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The Triassic—Jurassic boundary interval (ca. 201 Ma) was a time of sudden global environmental changes triggered by
Pangea breakup and Central Atlantic Magmatic Province development. The bulk-rock mineralogy, clay mineralogy and ma-
jor element geochemistry of 87 continental mudrock samples collected from four borehole cores yield information on
Rhaetian—earliest Hettangian palaeoclimatic changes in the Polish Basin. During the Rhaetian, smectite preponderance
was replaced by kaolinite and illite domination. This fundamental shift in clay mineral assemblages (supported by major ele-
ment data) indicates very significant change in climate humidity. Moreover, some beds in the Zagaje Formation (Upper
Rhaetian—Lower Hettangian) are particularly rich in kaolinite indicating extreme chemical weathering in humid-subtropical to
tropical climate episodes in the aftermath of powerful warming and abundant rainfall. Importantly, the first distinct kaolinite
enrichment appears already in the Lower Rhaetian Wielichowo Beds. In addition, abrupt and episodic shifts in the
kaolinite-illite ratio and in values of weathering indices point to profound climate destabilisation and a sequence of frequent,
catastrophic climatic reversals in the Late Rhaetian and at the Triassic—Jurassic boundary. These results are generally con-
sistent with carbon isotope records in sections worldwide.
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INTRODUCTION

The end of the Triassic and the Triassic—Jurassic transition
(ca. 201 Ma) was a period of sudden global environmental
changes linked to the Pangea breakup (Wilson, 1997) and to
development of the giant Central Atlantic Magmatic Province
(CAMP; Marzoli et al., 1999; Hames et al., 2000; Courtillot and
Renne, 2003). Characteristic features of this time were pro-
found perturbations in the global biogeochemical cycle, an in-
crease in atmospheric CO, content, global greenhouse warm-
ing, and mass extinction. The Triassic—Jurassic boundary
(TJB) is characterized by pronounced negative excursions in
marine and terrestrial carbon isotope records (e.g., Palfy et al.,
2001; Hesselbo et al., 2002; Guex et al., 2004; Ward et al.,
2004; Galli et al., 2005; Williford et al., 2007; Ruhl et al., 2009;
Deenen et al., 2010; Whiteside et al., 2010; Pienkowski et al.,
2012) as well as perturbations to other isotopic systems (Cohen
and Coe, 2002, 2007; Kuroda et al., 2010; Callegaro et al.,
2012; Pienkowski et al., 2012) . A major Late Rhaetian “initial”
negative C isotope excursion (initial CIE) is usually separated
from a subsequent long-term Hettangian “main” negative C iso-
tope excursion (main CIE) by a distinct positive shift in §'°C val-
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ues (Hesselbo et al., 2002, 2007; Schootbrugge et al., 2008;
Korte et al., 2009; Pienkowski et al., 2012; Fig. 1). CAMP devel-
opment and related processes (volcanic degassing,
thermogenic methane release, methane hydrate dissociation)
are commonly inferred as triggers of biogeochemical cycle
destabilization, climate shifts and other global environmental
changes which in turn led to TJB mass extinction. Alternative
hypotheses considered changes in palaeoceanography (Hal-
lam and Wignall, 1999) and extraterrestrial impact (Olsen et al.,
2002; Simms, 2003). Some authors have focused on ocean
acidification and a biocalcification crisis (Hautmann, 2004,
Hautmann et al., 2008; Racki, 2010; Richoz et al., 2012). How-
ever, increasing precision of stratigraphic correlation links these
events to the onset of CAMP volcanism (Marzoli et al., 2004,
2011; Nomade et al., 2007; Cirilli et al., 2009; Jourdan et al.,
2009; Deenen et al., 2010; Kozur and Weems, 2010; Ruhl et al.,
2010; Schoene et al., 2010; Whiteside et al., 2010; Blackburn et
al., 2013).

Rising atmospheric carbon dioxide concentrations likely
caused global climate changes and a Late Rhaetian
super-greenhouse (McElwain et al., 1999; Whiteside et al,,
2010; Schaller et al., 2011, 2012; Steinthorsdottir et al., 2011).
Brief but extreme greenhouse events may have been related to
massive injections of isotopically light carbon from oceanic
methane hydrate destabilization and its cumulative input into
the atmosphere and ocean (Beerling and Berner, 2002;
Hesselbo et al., 2000, 2007; Ruhl et al., 2011). Some authors,
though, have recently challenged the causal link between
end-Triassic methane release and terrestrial ecosystem crisis
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Fig. 1. Cartoon summarising stratigraphy of the Triassic—-Jurassic boundary interval adopted
in this paper (not to scale)

Generalized carbon-isotope curve and palaeoclimatic changes are modified and compiled from
Hesselbo et al. (2002), Korte et al. (2009), Ruhl et al. (2009, 2011), Ruhl and Kiirschner (2011) and
Pienkowski et al. (2012). Triassic—Jurassic boundary location is adapted from Korte et al. (2009), and
Pienkowski et al. (2012), FAD of Psiloceras speleae and Cerebropollenites thiergartii from Hillebrandt et
al. (2007), and age of “initial” negative CIE from Whiteside et al. (2010), and Ruhl et al. (2010); black strip
—the oldest CAMP basalt flow in the Argana Basin, Morocco (Marzoli et al., 2004; Whiteside et al., 2010),
dark grey strip — the oldest CAMP basalt flow in the Newark and Hartford basins, Northern America
(Olsen et al., 2002; Whiteside et al., 2010), light grey strip — the succeeding basalt flow in the Argana Ba-
sin, Morocco (Marzoli et al., 2004; Whiteside et al., 2010)

(Lindstrom et al., 2012). Indeed, the greenhouse effect as a sin-
gle cause of terrestrial extinctions is challenged by many au-
thors, who emphasize environmental stress caused by emis-
sion of volcanogenic toxic compounds, soil acidification and
successive rapid climatic reversals (Self et al., 2006; Ganino
and Arndt, 2009; Schootbrugge et al., 2009; Racki, 2010;
Pienkowski et al., 2012, 2014; Schaller et al., 2012). Moreover,
it was found that atmospheric CO, concentrations had in-
creased earlier in the Rhaetian (Cleveland et al., 2008; Bonis et
al., 2010). The earlier Rhaetian negative carbon isotope excur-
sions clearly preceded the Late Rhaetian “initial” negative CIE
(Ruhl and Kirschner, 2011; Suan et al., 2011; Lindstrom et al.,
2012; Pienkowski et al., 2012, 2014; Fig. 1). The substantial in-
crease in global temperature, abundant rainfall and an en-
hanced hydrological cycle caused a large increase in continen-
tal weathering and in sediment supply. The Sr-isotope and
Os-isotope records indicate that erosion and weathering of
CAMP rocks started in the Hettangian, soon after their em-
placement (Cohen and Coe, 2002, 2007). Recently some au-
thors indicate two significant shifts of the Os-isotope curve
(Kuroda et al.,, 2010; Pienkowski et al., 2012) during the
Rhaetian that may be attributed to a rapid emplacement of the
CAMP, followed by a rapid increase in continental weathering.

Clay deposits in sedimentary basins represent a final prod-
uct of the continental weathering process and they may reveal
climatic fluctuations on continents, if diagenetic transformations
were not very significant (e.g., Singer, 1984; Chamley, 1989;
Ruffell et al., 2002; Ahlberg et al., 2003; Deconinck et al., 2003;
Raucsik and Varga, 2008; Branski, 2009, 2010, 2012; Dera et
al., 2009; Hesselbo et al., 2009). In particular, the variations in
detrital kaolinite content in the clay fraction are considered as a
reliable proxy for humidity. It should be remembered that beside
diagenesis, other factors (such as tectonic rejuvenation, sea
level changes, and the lithology of the parent rocks) may also
influence the clay mineral proportions to some extent (e.g.,

Thiry, 2000; Branski, 2007a, 2012; Hesselbo et al., 2009; Liu et
al.,, 2012; Lintnerova et al., 2013). Abundance of major ele-
ments is intimately related to the mineralogy of the mudrocks
(Weaver, 1989). The clay mineralogy of Rhaetian—Hettangian
sections from Central and Northern Europe has been described
in several papers with diverse accuracy (Ahlberg et al., 2002,
2003; Raucsik and Varga, 2008; Michalik et al., 2010; Haas et
al., 2012; Palfy and Zajzon, 2012; Zajzon et al., 2012). Scarce
previous data from the southeastern part of the Polish Basin
were collected by the present author few years ago (Branski,
2009).

The aim of the present paper is to infer climatic changes
from the Rhaetian—Early Hettangian succession in the Polish
Basin on the basis of borehole sections that have mostly high
sampling resolution. Changes in weathering regime reflecting
palaeoclimate shifts are here determined on the basis of varia-
tions in clay mineralogy (especially kaolinite content) and major
element chemistry. Special attention is paid to abrupt changes
in mineralogy and geochemistry, which may reflect catastrophic
events.

