sam-
ple, the degree of berthierine replacement by secondary miner-
als varied. The greatest percentage of berthierine ooids (11%)
was observed in a sample from the Wyszmontéw 1 borehole
(depth 80.5 m), and the greatest proportion of ooids composed
of the carbonate minerals sideroplesite, calcite and ankerite
(25%) was found in a sample from the Parkoszowice 58BN
borehole (depth 101.2 m) (Table 1).

SIDERITIC SANDSTONES (TABLE 2)

The sideritic sandstones are represented by fine- to me-
dium-grained quartz arenites. Detrital material is dominated by
quartz grains. Feldspars, micas and zircon occur in minor per-
centages. Shell fragments of bivalves, echinoderms, gastro-
pods and foraminifers and ooids were observed in variable
amounts. The bioclasts are commonly composed of calcite, oc-
casionally of ankerite, siderite and kaolinite. Locally, the voids in
bioclasts are filled with a green mineral, probably berthierine.
The ooids are oval, rarely spheroidal grains, 0.1 to 1.2 mm in
size. They are composed of a green or yellow-brown mineral.
The XRD analysis revealed this mineral to be berthierine (Table
5). The nuclei of the ooids are commonly represented by quartz
grains or small bioclasts (Fig. 5D). Some of the ooids seem to
be devoid of foreign objects, which is probably due to the
cross-section being cut obliquely in relation to the centre. The
cortex of the berthierine ooids reveals a subtle concentric struc-
ture (Fig. 5D—F). Some of the ooids are flattened as a result of
mechanical compaction (Fig. 5E). The ooids were frequently
subjected to carbonatization; berthierine has been partly or
completely replaced by either Fe-calcite (Fig. 5F), ankerite (Fig.
5E), sideroplesite or pistomesite. Additionally, the berthierine
ooids have also been replaced by pyrite and altered to kaolinite
(Fig. 5G). Ooids are relatively frequent in the sideritic sand-
stones. The greatest percentage of berthierine ooids (16.7%)
was found in a sample from the Wyszmontdw 1 borehole (depth
91.6 m), and of ooids replaced by carbonates — ankerite (55.7%
of rock volume) — in the Motdawa borehole (depth 387.7 m) (Ta-
ble 2). The sandstones are cemented by micritic and micro-
sparitic sideroplesite, sparitic sideroplesite, pistomesite, anker-

ite, Fe-calcite and clay minerals (Fig. 5H). As regards clay min-
erals, the XRD analysis confirmed the presence of kaolinite,
berthierine, illite (Table 5 and Fig. 4) and occasional chlorites. In
addition to illite and kaolinite, chlorites were identified in the ce-
ment of sandstone from the Omiecin XI/3 borehole, depth
104.4 m, which does not contain berthierine (Table 5). Chlorites
provide a strong reflection peak at 7.15A and two peaks of
lesser intensity at 14.29 and 3.52A. This may suggest that the
mineral called “chlorite” is a ferruginous variety. Based on ob-
servations made using a polarizing microscope, the yellow-
brown mineral that forms the cement was preliminarily identified
as berthierine.

SIDERITIC COQUINA (TABLE 3)

The two samples of sideritic coquina (bioclasts — 20% of rock
volume) from the Wiadystaw borehole are composed mainly of
silt- or sand-sized quartz grains and bioclasts — fragments of
echinoderms, bivalves, brachiopods, gastropods, bryozoans and
serpulid tubes. Berthierine ooids, feldspars and rock clasts occur
in smaller amounts. Some of the berthierine ooids have been re-
placed to a variable degree by Fe-calcite and sideroplesite
(20-80%). The cement is composed of sideroplesite, Fe-calcite
and clay minerals — berthierine. XRD analysis of the clay fraction
revealed the presence of berthierine (Table 5).

SIDERITIC CONGLOMERATE (TABLE 4)

The three samples of sideritic conglomerate from the
Motdawa borehole are of polymictic paraconglomerate (see
Jaworowski, 1987). Psephite clasts are represented by quartz
grains and rock fragments of calcite- or berthierine-cemented
sandstones, quartzites and carbonates. Among bioclasts, the
most common are echinoderms, bivalves, gastropods and cor-
als. The matrix has a composition of sandstone with ooids ce-
mented by berthierine, microsparitic sideroplesite and Fe-calcite.

