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Abstract

The Pliensbachian—Toarcian transition was characterised by a drastic turnover from a cool climate to a period of rapid
global warming. While the warming associated with the Early Toarcian Oceanic Anoxic Event is rather well-studied, the
cause, intensity and extent of the preceding cooling in the late Pliensbachian are still discussed. Occurrences of glendonite
play an important role in this debate, since glendonite is a pseudomorph after the cryophilic carbonate mineral ikaite. This
study describes the first glendonite-bearing carbonate concretions from South Germany (Buttenheim clay pit, northern
Franconian Alb), which represent the southernmost glendonite occurrence in the late Pliensbachian documented so far.
Based on petrographical and sedimentological investigations as well as stable isotope analyses it is concluded that a low
temperature was the main factor for ikaite formation in the studied section, suggesting that the late Pliensbachian cooling
had a more far-reaching impact on the temperature of the European epicontinental sea than previously assumed. To explain
the low temperatures required for ikaite precipitation, a model for the sea-ice driven formation of cold bottom-water masses
on the continental shelf is proposed. The occurrence of several layers containing reworked hiatus concretions in the studied
outcrop is interpreted as the result of recurrent sea-level falls caused by multiple glacial pulses characterising the overall

cool climate in the late Pliensbachian.

Keywords Glendonite - Late Pliensbachian climate - Glaciation - Hiatus concretions - Stable isotopes

Introduction

The Jurassic has long been regarded as a period character-
ised by stable warm and humid greenhouse conditions with
ice-free polar regions (e.g., Frakes et al. 1992). This picture
has changed during the past decades (e.g., Dera et al. 2011).
Especially the Early Jurassic was subject to pronounced cli-
matic fluctuations with phases of rapid global warming, e.g.,
during the Sinemurian—Pliensbachian transition (Korte and
Hesselbo 2011; Bodin et al. 2016; Schollhorn et al. 2020a,
b), at the Pliensbachian—-Toarcian boundary (Korte and Hes-
selbo 2011; Bodin et al. 2016; Krencker et al. 2020), and
in the early Toarcian during the Toarcian Oceanic Anoxic
Event (T-OAE, also known as the Jenkyns Event; e.g.,
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Jenkyns 1988, 2010; Suan et al. 2010; Dera et al. 2011;
Miiller et al. 2017). Between these warming events were
intermittent phases of cooling, e.g., in the late Sinemurian
(Peti and Thibault 2022) and in the late Pliensbachian (Price
1999; Donnadieu et al. 2011; Korte and Hesselbo 2011;
Dera et al. 2011; Suan et al. 2011; Bougeault et al. 2017;
Ruebsam et al. 2019; Ruebsam and Schwark 2021). Thus
far, the focus of Early Jurassic climate research has been on
the causes and consequences of hyperthermals, especially
the T-OAE, leaving fundamental questions regarding the
mechanisms controlling the cooling events and their impact
on subsequent warmings unanswered (Korte et al. 2015;
Schoéllhorn et al. 2020a, b).

The assumption of a late Pliensbachian cooling is based
on sedimentological and geochemical analyses as well as
on palaecoecological investigations. Temperature recon-
structions using 8'0 data of benthic and nektonic organ-
isms suggest a water temperature between 10 and 15 °C
in the European Realm (e.g., Dera et al. 2009; Korte et al.
2015; Gomez et al. 2016). However, absolute temperature
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reconstructions based on oxygen isotopes should be regarded
with caution, since the 8'30 signature recorded in fossil
hard parts not only depends on the temperature but also on
evaporation rate and freshwater influx. Further indications
for a rather dry and cool climate are offered by clay mineral
ratio measurements (Bougeault et al. 2017; Schollhorn et al.
2020a, b; Hollaar et al. 2022), as well as by 3’Sr/%6Sr ratios
(Korte and Hesselbo 2011) and by variations in the phos-
phorus content (Schollhorn et al. 2020b), which argue for
a reduced continental runoff due to low weathering rates.
Moreover, palacontological and palaecoecological studies on
marine organisms as well as on plant material reveal shifts
in assemblages that point towards an adaptation of organ-
isms to cooler temperatures (Zakharov et al. 2006; Arp and
Seppelt 2012; Keupp and Schweigert 2017; Keupp 2021a).

The existence of polar ice caps during the late Pliens-
bachian is still debated. Sedimentological evidence arguing
for the formation of ice sheets is provided by the occurrence
of glacial deposits, such as dropstones, tillites and diamic-
tites in high latitudes (Price 1999; Suan et al. 2011; Ruebsam
and Schwark 2021), as well as by a prominent hiatus, which
is interpreted as the result of a glacio-eustatic sea-level fall
(Morard et al. 2003; Nordt et al. 2021). However, abundant
fossil remains of marine reptiles in deposits from Siberia
(Rogov et al. 2019; Zverkov et al. 2021) as well as palyno-
logical studies proving the presence of warm-adapted plant
taxa in higher latitudes (Ilyina 1969; Rogov et al. 2019) con-
tradict the idea of a permanent ice sheet.

Another important indicator for cold climate conditions
is the presence of glendonites in several Pliensbachian sec-
tions, which occur as calcite pseudomorphs after the cry-
ophilic mineral ikaite (CaCO5-6H,0). Ikaite forms under
natural conditions at temperatures of less than 9 °C (Marland
1975; Huggett et al. 2005; Selleck et al. 2007; Field et al.
2017). While the recent precipitation of ikaite in sea ice
and cold seawater is well-studied (Dieckmann et al. 2008;
Hu et al. 2014; Hu and Wang 2020), little is known about
ikaite formation within sediments. The irregular temporal
and spatial distribution of ikaite and glendonite suggests
that a combination of different factors is required to trigger
the precipitation of ikaite in addition to a low temperature
(Rogov et al. 2021, 2023). It is assumed that a high alkalin-
ity and an elevated phosphorus content are also important
prerequisites (Kodina et al. 2003; Greinert and Derkachev
2004; Selleck et al. 2007; Zhou et al. 2015). The role of
decomposing organic matter in the sediment column as a
relevant factor is discussed as well (Muramiya et al. 2022).