GEOLOGICAL AND PALAEOGEOGRAPHICAL
BACKGROUND

The epicontinental Polish Basin represents the eastern arm
of the Central European Basin System (Pienkowski and
Schudack, 2008). The Mid-Polish Trough (MPT), the axial zone
of the Polish Basin, was an elongated relatively narrow subsiding
area, running generally along the Teisseyre-Tornquist Zone
(TTZ). The MPT was superimposed on the southwestern edge of
the East European Craton and the northeastern boundary of the
Variscides (Dadlez, 1997; Fig. 2). At the very beginning of the Ju-
rassic the basin depocenter was finally placed along the MPT. In
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Fig. 2. General palaeogeography and location of study area
(modified after Pienkowski et al., 2014)

A — extent of the Rhaetian basins in Central and Northwestern Europe;
B — palaeogeographic map of the Rhaetian—Early Hettangian basin in Poland
with locations of profiles sampled; HCM — Holy Cross Mountains

Late Rhaetian—Early Hettangian times the distance from the
nearest CAMP volcanic eruptions to the Polish Basin did not ex-
ceed 1500 km (Pienkowski et al., 2014). The Rhaetian was a tec-
tonically quiet time, but at the beginning of the Hettangian there
was a distinct fault-related tectonic event (Hakenberg and
Swidrowska, 1997; Poprawa, 1997; Pienkowski, 2004). In the
earliest Hettangian, a short-ived but pronounced
transtension-related subsidence pulse was superimposed
(Branski, 2006, 2011a) on the long-term thermal subsidence of
the Polish Basin (Dadlez et al., 1995; Stephenson et al., 2003).
The axial part of the basin was affected by a number of faults,
grabens and half-grabens (Dadlez et al., 1998). The phase of
synsedimentary faulting was accompanied (especially in the
southeastern area), by rapid accumulation that was, however,
restricted to the MPT and local grabens (Branski, 2006, 2011a).
The Triassic—Jurassic boundary in the Polish Basin is lo-
cated between the last appearance datum (LAD) of the

megaspore Trileites pinguis (Marcinkiewicz, 1971) and the first
appearance datum (FAD) of Cerebropollenites thiergartii in the
Kamien Pomorski profile (Pienkowski et al., 2012). However,
biostratigrahical resolution of the Rhaetian—Lower Hettangian
succession is unsatisfactory. Nevertheless, the epicontinental
basin in Poland may be assigned to the European stratigraphic
framework on the basis of high-resolution sequence stratigra-
phy (Pienkowski, 2004) and chemostratigraphy (Pienkowski et
al., 2012, 2014).

The Late Norian deposits in the Polish Basin represent a
red-bed association (mostly mudstones and siltstones) with rare
calcretes and carbonate nodules, which are assigned to the
Zbagszynek Beds. Two lithostratigraphic units are distinguished
within the Triassic—Jurassic transitional section (Table 1): the
Lower—Middle Rhaetian Wielichowo Beds and the Upper
Rhaetian-Lower Hettangian Zagaje Formation (Pienkowski et
al., 2012). The Wielichowo Beds rest on the erosional sequence
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Table 1

Stratigraphy of the Triassic—Jurassic transition in the
epicontinental Polish Basin (after Pienkowski et al., 2012)

System Stage Formation
JURASSIC .
Hettangian Lower
201.3 Ma 9 Zagaje Formation
U
Rhaetian ppe.r -
TRIASSIC Lower—Middle | Wielichowo Beds
Norian Upper Zbaszynek Beds

Dashed lines — major erosional surfaces (sequence boundaries)

boundary between Norian and Rhaetian deposits, which coin-
cides with Early Cimmerian unconformity (Pienkowski, 2004).
This unit is mostly represented by red-brownish, greenish or
multicoloured mottled mudstones, with calcium carbonate con-
cretions (Pienkowski et al., 2012). The Zagaje Formation lies
above an erosional sequence boundary (Pienkowski, 2004),
which is probably concomitant with the Rhaetian lowstand
(Pienkowski et al., 2012). This unit comprises mostly grey sand-
stone, mudstone, claystone and palaeosols with siderite concre-
tions, coalified plant roots and floral remains. The upper part of
the Zagaje Formation (Hettangian) is preceded by conspicuous
erosion and the Rhaetian deposits are commonly truncated at
the top (Pienkowski, 2004; Pienkowski et al., 2012, 2014). This
part of the Zagaje Formation usually commences with a sand-
stone layer resting on the sequence boundary followed by
interstratified claystones, mudstones and sandstones (Pien-
kowski, 2004; Branski, 2011a).

During the Rhaetian—earliest Hettangian, continental allu-
vial-lacustrine sedimentation prevailed in the area of Poland.
Initially, a semi-dry inland basin of playa character prevailed,
where deposits of the Wielichowo Beds accumulated
(Pienkowski et al., 2012). The subsequent alluvial and lacus-
trine deposits are assigned to the same lithostratigraphic unit,
the Zagaje Formation (Pienkowski, 2004; Pienkowski et al.,
2012), because the earliest Hettangian alluvial deposition was
a continuation of the Rhaetian one. The environments were
dominated by meandering and anastomosing river systems
and were gradually transforming into wetlands (Pienkowski,
2004; Branski, 2011a). Fine-grained sediments were formed
mainly in overbank environments (distal floodplain, shallow
overgrowing lakes). After the hot, semi-dry climate that domi-
nated in the Norian, the Early—Middle Rhaetian seems to have
been characterized by seasonal precipitation. The Late
Rhaetian—Early Hettangian climate were generally much wetter
than in the Early—-Middle Rhaetian, although it seems that drier
periods still occurred (Pienkowski et al., 2012).

MATERIALS AND METHODS

In order to infer the Rhaetian—earliest Hettangian palaeo-
climatic events, a set of 87 samples was taken from four bore-
hole cores (Kamien Pomorski IG 1, Kaszewy 1, Niekfan PIG-1
and Huta OP-1) to analyse the bulk rock mineralogy, clay min-
eralogy and major element geochemistry. In the first two cases,
the sections analysed represent almost exclusively the
Rhaetian, in the third the Rhaetian and lowermost Hettangian,
and in fourth the lowermost Hettangian only. Most of the sam-
ples collected comprise claystones and mudstones from the
Zagaje Formation in various parts of the MPT: the Pomeranian

segment, the Kuyavian segment, and the Holy Cross Moun-
tains segment (Fig. 2). The Kaszewy borehole section provides
the preliminary results only because this section is still being
studied. As already mentioned, the Rhaetian deposits are com-
monly truncated at the top by erosion. Most probably, the ero-
sion in Kamien Pomorski was insignificant owing to the local
tectonic regime (Pienkowski et al., 2012). In the Kaszewy and
Niektan sections, the hiatus at the Triassic—Jurassic boundary
partially embraces Late Rhaetian; however, it is hard to deter-
mine how much of the Late Rhaetian succession was removed
by erosion. In the Huta borehole section, the Rhaetian is most
likely lacking and the Norian mudstones are overlain directly by
the lowermost Hettangian deposits, because the first Jurassic
sequence boundary merged with the lower sequence bound-
aries between Middle and Upper Rhaetian and between
Rhaetian and Norian deposits.

All samples were studied at the Polish Geological Institute —
National Research Institute laboratories. Each rock sample
were coarsely crushed in a Fritsch crusher, dried at a tempera-
ture of 110°C, and ground to obtain a fine, homogeneous pow-
der of the bulk rock with particles <63 um. Bulk rock composi-
tions and clay minerals were identified by X-ray diffraction
(XRD) using a Phillips PW 3020 X'Pert diffractometer with
CuKa radiation. The bulk-rock mineralogy was determined on
XRD patterns of powder samples. The ICDD (International
Centre for Diffraction Data) database was used for qualitative
determination of minerals. The Reference Intensity Ratio
method, embedded in control software, was applied to
semi-quantitative phase analysis. Clay minerals were identified
by XRD on oriented mounts of non-calcareous clay-sized parti-
cles, separated from suspension by differential settling accord-
ing to Stoke’s Law. Upper Rhaetian—Hettangian claystones and
mudstones from the epicontinental basin of Poland are com-
monly non-calcareous and decalcification is not necessary. The
calcareous samples were treated with 10% acetic acid for re-
moval of carbonates. Oriented specimens were prepared by
smearing a paste of the <2 um fraction onto a glass slide. For
each sample, three X-ray analyses were performed: after
air-drying, ethylene-glycol solvation, and heating at 550°C. The
individual clay minerals were identified using the position of the
(001) series of basal reflections on the three X-ray diagrams
(Moore and Reynolds, 1997; Srodon, 2006). Kaolinite was iden-
tified using the reflection at ~7 A, illite at ~10 A and chlorite at
~14 A (on the basis of X-ray diagrams of air-dried and heated
specimens; Fig. 3). Additionally, the kaolinite-chlorite doublet at
3.5 A was used to asses the proportion of these minerals. A
slight deflection at 7 A that is typical of berthierine was also ob-
served in several samples (Fig. 3C). Smectite and the rarely
and locally observed illite-smectite mixed-layers (mostly with
>90% illite content) were here determined on 15-17 A and
11-13 A peaks, respectively. Semi-quantitative estimations of
clay mineral contents were based on the peak areas of basal re-
flections summed to 100%. lllite-smectite mixed-layers were in-
cluded in illite. SEM observations of selected samples were
also performed using a LEO 1430 scanning electron micro-
scope with an energy dispersive spectrometer (EDS Oxford In-
strument; Fig. 4).