The sample from the Justynéw PIG 1 borehole is a poly-
mictic paraconglomerate. Psephite clasts are represented by
fragments of quartzite and carbonate, and ankerite- or berthie-
rine-cemented sandstone and polycrystalline quartz. The ma-
trix has a composition of sideritic sandstone with some frag-
ments of echinoderms, bivalves and foraminifers, as well as
berhierine ooids replaced by Fe-calcite cemented mainly by
micrite siderolpesite, locally by berthierine.
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Fig. 5. Photographs in polarizing microscope (PL) and scanning electron microscope (BSE)

A — berthierine ooid (Be) partly replaced by Fe-calcite (Ca) in clayey siderite (Parkoszowice 58BN borehole,
depth 34.5 m, PL — crossed polars); B — sideroplesite ooids (Sdp) in clayey siderite composed of sideroplesite
microsparite; berthierine (Be) relicts (Waglany k/Opoczna borehole, depth 395.4 m, BSE image); C — ooids
composed of Fe-calcite (Ca) and ankerite (Ak) in clayey siderite composed of sideroplesite micrite; berthierine
(Be) relicts (Parkoszowice 58BN borehole, depth 101.0 m, BSE image); D — berthierine ooid (Be) with concen-
tric lamellae and quartz (Q) nucleus in sideritic sandstone (Lutowiec 135Z borehole, depth 180.6 m, PL — one
polar); E — flattened berthierine ooid (Be) with concentric lamellae, partly replaced by ankerite (Ak), in sideritic
sandstone (Gutwin borehole, depth 124.0 m, BSE image); F — berthierine ooid (Be) partly replaced by Fe-cal-
cite (Ca) in sideritic sandstone (Omigcin XI/3 borehole, depth 105.4 m, PL — crossed polars); G — berthierine
ooid (Be) altered to kaolinite (KI) in sideritic sandstone composed of sideroplesite micrite (Sdp) (Zrebice 33BN
borehole, depth 353.95 m, PL — crossed polars); H — sideritic sandstone with berthierine (Be) and sideroplesite
(Sdp) cements (Lutowiec 135Z borehole, depth 180.6 m, PL — one polar)



560 Aleksandra Koztowska and Anna Maliszewska

The sample from the Omiecin XI/3 is an oligomictic para-
conglomerate. Psephite clasts are represented by fragments of
calcite-siderite-cemented sandstones with a few fragments of
bivalves and echinoderms, and berthierine ooids cemented by
fine-crystalline sideroplesite and berthierine occasionally.

INTERPRETATION AND DISCUSSION

OCCURRENCE OF BERTHIERINE

Berthierine forms the clay cement of these sideritic rocks,
fills voids in bioclasts, and occurs in ooids. Large intergranular
spaces filled with the berthierine cement indicate its precipita-
tion in the sediment before or at the beginning of mechanical
compaction. The filling of voids in bioclasts by berthierine
shows its early precipitation. The berthierine ooids observed in
the Middle Jurassic rocks of the region studied belong to class
B, according to the Kearsley (1989) classification. Subclass B2
is the most common and is represented by pure berthierine
ooids with well-defined concentric cortical laminae which are of-
ten well-preserved (Fig. 5D). These coated grains formed di-
rectly by eodiagenetic crystallisation from solution or gel. There
is also some evidence that concentric berthierine (and phos-
phate) ooids developed by in situ accretion in iron-rich muds in
quiet-water lagoons and then were incorporated into sandy
sediments during offshore storms (Knox, 1970; Pufahl and
Grimm, 2003). Some berthierine and kaolinite ooids belong to
subclass B4. They are clearly soft and the effects of compa-
ctional deformation are visible in the form of squashed grains
(Fig. 5E). The genesis of these ooids is diagenetic, and
kaolinite is a secondary mineral in them. Ooids from subclass
B5 have also been observed. They represent compact berthie-
rine ooids with bioclast cores, but of berthierine composition.
According to Kearsley (1989), they probably formed as a result
of diagenetic replacement of primary aragonite ooids.