The association of modern ikaite with low temperatures
is the reason why the mineral and its pseudomorph are used
as a proxy for cool water temperatures in the fossil record
(e.g., Kaplan 1980; De Lurio and Frakes 1999; Swainson
and Hammond 2001; Selleck et al. 2007; Rogov et al. 2017,
2023; Vickers et al. 2022). Late Pliensbachian glendonites
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are documented in Siberia, Russia, representing polar pal-
aeoenvironments (e.g., Kaplan 1978; Suan et al. 2011;
Nikitenko et al. 2013; Rogov 2015; Morales et al. 2017) but
also in mid-latitude sections in northern Germany (Teichert
and Luppold 2013; Zimmermann et al. 2015; Barth et al.
2018; van de Schootbrugge et al. 2019). Since glendonite is
a pseudomorph, it shows a distinct internal fabric which is
produced when the water-rich ikaite dehydrates and trans-
forms into calcite leading to a loss of up to one-third of the
initial crystal volume (Selleck et al. 2007). The resulting fab-
ric consists of granular calcite overgrown by various cement
generations (Boggs 1972; Kaplan 1980; Larsen 1994; McLa-
chlan et al. 2001; Greinert and Derkachev 2004; Huggett
et al. 2005; Selleck et al. 2007; Teichert and Luppold 2013;
Scheller et al. 2022) which is termed “guttulatic microfab-
ric”, adapted after “guttula”, the Latin word for “very small
droplet” (Scheller et al. 2022).

However, the use of glendonite as a temperature proxy
has been challenged by several authors showing that the pre-
cipitation of ikaite can be triggered under laboratory condi-
tions at temperatures above its assumed stability window
(Clarkson et al. 1992; Rodriguez-Ruiz et al. 2014; Purg-
staller et al. 2017; Stockmann et al. 2018; Tollefsen et al.
2020). This raises the question as to whether the occurrence
of glendonite in mid-palaeolatitude sections de facto docu-
ments a drastic temperature decrease in temperate areas.
Instead, methane seepage has been proposed as a trigger for
precursor ikaite growth in several late Pliensbachian suc-
cessions (Teichert and Luppold 2013; Morales et al. 2017,
van de Schootbrugge et al. 2019), since a favouring influ-
ence of methane has been observed in modern ikaite forma-
tion (Schubert et al. 1997; Kodina et al. 2003; Krylov et al.
2015).

This study describes the first Pliensbachian glendonites
from South Germany which were found in carbonate concre-
tions from the Buttenheim clay pit, Bavaria, representing the
most southern glendonite occurrence in this time slice so far
recorded. The glendonite-bearing interval occurs right below
the Pliensbachian—Toarcian boundary which is characterised
by a pronounced hiatus. The presence of reworked carbonate
concretions in several layers below the glendonite-bearing
interval documents recurrent sea-level falls throughout the
studied succession. Combining investigations on the sedi-
mentological features present in the reworked intervals with
a petrographic analysis of the glendonite-bearing concre-
tions and stable isotope data, this study aims to answer the
question as to how significant the temperature decrease in
the European epicontinental sea was during the late Pliens-
bachian cooling.
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Geological setting

The studied material was sampled in the Buttenheim clay
pit located at the western margin of the northern Fran-
conian Alb in Bavaria, South Germany (Fig. 1a; 49° 47’
40.7" N/11° 02' 44.0" E). The Franconian Alb is a low
mountain range consisting of gentle southward dipping
sedimentary rocks of Early to Late Jurassic age (Fig. 1a).
The deposition of Jurassic strata started with the flood-
ing of the shelf area between Eurasia and Laurentia from
a north-eastern direction at the Triassic—Jurassic transi-
tion (Richter 1985). On the drowned shelf, now forming
the European epicontinental sea, land masses of various
dimensions persisted (Fig. 1b, c¢). Towards the south, the
shelf transitioned into the Tethys Ocean, whereas the
Viking Corridor connected the European Realm with the
Arctic Realm (Fig. 1b, ¢) (Surlyk 2003; Korte et al. 2015).

The study area was located close to the Bohemian Mas-
sif and the Vindelician Land in the eastern part of the epei-
ric sea (Fig. 1¢) (Richter 1985; Meyer and Schmidt-Kaler
1992). During the late Early Jurassic, the basin deepened
and the terrestrial influence decreased which resulted in
the deposition of thick, monotonous successions consist-
ing of claystones and marlstones (Meyer and Schmidt-
Kaler 1992).

The section exposed in the Buttenheim clay pit encom-
passes the upper part of the Pliensbachian Amaltheenton
Formation, including the uppermost Amaltheus margari-
tatus Zone and large parts of the Pleuroceras spinatum
Zone. The approx. 36 m thick Pliensbachian succession
is overlain by the lower part of the Toarcian Posidonien-
schiefer Formation with a thickness of about 4 m (Fig. 2a,
b).

Pliensbachian strata consist of dark, fossiliferous clays
with abundant limestone concretions of various shapes
and sizes. A special feature of the Buttenheim clay pit is
the preservation of aragonite which can be observed in
many mollusc shells. Previous studies of the fossil assem-
blage revealed a high biodiversity in both nektonic and
benthic communities indicating a well-oxygenated water
column and an adequate nutrient supply. Different species
of ammonites, belemnites and fish (Keupp and Schweigert
2017; Keupp and Fuchs 2020; Keupp 2021b) as well as
larger predators such as ichthyosaurs and sharks populated
the water column, whereas the seabed was the habitat of
numerous epifaunal organisms adapted to a rather soft
seafloor, such as gastropods, bivalves, foraminifera, sea
urchins, holothurians, ophiuroids, ostracods and decapod
crustaceans (Niitzel and Griindel 2015; Keupp and Dop-
pelstein 2018; Karapunar et al. 2020; Kutscher and Reich
2021; Keupp and Schweigert 2021). The fine-grained
sediment itself provided a protected habitat for numerous

species of infaunal molluscs and annelid and polychaete
worms (Niitzel 2007). The colonisation of the seafloor
resulted in strong bioturbation which is well visible in
early diagenetic concretions (Munnecke and Merkel 2021).
Excremental remains (faecal pellets) produced by sedi-
ment-feeding organisms can be found in high abundance
inside ammonite shells (Munnecke and Merkel 2021).
Since the depositional area was located close to the Bohe-
mian Massif in the west, pieces of driftwood of varying
sizes can be observed in the outcrop which served as float-
ing substrates for sessile organisms (Keupp et al. 2018).