Geochemical analyses of major elements and organic mat-
ter were performed on bulk rock samples. After melting of sam-
ples in a Pt-Au melting-pot (at a temperature of 1000°C), major
elements were measured by X-ray fluorescence using a Phillips
PW 2400 spectrometer in accordance with accredited research
procedure. The lower detection limits of the individual compo-
nents ranged from 0.001 to 0.1% (for the most part, 0.01%). To-
tal organic carbon (TOC) content was established by the
coulometric method.
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Fig. 3. Examples of X-ray diagrams of selected samples
(<2 um fraction) from the Triassic—Jurassic boundary interval
(carried out by W. Narkiewicz)

A - smectite-dominated claystone with accompanying kaolinite
(Rhaetian, Wielichowo Beds, Niekfan PIG-1 borehole, depth
167.8 m); B — kaolinite-dominated claystone with subordinate illite
and chlorite (lowermost Hettangian, Zagaje Formation, Niektan
PI1G-1 borehole, depth 158.9 m); C — kaolinite, berthierine and illite
in claystone (Rhaetian, Zagaje Formation, Kamien Pomorski I1G 1
borehole, depth 686.0 m); black line — air-dried sample, green line —
glycolated sample, red line — heated sample (550°C); clay mineral
content was determined on the peak areas of characteristic basal
reflections (B — berthierine ~7 A, Ch — chlorite ~14 A, | —illite ~10 A,
K — kaolinite ~7 A, Sm — smectite 15-17 A)

For each bulk rock sample, a “clay index” (Cl) was calcu-
lated on X-ray diffraction percentage values using the formula:
clay index (Cl) = clay minerals (CM)/ [quartz (Q) + feldspar (F)].
Moreover, various indices reflecting the degree of silicate
weathering using the clay mineral composition of samples were

calculated. The kaolinite/ilite (K/l), kaolinite/illite+chlorite
(K/I' + Ch), and kaolinite/smectite (K/Sm) proportions are ex-
pressed by ratios of the main diffraction peak intensities of
these minerals. Next, the following chemical indices were deter-
mined using major element concentrations: Al/K ratio, Chemical
Index of Alternation — CIA (Nesbitt and Young, 1982) and CIA*
(Goldberg and Humayun, 2010), Chemical Index of Weathering
— CIW (Harnois, 1988), Plagioclase Index of Weathering — PIA
(Fedo et al., 1995), Index of Compositional Variability — ICV
(Cox etal., 1995) and Al/Ti ratio. The indices are defined as fol-
lows:

CIA = [ALO3/(Al,03 + CaO* + NaO + K,0)] x 100;

CIA* = Al,Oz/( CaO* + NayO + K,0);

CIW = [AlL,O3/(Al,03 + CaO* + Na,O] x 100;

PIA = {(Al,03 — K;O)/[(Al,03 — K,0) + CaO* + Na,O]} x 100;

ICV = (Fe;0O; + K;O + Na,O + CaO + MgO + MnO +
TiO)/AlOs3.

For calculation of chemical indices (excepting ICV and
Al/Ti), raw abundances of individual elements were converted
into moles by dividing the weight percent by molecular weight
(Retallack, 2001; Sheldon and Tabor, 2009). CaO* represents
the Ca content in the silicate fraction only. According to
McLennan (1993), if the CaO molar content is less than that of
Na,O, the CaO content measured can be used for CaO*; when
the CaO molar content is greater than that of Na,O, CaO* it is
assumed to be equivalent to Na,O. Generally, the values of
weathering indices increase with removal of mobile cations rel-
ative to stable residual components due to the growing intensity
of weathering (Nesbitt and Young, 1982; Harnois, 1988; Fedo
et al., 1995; Goldberg and Humayun, 2010) that is usually
linked to climate conditions in the provenance areas. For exam-
ple, the CIA (the most widely applied of weathering indices) in-
creases from approximately 50 for unaltered feldspar to 70-85
for illite and smectite, and almost 100 for kaolinite, chlorite and
gibbsite (Nesbitt and Young, 1982; Fedo et al., 1995). Fresh
rocks and minerals may have CIA values even lower than 50.
The average upper crust has a CIA value about 47 (Mc Lennan,
1993). Moreover, the bulk rock Al/Ti ratio may be used as a pre-
liminary indicator of the source rocks. Low values suggest mafic
or ultramafic rocks and high values indicate felsic source
(Nesbitt, 1979; Hayashi et al., 1997).

Finally, most of the new mineralogical and geochemical
data was plotted along with the lithology, facies succession, and
sequence stratigraphy established by Pienkowski (2004;
Pienkowski et al., 2012) for the all the borehole sections studied
(Figs. 5-8). In the Kamien Pomorski section (Fig. 5), they were
also compared to existing isotope data reported by Pienkowski
et al. (2012).

RESULTS

Important bulk rock data (general mineralogical composi-
tion, Cl, TOC content, CIA, CIA*, CIW, PIA, ICV Al/K and Al/Ti
values) as well as clay fraction data (clay mineral compositions,
K/l and K/l + Ch and K/Sm values) of the Wielichowo Beds and
Zagaje Formation are shown in Tables 2—4. Most of these are
also depicted on Figures 5-8. Average data have been esti-
mated for each core. Selected X-ray diagrams and the exam-
ples of SEM images are shown in Figures 3 and 4, respectively.

BULK ROCK MINERALOGY

The bulk rock samples of claystone and mudstone from the
Rhaetian and Lower Hettangian examined are mainly com-
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Fig. 4. Selected SEM images (carried out by L. Giro)

A — typical Rhaetian claystone dominated by detrital kaolinite-smectite matrix (Niektan PIG-1 borehole, depth 166.4 m); B — subor-
dinate authigenic kaolinite (K) surrounded by a detrital kaolinite-illite matrix (lowermost Hettangian, Zagaje Fm., Huta OP-1 bore-
hole, depth 183.5 m); C — Fine pieces of disintegrated calcrete and silcrete eroded from Norian palaeosols and dispersed in
kaolinitic clay (Upper Rhaetian, Zagaje Fm. Niektan PIG-1 borehole, depth 164.3 m); D — Organic carbon (C) in detrital kaolinite-illite

matrix (lowermost Hettangian, Zagaje Fm., Niektan PIG-1 borehole, depth 157.7 m)
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Fig. 6. Bulk rock and <2 um fraction data from the Kaszewy 1 borehole plotted against a simplified sedimentological log

Clay index (Cl = CM/Q + F) spikes seem to be consistent with sedimentary cycles; TOC content clearly increases at the beginning of the
Hettangian; note the prominent kaolinite peak in the Wielichowo Beds that correlates with the highest values of chemical indices; in the
Zagaje Formation, the kaolinite content and values of the weathering indices are relatively low, probably because of a moderate diagenetic
overprint (illitisation); for the same reason the fluctuations in clay mineral ratios and of chemical indices are less distinct; all bulk rock and clay
mineral data (including TOC content) are from this study; for explanations see Figure 5

posed of phyllosilicates (51-91%, average of 70-85% depend-
ing on the borehole studied and lithostratigraphic unit; Tables
2-4). Quartz is less abundant but occurs in varied amounts
(7-45%, average of 10-26%). The clay index (Cl) of samples
varies from 1.1 to 13.0 (with an average of 2.7-8.7; Tables
2-4), according to their position within sedimentary cycles; al-
most all samples are represented by claystones or clayey
mudstones. In the Lower—Middle Rhaetian Wielichowo Beds,
hematite, goethite, feldspars, calcite and locally dolomite are
observed with proportions of 0—-8%, but siderite is absent (Ta-
ble 2). The content of organic matter is very low and TOC value
does not exceed 0.42%. In the bulk rock samples of claystones
and mudstones examined from the Zagaje Fm. (Upper
Rhaetian—-Lower Hettangian) siderite is observed with propor-
tions of 0—8% (to as much as 24%). Other minerals (feldspars,
hematite and goethite) appear sporadically and mostly in ac-
cessory amounts (Tables 3 and 4). Calcite and dolomite are ab-

<
<

sent. The distribution of organic matter is variable and the total
organic carbon (TOC) content ranges from 0.14 to 4.20% (Ta-
bles 3 and 4). The abundance of organic carbon is distinctly
higher in the Lower Hettangian than in the Rhaetian.