It is observed that berthierine was commonly replaced by
siderite and sideroplesite which, in turn, were replaced by
Fe-calcite and ankerite. Berthierine in ooids was also replaced
by carbonate minerals and pyrite, and altered to kaolinite. Ac-
cording to the Kearsley (1989) classification, the carbonate
ooids belong to class C and subclasses from C1 to C4. They
represent secondary siderite and calcite ooids produced by the
replacement of earlier phyllosilicate ooids. Replacement pro-
cesses locally lead to complete obliteration of the original con-
centric structure (Fig. 5C). This is caused by the circulation of
Fe-, Ca- and Mg-rich pore fluids in the rock volume during the
late stage of diagenetic processes.

In the area studied, berthierine has been found in marine
strata deposited in shoreface to offshore and deltaic environ-
ments, in a period spanning the Early Bajocian through the Late
Bathonian (Feldman-Olszewska, pers. comm., 2013; Tables
1-4). There is no consensus about the climatic conditions in
Middle Jurassic times in Poland. Dudek (2012) suggested a
cool climate with mechanical weathering dominant; however,
Gedl and Ziaja (2012) proposed a warm climate during
Bathonian deposition in the Czestochowa region. According to
Hallam (2001), the Middle Jurassic climate in Europe was simi-
lar to the recent one. Odin (1990) suggested that berthierine
forms primarily in tropical to subtropical seas. In the Czesto-
chowa region, the Bathonian fine siliciclastic deposits accumu-
lated in a marine environment in the offshore zone, most likely
below the storm wave base (Leonowicz, 2012), and in suboxic
conditions (Leonowicz, 2013). The occurrence of berthierine in
both marine and deltaic deposits of the study area, in places of

mixing of freshwater and sea water, may indicate sea level
changes. The degree of salinity of the basin is a crucial factor in
berthierine crystallisation.

Bathonian (mainly Lower and Middle Bathonian) sideritic
rocks with berthierine occur predominantly along the northeast-
ern margin of the Holy Cross Mountains (Tables 1-4). They are
represented by sideritic sandstones deposited in shoreface and
deltaic environments, and rarely by clayey siderites of the
shoreface environment. Two samples are represented by sider-
itic conglomerates deposited in the shoreface environment, and
two sideritic coquina samples are related to deltaic and carbon-
ate ramp deposits. The ooids in these rocks are included in ooid
subclasses B2, locally B5 and B4. Deltaic ooids are commonly
better preserved, compared to those deposited in the shoreface
environment. It is observed that berthierine is partly replaced in
ooids by Fe-calcite and sideroplesite, and rarely by ankerite and
pyrite.

Berthierine from the Bajocian sideritic rocks has been found
in both study areas (Tables 1, 2 and 4). Most of the samples are
Late Bajocian in age and are represented by sideritic sand-
stones, locally conglomerates deposited in the shoreface, lo-
cally offshore and deltaic environments, and by clayey siderites
deposited in the offshore, transition and shoreface zones. The
most common ooids are of type C, represented by partly or
completely replaced ooids, likely of subclass B2. Berthierine in
these ooids has been replaced by sideroplesite, pistomesite,
Fe-calcite and ankerite, and pyrite. Secondary kaolinite is also
present in these ooids. Three sideritic sandstone samples and
one clayey siderite sample are Early Bajocian in age. They rep-
resent deltaic deposits in which ooids of subclasses B2 and B4
are well-preserved in the Czestochowa region. Whereas, in the
northeastern margin of the Holy Cross Mountains, berthierine in
ooids is occasionally completely replaced mainly by Fe-calcite
and, to a lesser extent, by ankerite, and altered to kaolinite.

In a few rock samples of Aalenian deposits, from the north-
eastern margin of the Holy Cross Mountains only, secondary
ooids with traces of berthierine have been found (Tables 1 and
2). The Upper Aalenian is represented by sideritic sandstone
containing about 20 vol.% ooids and deposited in the offshore
environment. The ooids are partly filled with pyrite and included
in subclass B2. X-ray analysis provided no evidence for the
presence of berthierine. In addition to siderite and pyrite,
kaolinite has also been identified (Table 6). It is likely that
kaolinite is a secondary mineral after berthierine. The Lower
Aalenian fluvial and estuarine sideritic sandstone, as well as the
clayey siderite deposited in the shoreface zone, contain miner-
als the original material of which, probably berthierine, has been
completely replaced by sideroplesite and pistomesite.