Furthermore, the succession is characterised by multi-
ple intervals featuring so-called “hiatus concretions” sensu
Voigt 1968; (Keupp and Schobert 2015; Keupp 2021c; Mun-
necke and Merkel 2021) which formed when the overlying
sediment was removed due to elevated water energy. The
exhumed concretions were later colonised and bioeroded
by different organisms including crinoids, brachiopods,
serpulids, gastropods, bivalves, sea urchins and polychaete
worms (Keupp 2021c). Four intervals with hiatus concre-
tions are identified in the Buttenheim clay pit so far (Fig. 2a,
b). The first interval is called the “Pyriterzbank™ and is
located at the A. margaritatus/P. spinatum Zone boundary.
The second interval is the “Quellhorizont” followed by the
“Echiniden-Pectiniden-Horizont” and the “Bollernbank”
limestone bed at the Pliensbachian—Toarcian transition
(Fig. 2c, d).

The overlying Toarcian succession is dominated by finely
laminated bituminous marls (“paper shales”) which contain
large micritic concretions (Fig. 2b, ¢). Marls and concre-
tions lack a benthic fauna but contain planktic gastropods
and fish remains. This indicates hostile conditions prevail-
ing at the seafloor. The succession terminates at the top of
a sedimentary package consisting of four limestone beds
each of 20 to 30 cm thickness, which include the so-called
“Inoceramenbank™ bed at the bottom and the “Monotis-
Dactyliocerasbank™ bed at the top (Fig. 2b).

Materials and methods

About 200 discus-shaped concretions were collected in the
uppermost part of the Pliensbachian succession in the But-
tenheim clay pit. Approximately half of the collected con-
cretions were cut to check for the presence of glendonite.
The largest crystal aggregates were chosen for different
petrographic and geochemical analyses. In addition, mate-
rial from the overlying “Bollernbank” bed, as well as hia-
tus concretions from slightly older strata (‘“Pyriterzbank”,
“Quellhorizont” and “Echiniden-Pectiniden-Horizont™’) were
studied for their sedimentological features.

Microfacies analysis was carried out on 21 thin sections
produced from 21 different glendonite-bearing concretions
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«Fig. 1 Location, geological and palacogeographic setting of the study
area. a Left: outline of Germany with outcropping Jurassic strata;
right: geological map of the Northern Franconian Alb (redrawn after
Meyer and Schmidt-Kaler 1992) with the location of the Buttenheim
clay pit (red star). b Palacogeographic map of the northern hemi-
sphere in the late Pliensbachian including occurrences of dropstones
and glendonites (redrawn after Ruebsam et al. 2019 and Ruebsam and
Schwark 2021) and a reconstruction of the possible sea-ice extent as
well as areas covered by land-based ice (redrawn after Ruebsam and
Schwark 2021). ¢ Palacogeography of the European epicontinental
sea in the late Pliensbachian (redrawn after Blakey 2016) with occur-
rences of glendonite (1: new occurrence in Buttenheim (this study);
2: Cremlingen/Schandelah near Braunschweig (Teichert and Lup-
pold 2013; van de Schootbrugge et al. 2019); 3: Goldberg near Schw-
erin (Zimmermann et al. 2015); 4: Barth near Stralsund (Barth et al.
2018)) and sites with specimens of Palmoxytoma cygnipes (Arp and
Seppelt 2012; Schweigert 2019). AM Amorican Massif, RM Rhenish
Massif

(Table 1). Serial thin section of samples from the “Quell-
horizont”, the “Echiniden-Pectiniden-Horizont”, and the
“Bollernbank™ reworked intervals were available in the
teaching collection of the GeoZentrum Nordbayern (Frie-
drich-Alexander-Universitit Erlangen-Niirnberg) (Table 1).
The photomicrographs were generated with a Zeiss Axio.
Zoom.V16 binocular and a Zeiss Axio Imager.M2m micro-
scope. The devices are equipped with Zeiss camera models
Axiocam 506 color and Axiocam 305 color.

In addition to the transmitted light microscopy investiga-
tion, an element composition analysis was carried out on
two glendonite samples using a TESCAN Vega.xmu scan-
ning electron microscope coupled with an energy dispersive
X-ray spectroscopy device operated with an acceleration
voltage of 20 kV.

For 8'3C and 8'%0 analyses, 18 samples were manually
drilled from cut glendonite aggregates (Table 1). The sam-
ples were reacted with 100% phosphoric acid at 70 °C using
a Gasbench II connected to a ThermoFisher Delta V Plus
mass spectrometer. All values are reported in per mil relative
to Vienna Pee—Dee Belemnite (VPDB). Reproducibility and
accuracy were monitored by replicate analysis of labora-
tory standards calibrated by assigning a 8'°C of + 1.95%
VPDB to NBS19 and — 47.3%0 VPDB to IAEA-CO9 and
a 8'%0 of — 2.20%0 VPDB to NBS19 and — 23.2% VPDB
to NBS18. Reproducibility for '3C and §'30 was +0.07%o
VPDB and +0.02%0 VPDB, respectively.

Results

Field observations

The Pliensbachian succession exposed in the Butten-
heim clay pit consists of monotonous clays with abun-

dant carbonate concretions of which some show signs of
reworking (‘“hiatus concretions”; Voigt 1968). So far, four

hiatus concretion-bearing layers are described in Butten-
heim (Fig. 2a, b). Three layers date to the late Pliensbachian
(“Pyriterzbank™, “Quellhorizont” and “Echiniden-Pecti-
niden-Horizont), whereas the fourth reworked interval
marks the Pliensbachian—-Toarcian transition (“Bollernbank”
limestone bed).

The Pliensbachian reworked intervals share several fea-
tures. First, the hiatus concretions are surrounded by fos-
siliferous clays (Fig. 3a). In view of the large amount of
fine-grained shell material, these layers appear lighter
in colour compared to the non-reworked clays above and
below. In addition, all hiatus concretions show bioeroded
surfaces with numerous holes and indentations produced by
boring and grazing organisms (Fig. 3a, b). An overgrowth
by calcareous tube worms is particularly common for con-
cretions from the “Echiniden-Pectiniden-Horizont” inter-
val (Fig. 3b). The interior appears structureless and is often
devoid of macrofossils. Significant differences between the
reworked intervals can be noted in size and shape of the hia-
tus concretions. Specimens from the “Pyriterzbank™ interval
are rather small (only a few millimetres to centimetres in
diameter, rarely up to a decimetre), show a dark grey col-
our and commonly have a spherical shape. The surrounding
bioclast-rich layer has a thickness of a few centimetres. The
concretions of the “Quellhorizont” interval have a similar
size and shape to those from the “Pyriterzbank”, but appear
brownish (Fig. 3a). The “Echiniden-Pectiniden-Horizont”
interval is characterised by rather large concretions (few
centimetres to several decimetres in size) which commonly
have an elongate, irregular shape with a light grey coloured
surface (Fig. 3b).