BULK ROCK CHEMISTRY — WEATHERING INDICES

The major element geochemistry and the values of chemi-
cal indices generally reflect bulk rock mineralogy and clay min-
eral composition. They are very diverse in the Lower—Middle
Rhaetian Wielichowo Beds and generally high in the Upper
Rhaetian—Lower Hettangian Zagaje Fm. The CIA values fluctu-
ate extremely (with limits of 63.2—92.6) in the Wielichowo Beds
(Table 2). In the Zagaje Formation the CIA varies from 78.7 to
95.6, but in the vast majority of cases it exceeds 85, corre-
sponding to residual clays with a high kaolinite content (Nesbitt
and Young, 1982). Average CIA values in the Zagaje Formation

Fig. 5. Bulk rock and <2 um fraction data from the Kamien Pomorski IG 1 borehole
plotted against a simplified sedimentological log

In the topmost part of the Wielichowo Beds a crucial shift in clay mineral assemblage is shown; note that the first kaolinite enrichment coin-
cides with the “precursor” negative CIE (~699.3 m) but the next kaolinite peak (~692.9 m) slightly precedes the onset of the “initial” negative
CIE (~691.0 m); note also distinct reversals of the kaolinite-illite ratio in the Zagaje Formation; in the topmost Rhaetian the kaolinite content
diminishes (concordantly with the CIE positive shift) and rises again in the lowermost Hettangian; red asterisk — berthierine presence, green
asterisk — serpentine presence (close to clay mineral bands); all simplified sedimentological logs (Figs. 6—-9) are mostly adapted from
Pienkowski (2004) and Pienkowski et al. (2012); carbon-isotope curve and Os-isotope curves after Pienkowski et al. (2012); TOC content in
the Kamien section adapted from Marynowski and Simoneit (2009); other bulk rock data (mineralogy and selected chemical indices) and clay
mineralogical data (clay mineral composition, kaolinite/illite ratio) are from this study; other explanations are included in the text
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Fig. 7. Bulk rock and <2 um fraction data from the Niektan PIG-1 borehole plotted against a simplified sedimentological log
Note the series of frequent and drastic changes in the clay mineral composition and weathering indices values that correspond to

inferred catastrophic climate reversals in Rhaetian—earliest Hettangian time; all bulk rock and clay minerals data are from this study;
for explanations see Figure 5

HUTA OP-1 bulk rock data
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Fig. 8. Bulk rock and <2 um fraction data from the Huta OP-1 borehole plotted against a simplified sedimentological log

Note the spikes on TOC content curve and major kaolinite peak in the lowermost Hettangian that correlates with highest values
of chemical indices (as in the Niektan PIG-1 borehole section); note also that the hiatus spans most probably the whole Rhaetian;
all bulk rock and clay minerals data are from this study; for explanations see Figure 5
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Table 2

Bulk rock and <2 um fraction data from the Wielichowo Beds (Lower-Middle Rhaetian) in the boreholes sampled

Borehole
Components, indices POMOMIEN & 4 | *KASZEWY 1 | NIEKLAN PIG-1 | HUTA OP-1
clay minerals CM [%] 77-85 (80) 85 68-80 (73)
quartz + feldspar Q + F [%] 9-10 (10) 14 16-26 (21)
) goethite, hematite [%] 3-4 (4) 0 3-6 (4)
Bulk rock mineralogy - -
calcite, dolomite [%] 0-8 (5) 0 0-3 (1)
Cl=CM/Q+F 7.9-9.4 (8.7) 6.1 2.6-5.0 (3.7)
TOC [%)] 0.18-0.42 (0.28) <0.10 -
kaolinite K [%)] 0-69 (17) 86 30-90 (60)
illite | [%] 0-31 (8) 14 0-5 (1)
Clay minerals chlorite Ch [%)] 0 0 0-5 (1)
(<2 pm fraction) smectite Sm [%] 0-100 (75) 0 0-70 (38) hiatus
K/l 0.0-2.2 (0.6) 6.1 -
K/l + Ch 0.0-2.2 (0.6) 6.1 -
Al/K 5.3-41.5 (15.2) 30.7 29.7-55.8 (39.7)
CIA 63.2-90.9 (70.5) 92.6 84.8-92.5 (88.2)
S CIA* 1.7-10.0 (3.8) 12.6 5.6-12.4 (10.2)
&’L‘fmgg{('ggr‘gg%) ciw 69.7-92.9 (76.3) 95.5 87.3-94.1 (90.3)
PIA 66.3-92.8 (73.9) 95.4 86.9-94.0 (90.0)
ICV 0.45-2.08 (1.53) 0.24 0.46-0.77 (0.60)
AlITi 18-28 (22) 31 11-30 (23)

The average values are given in parentheses (bold font); other explanations are in the text; * — only single sample

Table 3

Bulk rock and <2 um fraction data from the Zagaje Formation (Upper Rhaetian part) in the boreholes sampled

Borehole
Components, indices POMOMIEN ~ | KASZEWY1 | NIEKLANPIG-1 | HUTA OP-1
clay minerals CM [%] 51-91 (76) 52-90 (78) 6478 (71)
quartz + feldspar Q + F [%] 7-45 (23) 9-45 (18) 21-35 (28)
, siderite [%] 0 0-8 (2) 0-5 (1)
Bulk rock mineralogy
others [%] 0-2 (<1) 0-2 (<1) 0
Cl=CM/Q+F 1.1-13.0 (5.9) | 1.2-10.0 (5.2) 1.8-3.7 (2.7)
TOC [%] 0.10-1.25 (0.51) | 0.23-1.78 (0.65) -
kaolinite K [%] 16-86 (52) 21-45 (31) 31-100 (60)
ilite 1 [%] 14-84 (48) 48-75 (63) 0
Clay minerals chlorite Ch [%] 0 1-14 (6) 0
(<2 pm fraction) smectite Sm [%] 0 0 0-70 (40) hiatus
K/l 0.2-6.1 (1.6) | 0.3-0.9 (0.5) -
K/l + Ch 0.2-6.1(1.6) | 0.3-0.8 (0.4) -
Al/K 53-45.3 (15.9) | 5.5-15.9(8,2) | 24.8-215.0 (104.6)
CIA 78.7-90.0 (85.1) | 82.2-91.2 (85,5)| 83.3-95.6 (88.6)
o CIA* 32-9.0 (6.1) | 4.6-10.4(6.1) | 5.4-18.7 (10.1)
(Cbra‘flznr'gg'('ggﬁgglse) ciw 88.9-93.7 (92.1) | 94.6-97.1 (96.1)| 86.5-95.4 (90.1)
PIA 86.7-92.9 (91.3) | 93.8-96.8 (95.6) | 86.2-95.4 (89.9)
ICV 0.28-0.83 (0.42) | 0.27-1.05 (0.44) | 0.21-0.73 (0.50)
AlTi 8-28 (18) 14-36 (22) 12-17 (15)

Explanation as in the Table 2



300

Pawet Branski

Table 4

Bulk rock and <2 um fraction data from the Zagaje Formation (Lower Hettangian part) in the boreholes sampled

Borehole
Components, indices pOMSMIEN | KASZEWY 1 | NIEKLAN PIG-1 | HUTA OP-1
clay minerals CM [%] 51 84-86 (85) 56-88 (70) 62-80 (71)
quartz + fe!,‘:]Spar Q+F 47 10-12 (11) 9-43 (25) 15-34 (26)
Bulk rock mineralogy siderite [%] 0 0 0-24 (4) 0-4 (1)
others [%] <1 0 0 0-2 (<1)
Cl=CM/IQ+F 1.1 7.0-8.6 (7.8) 1.3-8.2 (3.4) 1.8-5.3 (3.1)
TOC [%] 028 |3.63-3.69 (3.66) - 0.14-3.28 (1.45)
kaolinite K [% 71 34-37 (36) 35-73 (50) 25-55 (37)
illite | [%] 29 57-59 (58) 16-48 (32) 29-65 (53)
Clay minerals chlorite Ch [%] 0 6-7 (6) 5-32 (18) 5-19 (10)
(<2 pm fraction) smectite Sm [%] 0 0 0 0
Kil 2.4 0.6-0.7 (0.6) 0.7-3.3 (1.8) 0.4-1.9 (0.8)
K/l + Ch 2.4 0.5-0.6 (0.5) 0.5-2.7 (1.1) 0.3-1.2 (0.6)
A/K 7.2 74-76(1.5) | 57-48.0(13.2) | 6.3-38.2 (14.2)
CIA 82.6 85.4-85.6 (85.5) | 83.3-95.6 (88.6) | 83.5-94.6 (87.3)
- CIA* 4.7 58-59(5.9) | 6.2-21.6(8.8) | 5.1-17.4(8.1)
&ﬂ}fggﬁ';gﬂgﬁ; ciw 93.2 96.3-96.5 (96.4) | 95.4-98.4 (97.1) | 93.8-97.6 (95.9)
PIA 92.7 95.8-96.0 (95.9) | 94.9-98.1 (96.8) | 92.9-97.1 (95.4)
IcV 0.35 0.35-0.37 (0.36) | 0.23-0.81 (0.43) | 0.22-0.90 (0.43)
AlTi 12 14-18 (16) 11-25 (17) 12-30 (19)

Explanations as in the Table 2

mudrocks range with narrow limits, from 85.1 to 88.6 depending
on the section studied (Tables 3 and 4). Average CIW and PIA
values reach as much as 90.0-97.1, with the exception of the
Wielichowo Beds samples from the Kamien section, which are
strongly dominated by smectite (Tables 2—4). The highest val-
ues of CIA exceed 95, but maximum CIW and PIA values may
be higher than 98. Overall rock geochemistry is also shown in
the A-CN-K diagrams (Fig. 9).