In the sideritic rocks, berthierine occurs primarily in those
deposited in the shoreface and deltaic environments of the
Early and Middle Bathonian along the northeastern margin of
the Holy Cross Mountains, and of the Late Bajocian of both ar-
eas. In the rocks examined, berthierine ooids are better pre-
served in the Bathonian deposits, compared with those in the
Bajocian and Aalenian. Diagenetic processes of replacement
and alteration of berthierine developed most intensely in clayey
siderites. In the Bathonian of the northeastern margin of the
Holy Cross Mountains, marine deposits of predominantly
shoreface environment contain ooids in which berthierine is re-
placed by Fe-calcite and sideroplesite, and rarely by ankerite.
Berthierine ooids from the Bathonian deltaic deposits are com-
monly well-preserved. The Upper Bajocian shoreface deposits
contain predominantly secondary ooids in which berthierine has
locally been completely replaced by sideroplesite, pistomesite,
Fe-calcite, ankerite and pyrite, and altered to kaolinite. These
processes were more poorly developed in the Czestochowa re-
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gion compared to the northeastern margin of the Holy Cross
Mountains. Similar variability in the effects of diagenetic pro-
cesses, in both the study areas, has been noticed in the Lower
Bajocian deltaic deposits. In the northeastern margin of the
Holy Cross Mountains, the Aalenian sideritic rocks of various
environments contain only secondary ooids composed of
kaolinite, pyrite, sideroplesite and pistomesite.

ORIGIN OF BERTHIERINE

The occurrence of berthierine in the rocks examined shows
that the mineral was formed during the early stage of diage-
nesis — the eodiagenesis stage (diagenetic stages after Cho-
quette and Pray, 1970).

During eodiagenesis, the essential factor was a circulation
of pore water containing land-derived organic matter and iron
compounds. Hornibrook and Longstaffe (1996) have shown
that berthierine crystallised at a temperature of 25-45°C. Ac-
cording to Worden and Morad (2003) and Wilson (2013) the for-
mation of berthierine took place in tropical, offshore and deltaic
environments where iron-bearing freshwater mixed with sea
water. In marine sediments with a significant freshwater influx,
berthierine forms close to the sediment surface but requires
isolation from oxidized water to present re-oxidation (Odin and
Matter, 1981). It crystallises using reduced iron (Fe®") in the
methanogenic zone under conditions of very low sedimentation
rates (Odin, 1988). According to Taylor (1998), berthierine crys-
tallised within the suboxic diagenetic zone in marine conditions.
Garcia-Frank et al. (2012) also suggested precipitation of
berthierine in suboxic conditions in the earliest stages of dia-
genesis, probably below the active sediment-water interface. It
seems that the most probable source of iron for berthierine in
the study area is river water carrying material originating from
weathering processes on land. A volcanic-origin of iron should
be excluded because there was no volcanic activity in adjacent
areas in Jurassic times. Odin (1988) has described three facies
of Fe-clay mineralisation, from which two — verdin and oolitic
ironstone — could have existed in the Middle Jurassic in the area
studied. Both of these facies are associated with points of local
fluvial discharge into the marine environment. Due to contact
between freshwater and sea water, the salinity of the former in-
creases causing the flocculation of iron and its deposition in an
amorphous, highly reactive state (Ehrenberg, 1993).
Berthierine forms by diagenetic recrystallisation of odinite or
precursor minerals similar to it (Odin et al., 1988). The forma-
tion of berthierine requires reducing conditions in which the ac-
tivity of sulphides and bicarbonate is low (Taylor, 1990; Fritz
and Toth, 1997; Sheldon and Retallack, 2002). Additionally,
Fritz and Toth (1997) report that berthierine precipitation is as-
sociated with low activity of silica in solution, because otherwise
kaolinite would form. Locally, the amount of silica must have in-
creased in some ooids and berthierine was transformed to
kaolinite (Fig. 5G). Kaolinite forms in an acidic environment
(Osborne et al., 1994) where a significant role is played by me-
teoric waters, slightly acidic due to dissolution of CO, and or-
ganic acids (Giles and de Boer, 1990). During the change from
suboxic to anoxic conditions, berthierine is replaced by pyrite in
the zone of sulphate reduction. Under conditions of freshwater
inflow, methanogenic bacteria transform organic matter to pro-
duce CO, and CH, (Claypool and Kaplan, 1974). In the oxy-
gen-deficient environment, in sediments rich in reactive miner-
als containing iron, and at a low concentration of dissolved
sulphates, berthierine is replaced by precipitating siderite
(Browne and Kingston, 1993; Morad, 1998). In the rocks exam-
ined, this is siderite enriched with magnesium — predominantly