The youngest reworked interval in the Buttenheim clay pit
marks the transition from the Pliensbachian to the Toarcian
and is called the “Bollernbank” bed (Fig. 2c, d). The spher-
ical-shaped hiatus concretions from this interval are dark
grey in colour, but if the surface is weathered they appear
brownish (Fig. 4a, b). These concretions are almost devoid
of macrofossils, but have a strongly bioeroded exterior
(Fig. 4b). They are imbedded in a light brownish limestone
matrix with abundant belemnite rostrums (Fig. 4b) which
commonly show signs of reworking. Crustacean burrows
are another typical feature (Fig. 4a).

In a layer located ca. 30—40 cm below the “Bollernbank™
limestone bed glendonite-bearing concretions occur (Fig. 2b,
¢, e). This specific concretion type is restricted to a single
layer and differs from the other carbonate concretions pre-
sent in the Buttenheim clay pit. The glendonite-bearing
concretions have a very similar, flat, discus-like shape with
a regular and smooth surface (Figs. 2e, 5Sa—e). In view of
their special and unique shape, they are informally referred
to as “discus concretions”. Another feature is the constant
size with about 6 cm diameter on average. The smooth sur-
face is light grey in colour, whereas the interior is rather
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brownish. In most cases, a pyritized cortex with a thick-
ness of about 1-2 cm is present (Fig. 5d, f). In some cases,
pyrite nodules can be observed on the surface (Fig. 5e). The
glendonite-bearing concretions show no signs of reworking
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and are devoid of macrofossils except for rare ammonite
shells (Fig. 5c).

Almost every discus-shaped concretion from the relevant
interval contained a glendonite aggregate. They mostly
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«Fig. 2 Stratigraphy of the Buttenheim clay pit. a Panorama showing
the north-eastern slope of the clay pit with the position of the Pliens-
bachian—Toarcian boundary and the so far known reworked intervals
marked by the presence of hiatus concretions (PEB = “Pyriterzbank™;
QH =*“Quellhorizont”; EPH = “Echininden-Pectiniden-Horizont”;
BB =“Bollernbank” limestone bed). b Left: stratigraphic column
of the Lower Jurassic exposed in Buttenheim (redrawn after Keupp
and Schobert 2015); right: detailed column of the uppermost part
of the section (abbreviations: gib.=Amaltheus gibbosus Subzone;
marg. =Amaltheus margaritatus Zone). ¢ Field photograph of the
uppermost part of the section exposing the Pliensbachian—Toarcian
boundary. d Field photograph of the “Bollernbank” bed marking the
Pliensbachian—Toarcian transition. e Field photograph of two discus-
shaped concretions recovered ca. 30 cm below the “Bollernbank” bed

occur in the centre of the concretions and are not visible
from the outside. They are a few millimetres in size (up to
20 mm, ca. 6 mm on average), appear bright, and commonly
show a rhombic outline as well as a yellowish carbonate
crust between the glendonite aggregate and the surrounding
concretion (Fig. 5f).

Microfacies analysis
Reworked intervals

Hiatus concretions from the Pliensbachian reworked inter-
vals consist of homogeneous micrite (Fig. 3¢c). Structures
such as stratification were not observed, but in some cases
burrows are visible. Smaller fossils or fragments of shells
are locally incorporated in the micritic material. Bioerosion
traces of various shapes and sizes characterise the surfaces
of the concretions (Fig. 3c). In thin sections produced from
material sampled in the “Quellhorizont” interval, microbial
structures overgrowing hiatus concretions and ammonite
shell fragments are an often-observed feature (Fig. 3d). The
matrix in which the concretions are embedded consists of
densely packed shell fragments (Fig. 3c) derived by various
organisms, such as ammonites, gastropods, bivalves, echi-
noderms and brachiopods. Ostracods and foraminifera also
occur. The space between the poorly sorted bioclasts is filled
with micrite (Fig. 3c). Detrital quartz grains can be found
in the surrounding sediment as well. In samples obtained
from the “Quellhorizont” interval, distinct layers consisting
of silt-sized quartz grains were observed (Fig. 3e). Pyritisa-
tion of hiatus concretions, matrix and shell fragments can
occur (Fig. 3c).

The hiatus concretions of the “Bollernbank” limestone
bed resemble other concretions from the Pliensbachian of
Buttenheim with respect to matrix and fossil content. They
consist of homogeneous, almost structureless micrite and
show strongly bioeroded surfaces (Fig. 4c). In contrast to
the almost fossil-free hiatus concretions, the surrounding
limestone matrix is very rich in biogenic components, such
as fragments of echinoderms, mollusc shells, brachiopods

and foraminifera (Fig. 4c, e-g). Belemnite rostrums are par-
ticularly common and commonly show various bioerosion
traces penetrating the guards (Fig. 4d). The bioclasts are
relatively well-sorted (Fig. 4e, f). Abundant bioturbation
traces (Fig. 4e) and a random distribution of components
(Fig. 4f) suggest a high degree of sediment mixing. In some
areas, the micrite content decreases significantly and the for-
mation of a fitted fabric can be observed which is character-
ised by stylolitic contacts between the calcitic components
(Fig. 4g). Similar to the Pliensbachian reworked intervals,
microbial structures (Fig. 4h) and pyritisation of components
and matrix (Fig. 4c, d, f) are common in this interval.

Glendonite-bearing concretions

Except for the glendonite aggregates the interior of the glen-
donite-bearing concretions only shows few features. Rarely,
gastropods, benthic foraminifera, echinoderm fragments and
pyritized sponge needles are present in the micritic matrix of
the concretions. Peloids were observed, as well as remains
of degraded organic matter and small fragments of plant
material. The matrix consists of homogeneous micrite which
appears brownish to yellowish (Fig. 6a, c—e). Pyrite occurs
either finely distributed or as framboids. The pyrite content
increases towards the concretion margin, forming a cortex
which appears opaque in transmitted light (Fig. 6a) and yel-
lowish to golden in reflected light (Fig. 6b). Sedimentary
structures such as stratification or bioturbation traces are not
evident, suggesting a high degree of mixing by endobenthic
organisms.