CLAY MINERALS (<2 ym FRACTION)

Clay mineralogical composition in the sections analysed is
very diverse in the <2 um fraction (Tables 2—4), reflected by the
K/l, K/l + Ch and in places the K/Sm ratios (Figs. 5-8). In the
earlier described Norian clays from Poland (Kozydra and
Wyrwicki, 1977; Wiewiora and Wyrwicki, 1977; Branski, 2007b)
illite predominates, accompanied by various but subsidiary
amounts of illite-smectite mixed-layers, kaolinite, and chlorite.
In the Norian Zbgszynek Beds studied in the Niektan PIG-1
borehole (Fig. 7), illite (with subsidiary chlorite) also predomi-
nates and the kaolinite content is insignificant. In the Huta OP-1
borehole (Fig. 8), the clay mineral composition of presumed
topmost Norian beds seems to be more atypical. The
Kaszewy 1 borehole is still under study and the samples from
Zbagszynek Beds have not yet been analysed.

In the Lower-Middle Rhaetian Wielichowo Beds the clay
mineral assemblage is quite different. A high abundance of
smectite is mostly observed (Fig. 3A), though the smectite type
was not analysed. Accordingly to Kozydra and Wyrwicki (1977),
smectites from the Upper Triassic in southern Poland are repre-
sented by beidellite with Mg and Ca in exchange positions or by
beidellite-nontronite minerals. The kaolinite content is mostly

moderate, although distinct kaolinite peaks already appear in
this part of the succession (Figs. 5-7). Small amounts of illite
and chlorite were detected only in some beds.

In the Zagaje Formation (Upper Rhaetian—Lower Hettan-
gian) kaolinite and illite usually predominate, but the clay miner-
alogy of Rhaetian and Hettangian part of this lithostratigraphic
unit is somewhat different. The clay mineral composition in the
Rhaetian part of the Zagaje Formation is particularly diverse
(Table 3). In general, a high content of kaolinite is observed
here. lllite is also abundant in the Kamier and especially in the
Kaszewy section (Figs. 5 and 6), but in Niekfan it is absent
(Fig. 7). Only in Kaszewy is the clay fraction dominated by illite
(with an average of 63%) with subdominant amounts of
kaolinite (with an average of 31%). In Kamien and Niekfan the
kaolinite predominates (with an average of 52% and 60%, re-
spectively; Table 3). Chlorite is still absent in both Kamien and
Niekfan sections (Figs. 5 and 7), but is present in Kaszewy in
small amounts (Fig. 6). In the lowest part of this formation in
Niektan, a significant smectite content (up to 70%) is still ob-
served (Fig. 7). On the other hand, in Kamien smectite is absent
(Fig. 5), while the kaolinite phase is quite untypically accompa-
nied by significant amounts of berthierine (Fig. 3C) and serpen-
tine.

In the Lower Hettangian part of the Zagaje Formation the
clay mineralogical composition is much more stable and con-
sists of illite and kaolinite with significant amounts of subsidiary
chlorite (Table 4; Figs. 7 and 8). In Niektan, the clay fraction is
still dominated by kaolinite (with an average of 50%) with
subdominant amounts of illite (average of 32%). In Huta illite
predominates (with an average of 53%) by comparison with
kaolinite (average of 37; Table 4). Smectite is almost absent
and only some samples contain an insignificant illite-smectite
mixed-layer admixture.
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Fig. 9. A-CN-K (Al,0;—CaO* + Na,0-K;0) ternary diagrams depicting bulk rock data
of the Rhaetian—-lowermost Hettangian strata in Polish Basin

Triangles — Zbaszynek Beds (Norian), squares — Wielichowo Beds (Lower—Middle Rhaetian), empty circles — Zagaje
Formation (Upper Rhaetian), filled circles — Zagaje Formation (Lower Hettangian), UCC — average composition of Upper
Continental Crust and PAAS — average composition of post-Archean Australian Shale (Taylor and McLennan, 1985).
Solid arrows mark the predicted average weathering trends of rock samples with UCC composition, and dashed arrow in-
dicates inferred slight diagenetic illitisation (cf. Fedo et al., 1995, 1997). Note that most samples are near the A apex in
accordance with the relatively high kaolinite content and intense weathering that removed the large amounts of Ca, Na
and K. Part of the strata in the Kamieh Pomorski and Kaszewy borehole sections seem to be influenced by slight
metasomatic processes. Note two different weathering trends in Niektan that may indicate different primary rocks in the
Rhaetian and in the Early Hettangian (Rhaetian samples plot in accordance with weathering trend of mafic rocks close to

the A-CN join)

Systematic gradual changes in kaolinite content during the
Rhaetian are not visible in the borehole cores studied. How-
ever, the proportion of kaolinite seems to diminish close to the
Triassic—Jurassic boundary in the most complete Kamien sec-
tion (Fig. 5) and to increase again in the lowermost Hettangian
(Figs. 5, 7 and 8). Higher in the Zagaje Formation the kaolinite
content significantly decreases (Figs. 7 and 8). Nevertheless,
there have been observed a few distinct variations at the

10-20 m scale in the kaolinite content and in the K/l ratio
(Branski, 2011a, b). This issue will be a topic of another paper.
In contrast to the Rhaetian, the Hettangian profile is continuous
and does not contain any significant time gaps (Pienkowski,
2004) due to the much greater accommodation space of the ba-
sin connected mainly with the distinctly higher subsidence rate
of the MPT basement in the Early Hettangian (Branski, 2006,
2011a).
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Table 5

Selected mineralogical and geochemical data that were obtained from the kaolinite “event” layers

. . X clay | kaoli-

Borehole | Sample/ | Lithostrati- . ) K/l +

L.p. | “section depth [m] graphy Substage r[r;n] F’}j? K/l Ch K/ISm| CIA | CIW | PIA | AI/K | Al/Na
0

1 KP/676.8 L. Hettangian 51 71 | 24 | 24 - | 826|932 | 922 | 72 | 176
2 KP/684.4 |  Zagaje 64 70 | 23 | 23 - 1809|929 | 916 | 63 | 154
3 Kamien | KP/691.0 | Formation Rﬁggt?;n 91 68 | 21 | 21 - | 895 | 913 | 911 | 453 | 124

Pomorski
4 KP/692.9 83 86 | 4.8 | 48 - 1900|931 | 929|270 | 16.2
5 KP/699.3 | WIEIChOWO || 1 Rhaetian| 85 | 69 | 22 | 22 | - | 90.9 | 929 | 928 | 415 | 156
6 |Kaszewy | K/1965.2 | Wielichowo [y Rhaetian | 85 86 | 61 | 61 | — | 926 | 955 | 954 | 30.7 | 30,7
7 Nk/157,7 . L. Hettangian 65 73 3.3 2.7 - 94.0 | 974 | 97.3 | 27.0 | 63.0
8 Nk/162.3 | Zadaje Upper 64 | ~100| - - - | 949 | 954 | 954 | 206.0 | 41.2
9 Niektan | Nk/164.3 Rhaetian 65 |~100| - - - | 939|943 | 943 [215.0] 358
10 Nk/169.3 | wielichowo | Lower—Middle | 80 87 - - 6.7 | 925 | 941 | 940 | 55.8 | 46.6
11 Nk/178.4 Beds Rhaetian 68 90 | 18.0 | 9.0 - | 911|931 | 930 | 40.8 | 32.6
12 Huta | Ht/183.5 Fozf‘nggggn L. Hettangian 62 55 | 1.9 | 1.2 - | 946 | 970 | 969 | 382 | 955

* — percentage of total amount of clay minerals; other explanations are in the text
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Fig. 10A — kaolinite/illite ratio and B — CIA* values — a comparison

Shaded area — Upper Rhaetian; dotted lines — Norian—Rhaetian boundary; note the se-
ries of frequent and rapid shifts of both curves in the section studied: the first one in the
earlier Rhaetian, later ones in the Late Rhaetian and the last one in the earliest
Hettangian
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It should be strongly emphasized the distinct surges of
kaolinite content observed in some beds in the Rhaetian and at
the beginning of Hettangian (Table 5) mark the kaolinite spikes
on clay mineral ratio curves (set together in Fig. 10A). More-
over, the first rise of kaolinite content appeared already earlier
in Rhaetian, i.e. in the Wielichowo Beds (Figs. 5-7 and 10A).
Next, similar peaks are observed in some beds of the Zagaje
Fm. and correspond to rapid increases in kaolinite during the
Late Rhaetian (Figs. 5-7 and 10A) and later at the beginning of
the Hettangian (Figs. 5, 7, 8 and 10A). The kaolinite peaks usu-
ally correlate with the highest values of weathering indices
(Figs. 5-8 and 10B) and in most cases CIA values are greater
than 90, and CIW and PIA values are even higher (Table 5).
Nevertheless some discrepancies were also observed, espe-
cially in the Kamien borehole section (Fig. 5 and Table 5).