sideroplesite (Koztowska et al., 2008, 2011, 2013; Witkowska,
2012). In the eodiagenesis stage, berthierine ooids underwent
deformation, especially flattening, as a result of mechanical
compaction (Fig. 5E). The effects of mechanical compaction
are best manifested in sandstones. They include close packing
of detrital material, reduction in primary porosity, fracturing of
grains, deformation of clay-mud laminae and, locally, bending
of mica flakes.

In the subsequent diagenetic stage — mesodiagenesis —
berthierine ooids were replaced to a variable extent by carbon-
ate minerals that penetrated into the grains from the outside
(Fig. 5F). These minerals were crystallising around the ooid
and, gradually growing into its central point, were replacing
berthierine. Due to an active circulation of fluids, the following
precipitation sequence occurred: sideroplesite, pistomesite,
Fe-calcite and ankerite. The crystallising sideroplesite and
pistomesite are characterised by a high magnesium content
compared with early diagenetic sideroplesite, and they are of-
ten rhombohedral in shape (Koztowska et al., 2008, 2011,
2013). Studies of fluid inclusions in sideroplesite and pisto-
mesite crystals indicate that their crystallisation temperature
was >60°C (Koztowska, 2014). Next, Fe-calcite and ankerite
formed, filling the space between siderite, sideroplesite and
pistomesite crystals, showing that they crystallised later.

Early diagenetic berthierine is chemically and structurally
unstable. With increasing temperature and depth of burial, this
mineral transformed to chlorite. The transformation process
was gradual and mixed-layering chlorite/serpentine records its
intermediate stage (Wilson, 2013). According to Jahren and
Aagaard (1989), berthierine is transformed to chamosite as a
result of crystallisation at a temperature of about 70°C. The
transformation of berthierine to chamosite is a dissolution-pre-
cipitation reaction in closed or semi-closed systems (Aagaard et
al., 2000). Berthierine may have been the precursor of ferru-
ginous chlorites found in some samples. The cement of sand-
stone from a sample taken at a depth of 104.4 m in the Omiecin
XI1/3 borehole (Table 2) is composed of a yellow-brown mineral.
Based on microscopic observations, the mineral was identified
as berthierine, however, X-ray analysis revealed that it was
chlorite. This may suggest that, during their diagenetic history,
the rocks could attain temperatures >60°C. This is also con-
firmed by the results of analysis of fluid inclusions in some
sideroplesite and pistomesite crystals, indicating the tempera-
tures of their crystallisation was 62—-137°C.

BERTHIERINE AND OTHER CLAY MINERALS

The results of XRD (Table 5) and point chemical analyses
(Table 6) of clay minerals from sideritic rocks in both study ar-
eas confirm the presence of berthierine. In the samples ana-
lysed, the green and yellow-brown mineral that mostly com-
prises ooids, but which also occurs in the cement and fills voids
in bioclasts, has been identified as berthierine. In some sam-
ples, berthierine is accompanied by kaolinite or illite.

XRD studies of the Lower and Middle Bathonian rocks
along the northeastern margin of the Holy Cross Mountains re-
veal the presence in the clay fraction of berthierine, kaolinite,
illite, with minor chlorites. Single samples of Upper Bajocian
rock contain berthierine and kaolinite while Aalenian rocks con-
tain kaolinite. It seems that, in this area, kaolinite predominates
over the other clay minerals. Analysis of selected rock samples
from the Czestochowa region, containing the clay fraction, has
revealed the presence of berthierine (Upper Bajocian) and
berthierine and illite (Lower Bajocian).
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Study of the Middle and Upper Bathonian deposits rich in
clay minerals in the Czestochowa area shows that illite prevails
over kaolinite and chlorites (Dudek, 2012). Variability in the
composition of clay minerals within deposits of different ages in
the Middle Jurassic may suggest changes in the climatic condi-
tions of the area studied.