The microscopic examination of the glendonites shows
that the crystal aggregates can have various outer shapes
(Fig. 6¢—e). A rhombic outline, which is characteristic for
glendonite, is present in many cases (Fig. 6¢c, d) as well
as rather roundish forms or irregular structures (Fig. 6e).
Almost half of the investigated glendonite aggregates have
a carbonate crust which usually traces the outline of the
former ikaite crystal (external crust, Fig. 6d). However, it
can also occur within the glendonite aggregates (internal
crust, Fig. 6¢). The crust commonly shows a distinct lay-
ering, which in some cases has a cauliflower-like growth,
resembling a microbial carbonate crust (Fig. 6f). The con-
tact between the glendonite aggregates and the surrounding
micrite of the concretions is either smooth (especially, if
an external crust is present, Fig. 6c¢, d) or irregular with
individual calcite crystals extending into the micritic matrix
(Fig. 6e).

The internal structure of the glendonite aggregates is
characterised by a guttulatic microtexture which consists of
hexagonal to spherical shaped crystal cores and an over-
growth with one or multiple cement generations. This diag-
nostic fabric is developed in varying degrees in all studied
samples.
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Table 1 List of samples chosen for microfacies analysis, SEM and EDX analysis and stable carbon and oxygen isotopy

Purpose Number of samples Sample tags Interval Age Studied material
Thin section analysis 1 sample, 14 sections AM 533 QH P1; lower P. spinatum Hiatus concretions; sur-
Zone rounding sediment
1 sample, 20 sections AM 531 EPH PI; upper P. s pinatum Hiatus concretions, sur-
Zone rounding sediment
21 samples, 21 sections BU-G-1 to BU-G-20; GL PL; uppermost P. spina-  Glendonites; surrounding
M-BU-77b tum Zone concretions
3 samples; 24 sections ~ AM 547; M-BU-13; BB PI1-To boundary Hiatus concretions;
M-BU-79 surrounding limestone
matrix
EDX analysis 2 samples BU-G-2; BU-G-19 GL PlL; uppermost P. spina-  Glendonites
tum Zone
Stable isotope analysis 18 samples; 18 analyses Iso-G-1 to Iso-G-18 GL PI; uppermost P. spina-  Glendonite

tum Zone

BB “Bollernbank” limestone bed, EPH “Echiniden-Pectiniden-Horizont”, GL glendonite-bearing interval, P/ Pliensbachian, QH “Quellhori-
zont”, To Toarcian; samples tagged with “AM” were part of the teaching collection of the GeoZentrum Nordbayern, Friedrich-Alexander-Uni-

versitit Erlangen-Niirnberg

The first calcite generation forms granular crystals of
various shapes, for example, elongate (Fig. 7a, c), spheri-
cal to subspherical (Fig. 7a, c, e, f), hexagonal (Fig. 7e) or
irregular (Fig. 7a, c, e—g). Twinning is also a frequently
observed phenomenon (Fig. 7c, h). In some cases, crystals
can have a shape similar to the stellate growth form of the
former ikaite (Fig. 7f). The second cement generation forms
an isopachous rim around the first calcite phase (Fig. 7a,
¢, e). In crossed-polarised light, most cement rims show a
syntaxial extinction behaviour (Fig. 7b, d). However, the
second cement generation can be replaced by a thin, brown-
ish rim (Fig. 7f=h). Multiple cement overgrowths result in
the formation of a zonation (Fig. 7a, g). The remaining pore
space can be filled by various materials, for example, by
clear calcite spar (Fig. 7a, c, e, f, h), by pyrite (Fig. 7f), or
by both (Fig. 7h). Filling of pore space by micrite was also
observed (Fig. 7a, ).

EDX analyses

EDX analysis of two glendonite aggregates reveals that the
crystal cores as well as the surrounding cement generations
consist of low magnesium calcite (LMC). Spot analyses of
the crystal margins show a slight increase of iron, manga-
nese and magnesium.

Stable isotope analysis
Carbon isotope values obtained from glendonite aggregates
range from — 21.8 to — 10.3%0 VPDB (mean: — 15.6%o

VPDB) (Table 2, Fig. 8). For 8'%0, the values vary between
—9.4 and — 3.6%0 VPDB (mean: — 5.8%0 VPDB).

@ Springer

Discussion
Reconstruction of the depositional environment

Studies dealing with the Buttenheim succession so far have
focused on the abundant and excellently preserved fossils
(e.g., Niitzel and Griindel 2015; Keupp and Schweigert
2017; Keupp and Doppelstein 2018; Karapunar et al. 2020;
Keupp and Fuchs 2020; Kutscher and Reich 2021; Keupp
and Schweigert 2021). The diverse nektonic, endo- and
epibenthic fauna suggests that the water column as well as
the uppermost part of the sediment were well-oxygenated.
However, further information about the depositional envi-
ronment is difficult to obtain, since successions consisting of
monotonous clays commonly lack macroscopic sedimentary
structures. In view of the fine-grained, homogeneous nature
of the clay the preservation of such features is limited, mak-
ing it almost impossible to gain information about water
energy, sea-level fluctuations and climatic conditions in the
field. In addition, bioturbation and later compaction could
easily have destroyed any primary structures. This makes
further investigations necessary. For example, syn-sedimen-
tary features can be preserved inside carbonate concretions
which form during early diagenesis in the shallow subsur-
face. Fortunately, the Buttenheim clay pit has large numbers
of such early diagenetic concretions to offer for microscopic
investigations.