INTERPRETATION AND DISCUSSION

DIAGENESIS

Before any palaeoenvironmental and palaeoclimatic inter-
pretation of clay mineral assemblages, it is necessary to esti-
mate the potential diagenetic impact. Most lithofacies in the Pol-
ish Basin correspond to massive claystones and mudstones
which are weakly permeable to fluid migration. There is no dis-
tinct and systematic evolution of clay-mineral assemblages
from top to bottom of the boreholes studied that would be indic-
ative of burial diagenesis. Moreover, selected SEM observa-
tions indicate that clay minerals in the samples analysed are
mainly detrital (Fig. 4A) and show a weak diagenetic overprint.
Signs of alteration of feldspar into kaolinite (Fig. 4B) are sparse
and authigenic kaolinite was rarely observed. Fibrous illite was
not detected at all. In most of the XRD data, narrow peaks of
illite and chlorite were observed that indicate good crystallinity
of these minerals. Almost exclusively the 2M1 illite polytype was
observed in the sections studied. The inherited 2M1 illite is
mostly considered to be of detrital origin (Grathoff and Moore,
1996). Detrital, highly illitic I/S mixed-layer minerals are very
sparse and also seem to originate from the erosion of rock sub-
strates. Smectite and kaolinite commonly form during weather-
ing and soil-forming processes (Chamley, 1989; Weaver,
1989). Kaolinite derived from highly weathered soils is usually
disordered (Hughes and Brown, 1979). Indeed, the kaolinite
observed in the sections studied commonly represents the 1Md
polytype. Importantly, smectite is abundant in the Lower—Mid-
dle Rhaetian Wielichowo Beds despite its sensitivity to
diagenetic alteration. Thus, the lack (or negligible amounts) of
smectite in the Upper Rhaetian—Lower Hettangian Zagaje For-
mation reflects rather its original absence than the effect of
burial diagenesis.

The total burial depth of uppermost Triassic—lowermost Ju-
rassic deposits in the Holy Cross Mts. area and in the Pomera-
nian segment of MPT was mostly in the range of 1500-2000 m
(Resak et al., 2008; Branski, 2009, 2011a; Narkiewicz et al.,
2010; Stowakiewicz and Poprawa, 2010), indicating that the
Rhaetian—Hettangian strata studied were not significantly modi-
fied by thermal diagenesis. In addition, the time during which
the lithostatic load in the MPT attained maximum values is esti-
mated at only 20-30 My (Branski, 2011a), which prevented
long-lasting diagenetic conditions. The maximum burial tem-
perature of the Rhaetian—Hettangian in the Niektan and Huta
sections, as well as in the Kamien Pomorski section, may be
estimated at 60-80°C. The low thermal alteration of the
Rhaetian—Hettangian continental strata in the Polish Basin was

confirmed by palynomorph colours (Pienkowski and
Waksmundzka, 2009) and biomarkers (Marynowski and
Simoneit, 2009). Moreover, a focus of this study is the kaolinite
content that is resistant under moderate diagenetic conditions
(Koztowska, 2004 and references therein). A burial temperature
of about 60—-80°C excludes the kaolinite-to-illite transformation
in the borehole sections: Kamiern Pomorski, Niektan and Huta.
In the Kuyavyan segment of the MPT, burial history data are
sparse. However, burial depth was locally much greater and the
burial temperature of Rhaetian—Hettangian in vicinity of
Kaszewy borehole seems to exceed 100°C (cf. Zielinski et al.,
2012). Regardless of that, some others metasomatic changes
cannot be excluded. Several authors suggest a widespread
Early to Middle Jurassic hydrothermal event that was ex-
pressed subparallel to the major structural trend of the MPT,
perhaps along pre-existing trending faults (Koztowska and
Poprawa, 2004; Zielinski et al., 2012). Therefore, the thickness
necessary for the given level of diagenesis may have been re-
duced in some places by elevated heat flow along this major
tectonic zone.

Summing-up, the clay minerals in the sections studied are
largely detrital and show mostly an insignificant diagenetic over-
print, due to moderate burial and to the generally closed
hydrologic system. Detrital clay minerals in Polish Basin are con-
sidered to represent for the most part a primary assemblage de-
rived from the provenance area and then deposited in the allu-
vial-lacustrine environments that developed during Rhaet-
ian—Hettangian time. Therefore, they may help to reconstruct the
palaeoenvironmental and palaeoclimatic conditions then exist-
ing. However, some metasomatic changes cannot be locally ex-
cluded and a moderate diagenetic overprint would weaken the
palaeoenvironmental signal in the Kaszewy section.

GENERAL PALAEOENVIRONMENTAL AND PALAEOCLIMATIC REMARKS

Norian mudrocks were not actually the main goal of investi-
gations here. A distinct domination of illite (with chlorite) in the
Zbagszynek Beds and comparatively low values of chemical in-
dices (Fig. 7) are clearly related to hydrolysis inhibition and to
physical weathering in a hot, semi-dry climate in the Norian.
Some layers in the Huta section are less typical (cf. Wiewiora
and Wyrwicki, 1977; Branski, 2007b) and may have been al-
tered by the early diagenesis that increased the kaolinite con-
tent. The erosion and redeposition of supplementary kaolinite
from earlier weathered profiles (that developed in the source ar-
eas) also cannot be excluded.

The dominance of smectite in most of the Lower-Middle
Rhaetian Wielichowo Beds may indicate some increase in pre-
cipitation and in seasonality compared with the Norian.
Smectites are detrital and mostly represented by beidellite
(Kozydra and Wyrwicki, 1977) that forms in soils. Warm and
seasonally humid climate conditions and tectonic stability dur-
ing the Early-Middle Rhaetian favoured the development of
vertisols in the source areas, which led to the abundance of
beidellite in sediments of the Polish Basin. In the upper part of
Wielichowo Beds, a basic change in the clay mineral assem-
blage is observed (Figs. 5-7 and 10A), which reflects a distinct
increase in climate humidity during the Rhaetian with a shift
from smectite- to kaolinite-dominated mudrocks.

The following Zagaje Formation is crucial to this paper, be-
cause the Triassic—Jurassic boundary was determined here
(Pienkowski 2004; Pienkowski et al., 2012). Generally, in the
Zagaje Formation, the kaolinite-illite association prevails and it
signifies the predominance of warm climate with high
round-year rainfall. In detail, however, the Upper Rhaetian clay
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mineralogy is more complicated. The clay fraction of the lower
part of the Zagaje Fm. (Late Rhaetian in age) shows significant
differences from one section to another. The time span of the
smectite enrichment is not uniform. The smectite-dominated in-
terval in the Niektan section continues in the lowermost part of
the Zagaje Formation (Fig. 7). This suggests the existence of
additional local reasons for smectite deposition that overlap
with the climate record. The weathering of mafic rocks may
have induced the secondary formation of smectite in the
Niekfan vicinity and other localities what was also suggested by
the Al/Ti ratio and the A-CN-K diagram (see below). In turn, a
significant content of berthierine and serpentine is observed in
the upper Rhaetian part of the Zagaje Fm. in the Kamien sec-
tion (Figs. 3C and 5). The origin of berthierine is still controver-
sial. Most probably it forms very early in diagenesis (Hornibrook
and Longstaffe, 1996), by reaction of kaolinite and Fe-oxides
(Sheldon and Retallack, 2002), as part of a lateritic weathering
profile developed on a broad, low-relief peneplain particularly in
a swampy environment (Toth and Fritz, 1997). Primary crystalli-
zation of berthierine demands a supply rich in iron, readily solu-
ble volcanic rock material and a high organic matter content
(Hornibrook and Longstaffe, 1996); however, low levels of sul-
fide and bicarbonate are also required (Toth and Fritz, 1997;
Sheldon and Retallack, 2002). Otherwise, the formation of py-
rite and siderite is favoured, respectively. According to
Hornibrook and Longstaffe (1996), the reducing environment
should be marginally more oxic than the environment in which
siderite precipitates. According to Sheldon and Retallack
(2002), the occurrence of berthierine in palaeosols may indicate
soil oxygen consumption by the influx of atmospheric methane
to form carbon dioxide, in turn giving rise to greenhouse condi-
tions. In other words, soil oxygen might be consumed by the ox-
idation of methane to form carbon dioxide, leading to dysoxia
and hypercapnia in Rhaetian soils. In the Polish Basin, the
berthierine- and serpentine-containing samples are here re-
lated to mudrocks deposited in alluvial-lacustrine environments
(Fig. 5), but typical swamp-related deposits are observed only
sporadically in the Rhaetian (Pienkowski et al., 2012). Interest-
ingly, only the mudrocks from Kamien borehole section contain
berthierine in significant amounts. Most probably, erosion of
berthierine-containing palaeosols and lateritic covers in the
source area (the Baltic Shield) may have contributed detrital
berthierine to alluvial-lacustrine sediments in Pomerania. The
delivery of serpentine is also probably linked to the co-occur-
rence of weathered ultramafic rocks in the northern hinterland
of the Polish Basin (Fig. 2). The Al/Ti ratio of some samples is
here even less than 10 (Table 3). Other sections studied were
supplied with deposits from different source areas (Fig. 2). Re-
gardless of that, berthierine is considered to be easily trans-
formed into chlorite during burial diagenesis (Hillier, 1994;
Aagaard et al., 2000). Indeed, chlorite does not occur in Kamien
although it is rather commonly observed in other places in
which berthierine-to-chlorite transformation is not excluded.
One way or another, the presence of berthierine (that like
kaolinite is connected with lateritic cover) suggests humid tropi-
cal conditions north of the Polish Basin, thus at fairly high lati-
tudes. This supports the idea of a global greenhouse event (or
events) in the Late Rhaetian.