The chemical analysis of berthierine indicates a regional dif-
ferentiation. Berthierine from the northeastern margin of the
Holy Cross Mountains typically shows a higher content of SiO,,
CaO and MgO and a lower content of FeO as compared with
berthierine from the Czestochowa region. This may be indica-
tive of a greater supply of iron from land to the Middle Jurassic
(Bajocian) basin in the Czestochowa area compared to the
northeastern margin of the Holy Cross Mountains.

The results of analyses that identified berthierine among
clay minerals of these Middle Jurassic sideritic rocks are con-
sistent with the results of studies by Maliszewska et al. (2007)
from the Polish Lowlands. They confirm the presence of
berthierine in the Middle Jurassic deposits, and not only of
chamosite, as was previously commonly thought. The smaller
amount of kaolinite in the Czestochowa ores compared to the
Starachowice ores (Fig. 1) was reported by Jaskolski (1928).
Recently published papers report the occurrence of both illite
and kaolinite from the deposits of the Middle and Upper
Bathonian in the Czestochowa region (Szczepanik et al., 2007;
Dudek, 2012; Witkowska, 2012).

CONCLUSIONS

1. Berthierine is a green or yellow-brown clay mineral, the
presence of which in Middle Jurassic sideritic siliciclastic rocks
has been confirmed by XRD and SEM analyses. It comprises
mostly ooids and also occurs less commonly in the cement of
sideritic sandstones, conglomerates, coquinas and clayey side-
rites, and fills voids in bioclasts. Berthierine in ooids is charac-
terized by FeO content of up to about 29 wt.% in the northeast-
ern margin of the Holy Cross Mountains, and up to approxi-
mately 38 wt.% in the Czestochowa region. This may suggest a
greater supply of iron from land to the Middle Jurassic
(Bajocian) basin in the Czestochowa area compared with the
northeastern margin of the Holy Cross Mountains.

2. Among the clay minerals, apart from berthierine, also
illite, kaolinite and chlorites have been identified in the sideritic
rocks. Variability in the composition of clay minerals within de-
posits of different ages in the Middle Jurassic could suggest
changes in climatic conditions in both of the areas studied.

3. Berthierine ooids were observed mainly in sideritic sand-
stones, rarely in clayey siderites, and in a few samples of sider-
itic conglomerate and coquina. Their state of preservation var-

ied. They underwent diagenetic processes of mechanical com-
paction, replacement and alteration. Berthierine was replaced
by carbonate minerals and pyrite, and altered to kaolinite.
Ooids, which are composed of the carbonate minerals sidero-
plesite, pistomesite, Fe-calcite and ankerite, and locally of pyrite
and kaolinite, are common components of sideritic rocks. They
are always secondary after berthierine ooids.

4. In the sideritic rocks, berthierine occurs primarily in those
deposited in the shoreface and deltaic environments of the
Early and Middle Bathonian of the northeastern margin of the
Holy Cross Mountains, and of the Late Bajocian of both study
areas. Berthierine ooids from the Bathonian sideritic rocks are
characterized by a better degree of preservation compared to
those from the Bajocian and Aalenian deposits. The effects of
diagenetic processes are better developed in the marine siderit-
ic sandstones, conglomerates and coquinas, deposited mostly
in the shoreface zone, compared to those observed in deltaic
deposits. The strongest effects of the processes of berthierine
replacement and alteration have been found in clayey siderites
deposited in a marine environment, including shoreface to off-
shore. In the Czestochowa region, the effects of diagenetic re-
placement and alteration processes are more poorly developed
compared to those observed in the northeastern margin of the
Holy Cross Mountains.

5. Berthierine was formed in the early diagenetic stage
(eodiagenesis) in suboxic conditions where iron-bearing fresh-
water mixed with sea water probably at a temperature of about
25-45°C. This mineral is chemically and structurally unstable,
causing its transformation to chamosite as a result of recry-
stallisation process at a temperature of 70°C. Berthierine may
have been the precursor of ferruginous chlorites found in some
samples. This may show that, during their diagenetic history,
the rocks could locally attain temperatures >60°C, which is sug-
gested by the results of analysis of fluid inclusions in some
sideroplesite and pistomesite crystals, indicating the tempera-
tures of their crystallisation to be 62—137°C.
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