Structures such as cross-stratification, orientation of com-
ponents or fining-upward tendencies were not observed in
the studied concretions. This either means that these struc-
tures never formed or that strong bioturbation homogenised
the sediment. The poor sorting of biogenic components and
the lack of rounded bioclasts supports the first assumption,
indicating that the seafloor was located below storm wave
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bioclast-rich
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Fig.3 Characteristics of the upper Pliensbachian reworked inter-
vals exposed in the Buttenheim clay pit. a Field photograph of two
hiatus concretions embedded in a bioclast-rich clay matrix; white
arrows highlight borings on the concretion surfaces; “Quellhorizont”
reworked interval, lower P. spinatum Zone. b Hiatus concretion with
bioerosion traces and extensive serpulid overgrowth; “Echiniden-Pec-
tiniden-Horizont” reworked interval, uppermost P. spinatum Zone.
¢ Photomicrograph of a bored and partly pyritised hiatus concretion

base for most of the time. However, the calm conditions were
interrupted by recurrent phases characterised by elevated
water energy. This change is documented by the occurrence
of hiatus concretions in certain layers (Figs. 2b, 3a, b, 4a, b).
This type of concretion forms due to winnowing of the over-
lying sediment and a subsequent sedimentation gap (Voigt
1968; Sadlok and Zaton 2020). Hiatus concretions offer

borings

embedded in a poorly sorted matrix consisting of shell fragments and
micrite; “Echiniden-Pectiniden-Horizont” reworked interval, upper-
most P. spinatum Zone, thin section no. AM 531. d Photomicrograph
of a microbial overgrowth on a hiatus concretion; “Quellhorizont”
reworked interval, lower P. spinatum Zone, thin section no. AM 533.
e Photomicrograph of a quartz-rich layer within the bioclastic sedi-
ment; “Quellhorizont” reworked interval, lower P. spinatum Zone,
thin section no. AM 533, crossed-polarised light

important hardgrounds for sessile organisms, for example,
serpulids (Fig. 3b) and microbes (Figs. 3d, 4h). Polychaete
worms produced large, pear-shaped borings (Figs. 3b, c, 4b,
¢). Bioerosion of ammonite shells and belemnite rostrums
can be observed as well, especially in the “Bollernbank”
limestone bed (Fig. 4d). Shell concentrations surrounding
the hiatus concretions suggest a significant increase in water
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«Fig. 4 Characteristics of the “Bollernbank” limestone bed (Pliens-
bachian-Toarcian transition). a Bedding plane with abundant hiatus
concretions and crustacean burrows. b Hand specimen with strongly
bioeroded concretions in a micritic matrix. ¢ Photomicrograph of a
bored hiatus concretion embedded in a fine-grained bioclastic matrix;
thin section no. AM 547. d Photomicrograph of a bioeroded belem-
nite rostrum; arrows indicate thin borings; thin section no. AM 547.
e Photomicrograph of the bioturbated bioclast-rich matrix surround-
ing the hiatus concretions; arrows indicate bioturbation traces; thin
section no. M-BU-13. f Photomicrograph of the matrix surrounding
the hiatus concretions; note the good sorting of components (mainly
fragments of echinoderms, foraminifera, mollusc shells and brachio-
pods); thin section no. AM 547. g Photomicrograph of echinoderm
fragments and foraminifera forming a fitted fabric; note the stylolitic
contacts between the components and the absence of micrite; thin
section no. AM 547. h Photomicrograph of microbial structures in the
micritic matrix surrounding the hiatus concretions; thin section no.
M-BU-79

energy (Figs. 3a, c, 4c, e, f). In some bioclastic parts of the
“Bollernbank” bed, the energy was sufficient enough to wash
out the micritic matrix. The lack of fine-grained material in
between the bioclasts led to the formation of a fitted fabric
caused by compaction prior to lithification (Fig. 4g).

Possible causes for the recurrent changes in water energy
as well as the implications resulting from the discovery of
glendonite in Buttenheim on the late Pliensbachian climate
are discussed in the following sections.

The ikaite—glendonite transformation

All studied glendonites show a guttulatic microfabric. This
characteristic paragenetic sequence is produced when the
precursor ikaite is removed from its stability window and
starts to disintegrate. Several authors have noted that up to
three calcite generations were formed during the ikaite—cal-
cite transformation (Boggs 1972; Kaplan 1980; Larsen 1994;
McLachlan et al. 2001; Greinert and Derkachev 2004; Hug-
gett et al. 2005; Selleck et al. 2007; Teichert and Luppold
2013; Scheller et al. 2022). The first phase forms during the
dehydration of ikaite and is termed “replacive calcite” or
“primary calcite” which consists of granular crystals. The
second phase is an isopachous, in some cases syntaxial,
cement rim which encloses the replacive calcite. The third
and final cement generation fills the remaining pore space.
All three calcite generations were observed in the Butten-
heim glendonites. The replacive calcite is formed by calcite
crystals of various shapes (Fig. 7a, c, e) which are overgrown
by a (syntaxial) cement generation (Fig. 7a—d). Remaining
pore space is filled by clear calcite spar (Fig. 7a, c, e) and/
or by pyrite (Fig. 71, h).

Element distribution analysis shows that the first calcite
generation in the Buttenheim glendonites is composed of
LMC which is in line with previous studies on the elemental
composition of glendonites (e.g., Greinert and Derkachev
2004; Huggett et al. 2005; Selleck et al. 2007; Teichert and

Luppold 2013). The low concentration of other elements in
the first calcite generation is probably due to the fact that the
precursor ikaite did not incorporate high amounts of mag-
nesium or iron (Schubert et al. 1997). Since the first cal-
cite phase is assumed to precipitate directly from carbonate
released during the disintegration of the former ikaite, the
element concentrations of the resulting calcite were probably
similar (Selleck et al. 2007; Teichert and Luppold 2013). In
the Buttenheim samples, only a slight increase of iron, mag-
nesium and manganese was observed towards the margins of
the first calcite generation and the overgrowth. This contrasts
with findings of other authors who noted that the second
and the third cement generation show significantly elevated
contents of iron, magnesium and manganese or even con-
sist of HMC or siderite (e.g., Greinert and Derkachev 2004;
Huggett et al. 2005; Selleck et al. 2007; Teichert and Lup-
pold 2013). This suggests that the changes in the chemical
composition of the pore water during the precipitation of the
different cement generations were only of minor significance
which argues either for very stable conditions in the subsur-
face or for a rapid growth of the entire paragenetic sequence.