After a probably cooler and less humid interval around the
TJB (see Korte et al., 2009) the degree of chemical weathering
increased again in the earliest Hettangian (Figs. 7, 8 and 10A)
due to a return of greenhouse conditions that is recorded in the
Niektan and Huta borehole sections by a kaolinite abundance.
Upsection, the amount of the kaolinite diminishes (by contrast
with the illite and chlorite content), reflecting a decrease in hu-
midity or increasing delivery of immature material from source

areas, because of tectonic rejuvenation and a subsidence pulse
in the MPT at the very beginning of Jurassic (Branski, 2006,
2011a). A generally stable kaolinite-illite-chlorite assemblage in
the Hettangian may have resulted from increased run-off follow-
ing tectonic rejuvenation. Nevertheless, the relative abundance
of kaolinite suggests this event could also have been accompa-
nied by significant hydrolysis that masked tectonic signal to
some extent.

The geochemical data are generally consistent with the clay
mineralogy results. Progressive chemical weathering leaches
and removes the soluble elements (Ca, Na, Mg and finally K)
relative to Al and, in some cases, Fe and Ti (e.g., Nesbitt and
Young, 1982; Fedo et al., 1995, 1997; Tosca et al., 2010). This
reflects the decrease in abundance of both non-clay silicate
minerals (plagioclases, K-feldspars) and compositionally imma-
ture clay minerals such as smectite (cf. Weaver, 1989). The val-
ues of weathering indices (Table 3 and 4) overlap significantly in
most cases with those characteristic of modern residual clays or
muds from rivers draining strongly weathered tropical areas
such as Central Uganda, where CIA values fluctuating from 87
to 96 were recorded, and where the CIW values range between
96 to 99 (Nyakairu and Koeberl, 2001). Those sediments were
derived mainly from highly acidic rocks (Nyakairu and Koeberl,
2001), thus generally more felsic than in the case of the sec-
tions described in the present paper. In particular, the weather-
ing indices values in Kamien are significantly lower than in other
sections due to the different parent-rock petrology in the source
areas.

The extent of weathering is clearly visible in the triangular
A-CN-K diagrams (Fig. 9) that allow the differentiation of
compositional changes (cf. Fedo et al., 1995). In the figure, the
solid arrows mark the predicted average weathering trends of
rock samples of UCC composition. In A-CN-K compositional
space, the chemical weathering trends are roughly parallel to
the A-CN boundary, and subsequent progressive weathering is
directed towards the A apex (Fedo et al., 1997). Most of the
Rhaetian—lowermost Hettangian samples are near the A apex
(Fig. 9) in accordance with relatively high kaolinite content and
strong weathering that removed large amounts of Ca, Na and
K. In the Niektan and Huta borehole sections weathering took
place almost without any diagenetic impact (Fig. 9C, D). The
relatively wide variation in the CIA values from the Niektan bore-
hole and the two different weathering trends may indicate differ-
ent source rocks in the Rhaetian and in the Early Hettangian.
Rhaetian samples plot in accordance with the weathering trend
of mafic rocks close to the A-CN join (e.g., Nesbitt and Young,
1982; Fedo et al., 1995, 1997). This trend concurs with a lower
Al/Ti ratio and with surprisingly large (also in the Upper
Rhaetian) content of smectite (Table 3), which is frequently a
chemical weathering product of ferromagnesian alumino-
silicates (Chamley, 1989; Liu et al., 2012). Parts of the Kamien
and Kaszewy sections seem also to be influenced by
postdepositional processes to some extent (Fig. 9A, B). This al-
teration has probably reduced somewhat the values of CIA, and
in places of other chemical indices. Moreover, Rhaetian major
elements data from the Kamien borehole (Fig. 9A) suggest the
mixing of clays derived from different source rocks. More mod-
erate CIA, CIW and PIA values (Tables 2-5) may be explained
by progressive delivery of unweathered material from the hin-
terland. The influence of postdepositional moderate
Na-metasomatism cannot also be excluded because many bulk
rock samples from this core are unexpectedly enriched in Na
(the average Na content in samples from Kamien is two to three
times higher than in the other sections studied). In the Kaszewy
borehole section the sample data lies in a fairly tight cluster
along the A-K join, mostly quite near to the A apex (Fig. 9B).
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Nevertheless, some data are somewhat shifted from the pre-
dicted weathering trend towards the muscovite-illite field. This
small shift may suggest some enrichment in potassium most
probably because of slight diagenetic illitization during burial
(dashed arrow). This is consistent with the more illitic nature of
samples from the Kaszewy section (the amounts of illite almost
always exceed those of kaolinite; Fig. 6). The burial tempera-
ture of the Rhaetian—Hettangian in this part of MPT probably
exceeded significantly 100°C (cf. Zielinski et al., 2012). Alterna-
tively, the source rocks were here more felsic than others.

CATASTROPHIC CLIMATIC EVENTS

Firstly, we may consider the problem of the time demand of
palaeosol development and delay between the time of clay min-
erals formation and their deposition in the sedimentary basin.
According to Thiry (2000), this may be quite significant and ex-
ceed 1 Ma. Such a long duration may concern in particular thick
ancient weathering covers. By contrast to Thiry (2000), many
recent studies suggest that clay minerals deposited in sedimen-
tary basins are reliable proxies for high-frequency climate fluc-
tuations (e.g., Dera et al., 2009; Srivastava et al., 2010; Alizai et
al., 2012; Moiroud et al., 2012; Das et al., 2013). Dera et al.
(2009) suggested that formation of kaolinite in tropical soils and
its deposition in marine sediments could be almost contempo-
raneous, i.e. the elapsed time might have been less than
100 ka, during the Early Jurassic in the Peritethyan domain.
Other papers have demonstrated the potential of clay minerals
as a proxy for orbital calibration in Mesozoic times including
precession cycles (e.g., Moiroud et al., 2012) and even Holo-
cene monsoonal oscillations of 1000 years (Das et al., 2013). A
soil-forming interval of 8-13.5 ka was calculated for the thick
mature palaeosols of the Ganga Plains (Srivastava et al,,
2010). Importantly, new data from the Holocene Indus
floodplain show that changes in clay mineralogy postdate the
climate shifts by only 3-5 ka, embracing the time needed for
new clay minerals to form and be transported to the river mouth
(Alizai et al., 2012). Nevertheless, the same authors conclude
that clay minerals are not good weathering proxies at time
scales of ~1000 yr or less. The present paper also suggests a
short-duration response of detrital clay minerals to climate fluc-
tuations.

Importantly, some beds with very high K/l ratio and strongly
elevated values of chemical indices were observed in the stud-
ied sections (Table 5 and Fig. 10). The sharp increase in
kaolinite content records an abrupt change in weathering re-
gime. Those layers particularly rich in kaolinite with usually very
high CIA values were developed as a result of extreme chemi-
cal weathering of source terrains in the aftermath of rapid
greenhouse warming and abundant rainfall. The extreme
weathering of bedrock, and soil erosion, was probably exacer-
bated by acid rain and subsequent deforestation due to the
CAMP-related emission of sulfur and carbon dioxide
(Schootbrugge et al., 2009). Distinct episodic warming and con-
temporaneous humid events are indicated by the high abun-
dance of kaolinite coupled with disappearance of smectite,
which suggests hot and wet tropical conditions with low season-
ality contrasts. Strong and rapid leaching removed almost all
mobile alkali and alkaline earth elements. In triangular A-CN-K
diagrams (Fig. 9), the samples from these kaolinite layers, with
CIA values significantly greater than 90, lie mostly the closest to
the A apex due to near-complete alteration of their feldspars.
PIA and CIW values of 96-98 indicate that almost all
plagioclase was converted to clay minerals (especially to
kaolinite). Several characteristic kaolinite peaks mostly con-

firmed by high values of chemical indices may be defined in the
sections studied. The first, Early to Middle Rhaetian green-
house event is recorded by the Wielichowo Beds; a few occur in
the Late Rhaetian, and finally last distinct kaolinite episode was
detected in the lowermost Hettangian (Figs. 5-8, 10A and Ta-
ble 5). However, the first and last of these are registered partic-
ularly clearly. The record of Late Rhaetian events is most visible
in the Kamien borehole section (Fig. 5) that is stratigraphically
most complete (Pienkowski et al., 2012). In other profiles, some
events are less clear and more controversial because of the
erosive character of this sequence and the diversity of the par-
entrocks (Niektan — Fig. 7) or suspected slight diagenetic modi-
fication (Kaszewy — Fig. 6). As noted above, in the Huta bore-
hole section the Rhaetian is most likely completely eroded
(Fig. 8).