The presence of carbonate crusts inside and outside the
studied glendonite specimens is a rarely observed phenom-
enon in ancient glendonites. Such macro-zoned glendonites
are so far only known from the Hauterivian of Svalbard
(Vickers et al. 2018) and from Middle Jurassic deposits
from the Barents Sea shelf (Mikhailova et al. 2021). Pro-
posed formation mechanisms are oscillating changes of the
chemical and thermal conditions in the shallow subsurface
(Vickers et al. 2018) as well as the activity of microbial over-
growths combined with the mixture of seawater and pore
water (Mikhailova et al. 2021). Whether one of the proposed
models applies to the glendonites presented in this study
or whether a previously unknown mechanism was involved
in the formation of the macro-zoned glendonite aggregates,
must be revealed by future research, since detailed analyses
of the formation mechanisms of the Buttenheim glendonites
are beyond the scope of this study.

Was methane involved in the formation
of the Buttenheim ikaites/glendonites?

Studies on recent ikaites suggest that elevated alkalinities,
which favour the precipitation of carbonate minerals, and
an elevated phosphorus content, which inhibits the growth
of calcite, are important factors for ikaite formation in addi-
tion to low temperatures (Kodina et al. 2003; Greinert and
Derkachev 2004; Selleck et al. 2007; Zhou et al. 2015). Such
conditions prevail in the sulphate reduction zone and in the
zone of anaerobic oxidation of methane (AOM) in fine-
grained, organic-rich sediments. Therefore, it is assumed
that these zones are most likely the intervals in which the
formation of ikaite takes place (Kodina et al. 2003; Greinert
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pyritised
cortex

Fig.5 Glendonite-bearing concretions (“discus concretions”) recov-
ered below the “Bollernbank™ limestone bed. a Concretion with the
typical discus shape and a smooth surface. b Concretion with the typ-
ical discus shape. ¢ Concretion with a protruding Pleuroceras shell.

and Derkachev 2004; Teichert and Luppold 2013). Moreo-
ver, the favouring influence of methane has been discussed
for recent ikaite occurrences (Schubert et al. 1997; Kodina
et al. 2003; Krylov et al. 2015) as well as for examples from
the fossil record (Teichert and Luppold 2013; Morales et al.
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with crust
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aggregate

d Discus-shaped concretion with a slightly weathered cortex consist-
ing of pyritised material. e Spherical concretion with pyrite nodules
on the smooth outer surface. f Slabbed discus concretions with glen-
donite aggregates in the centre and pyritised cortices

2017; van de Schootbrugge et al. 2019), since AOM facili-
tates the precipitation of authigenic carbonates.

The formation of carbonate minerals requires bicar-
bonate (HCO;™) which is available in the water column
or can be released by specific chemical processes in the
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Fig. 6 Photomicrographs of glendonite-bearing concretions. a Trans-
mitted light photomicrograph of a discus-shaped concretion; note the
pyritised concretion margin and the rhombic glendonite crystal in the
centre; thin section no. BU-G-20. b Reflected light photomicrograph
of the same specimen shown in a. ¢ Rhombic glendonite aggregate
with an internal crust; thin section no. BU-G-17. d Rhombic glen-

shallow subsurface involving the oxidation of organic mat-
ter and/or methane. It is possible to distinguish different
HCO;™ sources by their carbon isotope signatures. In the
Pliensbachian, inorganic carbon dissolved in seawater had
typical 8'°C values between 0.0 and +3.0%c VPDB (Jen-
kyns et al. 2002). In pre-Paleogene times marine organic
matter was enriched in '*C compared to land plant organic

donite aggregate with a thick, external crust consisting of multiple
layers; thin section no. BU-G-20. e Glendonite aggregate with an
irregular outline (arrows) and pore-filling pyrite in the aggregate cen-
tre; thin section no. BU-G-12. f Detail of a crust surrounding a glen-
donite aggregate; some layers show a zonation and a cauliflower-like
growth (white arrows); thin section no. BU-G-20

matter (Arthur et al. 1985; Hayes et al. 1999). Typical
carbon isotope signatures of marine organic matter in the
Jurassic were — 26 to — 32%0 VPDB. Values ranging from
— 20 to — 28%o0 VPDB can be measured if larger amounts
of terrestrial organic matter were present. Thermogenic
methane shows carbon isotope values between — 50.0 and
— 30.0%0 VPDB, and the isotopic signature of biogenic
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«Fig.7 Photomicrographs of the internal fabric present in the glen-
donite aggregates. a Microfabric typical for precursor ikaite (guttu-
latic microtexture); arrows indicate crystals consisting of a core and
subsequent overgrowth by one or more calcite generation(s); thin
section no. BU-G-19. b Same section as shown in a; note the syn-
taxial extinction behaviour of the cement overgrowth; crossed-polar-
ised light. ¢ Guttulatic microfabric with crystal twin; note the calcite
cement overgrowing the crystal cores (white arrows); thin section no.
M-BU-77b. d same section as shown in c, crossed-polarised light.
e Guttulatic microfabric with pronounced calcite overgrowth sur-
rounding the crystal cores (white arrows) which show various shapes
(hexagonal, irregular, spherical); remaining pore space is filled with
calcite spar; thin section no. M-BU-77b. f Photomicrograph of a
stellate crystal; note the lack of clear cement rims around the crys-
tals; pore space is filled with pyrite (py) or calcite spar; thin section
no. M-BU-77b. g Calcite crystals with a distinct zonation; note the
brownish rims surrounding the crystals; thin section no. BU-G-
20. h Crystal twin overgrown by pyrite (py); note the absence of
an overgrowth by clear calcite; instead, a thin brownish rim is vis-
ible; remaining pore space is filled with calcite spar; thin section no.
BU-G-9

methane ranges from — 110.0 to — 50.0%0 VPDB (Whiti-
car 1999).

It should be noted that mixing of the mentioned bicarbo-
nate sources can take place. Thus, it is difficult to make a
clear statement about the absolute contributions of the dif-
ferent sources. Another important point is that the isotope
values obtained from the studied glendonites represent the
HCO;™ composition of the fluid during the breakdown of
the ikaite and the precipitation of the subsequent cement
generations. However, the low variability in the elemental
composition of the different calcite generations mentioned in
the previous chapter suggests stable geochemical conditions
in the subsurface and/or rapid cement growth. Moreover, the
first calcite generation present in the glendonite paragenetic
sequence precipitates directly from the fluids which were
released during the decomposition of ikaite and therefore
reflect the isotopic signatures of the precursor crystal (Sell-
eck et al. 2007).