High amounts of kaolinite were also reported from the
Rhaetian—Hettangian sections in southern Sweden (Ahlberg et
al., 2002, 2003), from the Tatra Mts. in Slovakia (Michalik et al.,
2010), and from the topmost Triassic Triletes beds in the Ger-
man Basin (Schootbrugge et al., 2009). Recently, distinct
kaolinite enrichment has also been documented from the top-
most Triassic K&ssen Formation (Eiberg Basin) in Austria (Palfy
and Zajzon, 2012; Zajzon et al., 2012).

Similar events were observed by Pienkowski et al. (2012)
on carbon isotope curve in the Kamien section (Fig. 5) as well
as in many sections worldwide. The inception of the CAMP initi-
ated multiple phases of disturbance of global biogeochemical
cycles. The “initial” and “main” negative CIEs are suggested by
most authors to be temporally related to the major volcanic
phase of CAMP development (Hesselbo et al., 2002, 2007;
Korte et al., 2009; Deenen et al., 2010; Whiteside et al., 2010).
Initial carbon release at the onset of CAMP emplacement may
have activated a strong positive feedback resulting in further re-
lease of methane from hydrates (Hesselbo et al., 2002, 2007;
Beerling and Berner 2002; Ruhl et al., 2011). The sudden in-
crease in atmospheric greenhouse gases concentrations likely
caused a global super-greenhouse (McElwain et al. 1999;
Whiteside et al. 2010), at the end of the Triassic. The upper
“sub-peak” of the “initial” CIE in the Kamien section is also asso-
ciated with perturbations of the osmium isotope system (attrib-
uted to volcanic fallout) and darkened miospores suggesting
acid rains (Pienkowski et al., 2012). Between the “initial” excur-
sion and the TJB, climatic fluctuations are inferred, associated
with the changing K/l ratio (Fig. 5), Os isotope system perturba-
tion, polycyclic aromatic hydrocarbon (PAH) releases and dark-
ened miospores (Pienkowski et al., 2014). Distinct kaolinite en-
richment and abrupt shift of weathering indices in the lowermost
Hettangian samples (Figs. 5, 7, 8 and 10) may be correlated
with the onset of long-term warming followed transitional cool-
ing at the TJB (cf. Korte et al., 2009).

However, the end-Rhaetian “initial” negative CIE was pre-
ceded by prior Rhaetian negative excursions that indicate pos-
sible multiple events in the Rhaetian carbon cycle. In many sec-
tions worldwide, as well as in the Polish Basin (Wielichowo
Beds — Pienkowski et al., 2012), a distinct short-term negative
C-isotope excursion records a greenhouse methane release
triggered by warming event earlier in Rhaetian. Existence of a
distinct Rhaetian “precursor” negative CIE (Ruhl and
Kurschner, 2011) or “Westbury” negative CIE (Suan et al,
2011) or “Neg-1” CIE (Lindstrom et al., 2012) indicate the begin-
ning of environmental perturbations and suggests that global
carbon cycle disturbance predates by some 100-200 kyr the
onset of CAMP flood basalt deposition (Blackburn et al., 2013).
Most probably, extensive Late Triassic dike and sill intrusions
initially released thermogenic methane and other volatiles from
subsurface organic-rich deposits (Ruhl and Kirschner, 2011).
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Alternatively, it is possible that an earlier flood basalt episode is
still to be discovered (Pienkowski et al., 2014). This earlier
Rhaetian episode is very well reflected in clay mineral and
chemical data from the Kamien, Kaszewy and Niektan borehole
sections. In Kamienn Pomorski and Niekfan, the smectite-rich
sedimentation of Wielichowo Beds was interrupted by sudden
kaolinite input (Figs. 5 and 7). In the Kaszewy borehole,
kaolinite content also increases rapidly at a similar time (Fig. 6).
In the Kamien section (Fig. 5), a positive kaolinite peak ei-
ther coincides with negative carbon isotope excursion (just as in
the case of the “precursor” CIE) or it is observed approximately
one meter below the §'°C anomaly (in the case of the major “ini-
tial” CIE). This latter case suggests that onset of warming (pos-
sibly subsequent to the volcanic CO, degassing) may slightly
precede catastrophic perturbations of global carbon cycle
caused most probably by methane hydrate dissociation (cf.
Slujis et al., 2007; Hermoso et al., 2012; Branski, 2012). The
former seems to indicate another mechanism of carbon cycle
disturbance, possibly thermogenic methane release during the
intrusive phase of igneous province development and immedi-
ate warming. However, much higher sampling resolution is
needed to constrain this. Moreover, carbon isotopes have not
yet been analysed in other borehole sections from Polish Basin.
Regardless of the warming episodes, periods of weaker
chemical weathering have also been recorded in some layers
characterized by lower kaolinite content and smaller values of
weathering indices. Because the Rhaetian was a time of tec-
tonic quiescence, the relative kaolinite depletions and distinct
enrichments in illite and chlorite were related to weakened hy-
drolysis and an increase in physical weathering intensity
caused by drier and probably cooler episodes. Moreover, the
alternating deposition of smectite-rich clay and of kaolinite-rich
clay that appears locally in the Late Rhaetian (Fig. 7) may re-
flect alternating phases of strong continuous and less strong
discontinuous hydrolysis, determined by the alternation of
round-year humid climatic conditions and seasonal more arid
climatic conditions. However, in this case the parent-rock diver-
sity should be also taken in consideration. The weathering of
mafic rocks may have induced the secondary formation of
smectite at some localities, regardless of climate fluctuations.
Summing-up, rapid and episodic fluctuations in the clay
mineralogical composition and in the values of weathering indi-
ces (Fig. 10) point to a sequence of frequent and marked clima-
tic reversals. Some of these (Fig. 5) seem correspond to the
maijor Late Rhaetian “initial” §"*C excursion (Pierkowski et al.,
2012). A profound climate destabilisation that manifested in a
series of rapid, catastrophic climatic reversals, coupled with
emission of diverse toxic compounds related to CAMP develop-
ment, were most probably the fundamental reasons of the
end-Triassic ecological disaster and mass-extinction (cf.
Schootbrugge et al., 2009; Pienkowski et al., 2012, 2014).

CONCLUSIONS

Data presented in this paper are based on a continental re-
cord that has been calibrated in terms of sequence stratigraphy,
palynostratigraphy and chemostratigraphy (Pienkowski, 2004;
Pienkowski et al., 2012). In general, the original Rhaetian—Low-
er Hettangian clay mineral assemblage in the Polish Basin was

mildly modified by diagenetic processes and by the erosion and
redeposition of ancient sedimentary rocks. Therefore, the clay
mineral record from the epicontinental Polish Basin allows one
to follow the evolution of the strikingly variable weathering con-
ditions through the Rhaetian to Early Hettangian, although gaps
in the Rhaetian profile are present. The detrital clay mineral
composition of the fine-grained deposits (<2 um fraction) and
especially vertical variations in kaolinite content were mostly
controlled by a weathering regime linked to climatic conditions
(especially rainfall fluctuations). However, other factors (differ-
ences in source area lithologies, sediment supply variations,
and a strike-slip tectonic event at the beginning of the
Hettangian) also controlled the mineralogy and geochemistry of
Rhaetian-Hettangian deposits in the Polish Basin and locally
may overprint a palaeoclimatic signals to some extent. Never-
theless, the following conclusions may be made:

1. Generally, after semi-dry climate conditions in Norian
times (a distinct domination of illite, relatively low values of
weathering indices), smectite domination in most parts of the
Lower—Middle Rhaetian Wielichowo Beds points to some in-
crease in precipitation and its distinct seasonality. In the upper
part of the Lower Rhaetian Wielichowo Beds and in the Upper
Rhaetian—lowermost Hettangian Zagaje Formation, a kaoli-
nite-illite association prevails that signifies the year-round rain-
fall. Additionally, the presence of siderite and locally of
berthierine (and the disappearance of carbonates) also indi-
cates increasing humidity. Higher in the Lower Hettangian, the
amount of kaolinite diminishes, reflecting some decrease in hu-
midity and/or increasing delivery of immature material, because
of tectonic rejuvenation at the beginning of the Jurassic.

2. Regardless of general changes, some beds particularly
rich in kaolinite with very high values of weathering indices point
to episodes of extreme chemical weathering in the aftermath of
catastrophic climate shifts (rapid warming and abundant rain-
fall). Moreover, these kaolinite enrichments in the Rhaetian and
at the beginning of the Hettangian are generally consistent with
prominent negative CIEs from sections in the Polish Basin and
in different parts of the world that record super-greenhouse
events at this level. Importantly, the Late Rhaetian—earliest
Hettangian “greenhouse” warming with growing humidity was
punctuated by drier and most probably cooler episodes, as
shown by relative kaolinite depletions, distinct enrichments in
illite and chlorite, and declines in values of weathering indices.
This destabilization, expressed by frequent and catastrophic cli-
matic reversals, coupled with emission of toxic compounds and
acid rains related to CAMP development, seem to have been
an important reason for the end-Triassic ecological disaster and
mass extinction.
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