The 8'3C values of the Buttenheim glendonites range
between — 21.8 and — 10.3%0 VPDB (Table 2, Fig. 8). This
suggests that a mixture of inorganic HCO;™ from seawater
and bicarbonate from the decomposition of organic matter
were involved in the formation of the glendonite. Since the
studied site was located close to the Bohemian landmass,
wood fragments and other plant remains are common in the
outcrop suggesting that the organic matter was derived from
both marine and terrestrial sources.

Minor contributions of HCO;™ derived by AOM cannot
be excluded, but it seems unlikely that methane played a
prominent role, because otherwise more negative 8'°C val-
ues would be expected. Further evidence arguing against an
influence of methane, especially methane derived by seep-
age, is provided by the fact that the glendonite-bearing con-
cretions occur over the entire outcrop length in a thin layer

and are not restricted to single patches as it would be the
case if the glendonite occurrences were bound to methane
seeps. This observation is in line with occurrence patterns
reported for Siberian glendonites of the same age which
can be traced over long distances and are therefore used as
marker horizons (Rogov et al. 2023).

Comparison of the Buttenheim glendonites
with other upper Pliensbachian occurrences

So far, upper Pliensbachian glendonites are known from
Siberia and Northern Germany. Occurrences in Siberia are
located around the Lena River region with a palaeolatitude
ranging from 70° to 85° N (Fig. 1b) (e.g., Kaplan 1978; Suan
et al. 2011; Nikitenko et al. 2013; Rogov 2015; Morales
et al. 2017; Rogov et al. 2021, 2023). In Northern Germany,
glendonites have been found in drill cores from Mecklen-
burg—Western Pomerania (near the town of Barth, Barth
et al. 2018, and near the city of Schwerin, Zimmermann
et al. 2015) and in drill cores and outcrops in Lower Saxony
(near the city of Braunschweig, Teichert and Luppold 2013;
van de Schootbrugge et al. 2019). This paper adds a new
glendonite occurrence site to this list which is located in
Bavaria (near the city of Bamberg). German sites have a
palaeolatitude between 40° and 45° N (Fig. 1c). All men-
tioned glendonite occurrences are found in marine sequences
consisting of clay-, marl- or siltstone and commonly contain
carbonate concretions. In some cases, the glendonites are
found inside such carbonate bodies. The pseudomorphs can
reach different sizes ranging from a few millimetres to sev-
eral centimetres. Moreover, the glendonites in the described
sections are not randomly distributed but are restricted to
discrete layers.

Only three of the above-mentioned studies of Pliens-
bachian glendonites contain isotopic data. Glendonites
from Anabar Bay, Siberia, Russia, show a large scatter
with 8'°C values ranging from — 37.3 to — 12.6%0 VPDB
(Fig. 8) (Morales et al. 2017). Isotope values measured in
glendonites recovered from an outcrop near Braunschweig,
Northern Germany, range from — 45.0 to — 20.0%0 VPDB
(Fig. 8) (Teichert and Luppold 2013). Van de Schootbrugge
et al. (2019) reported glendonites and glendonite-bear-
ing concretions from a drill core located close to the site
described by Teichert and Luppold (2013). The glendonites
analysed by van de Schootbrugge et al. (2019) also show
very light 8'°C values between — 36.0 and — 20.0%0 VPDB
(Fig. 8).

Considering the light carbon isotope signature of the
measured glendonites all authors have concluded that
bicarbonate derived by AOM played a dominant role in the
formation of the precursor ikaite and suggested methane
seepage as the source. Since the glendonite occurrences in
Northern Germany are located in areas with a palaeolatitude
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Table 2 Stable carbon and

. . Isotope sample
oxygen isotope data measured in

Specimen no

Analysed material 8'3C%0 VPDB 5'%0%0 VPDB

glendonite-bearing concretions 1o
1 Iso-G-1
2 Iso-G-2
3 Iso-G-3
4 Iso-G-4
5 Iso-G-5
6 Iso-G-6
7 Iso-G-7
8 Iso-G-8
9 Iso-G-9
10 Iso-G-10
11 Iso-G-11
12 Iso-G-12
13 Iso-G-13
14 Iso-G-14
15 Iso-G-15
16 Iso-G-16
17 Iso-G-17
18 Iso-G-18

Glendonite —10.98 - 6.51
Glendonite — 18.18 —441
Glendonite —12.22 —6.61
Glendonite - 17.76 —5.86
Glendonite —14.99 —9.45
Glendonite —17.44 — 543
Glendonite —13.51 —6.34
Glendonite —17.54 —4.32
Glendonite —10.34 —-17.08
Glendonite —14.07 —6.56
Glendonite —16.59 —4.80
Glendonite — 145 —6.01
Glendonite —14.75 —6.03
Glendonite —14.93 —-17.09
Glendonite —17.47 —4.95
Glendonite — 16.88 —4.82
Glendonite —21.82 —3.62
Glendonite —16.33 —4.80

corresponding approximately to the present-day latitude of
northern Italy it seems that the climate conditions were too
warm for the formation of ikaite. Therefore, Teichert and
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This study: 4 glendonite (n = 18)
From Teichert & Luppold (2013): ¢ glendonite (n =29)
From Morales et al. (2017): ¢ glendonite (n = 23)

From van de Schootbrugge et al. (2019): ) glendonite (n = 12)

Fig.8 Cross-plot of &'3C and 8'®0 values (both reported in
%o VPDB) of glendonite aggregates from Buttenheim, S-Germany
(this study), Cremlingen and Schandelah near Braunschweig, N-Ger-
many (from Teichert and Luppold 2013; van de Schootbrugge et al.
2019) and Anabar Bay, W-Siberia (from Morales et al. 2017). Pale
shaded fields indicate the value distribution of the glendonites
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Luppold (2013) as well as van de Schootbrugge et al. (2019)
assumed that the glendonite occurrences were directly linked
to the presence of methane seeps which favoured the forma-
tion of precursor ikaite at temperatures slightly above its
stability window.

Significantly heavier carbon isotope values measured in
glendonites from Buttenheim (Fig. 8) contradict an interpre-
tation as a hydrocarbon seep. This is supported by the fact,
that the glendonite-bearing concretions are restricted to a
discrete layer of only a few centimetres thickness, but with
at least several tens of metres lateral extent. Hydrocarbon
seeps usually show a restricted extent and affect the entire
sediment column and not only a single layer. The shape of
the glendonite-bearing concretions argues in the same direc-
tion, since they have a flat, discus-like appearance (Figs. 2e,
Sa—c, f) which suggests that the concretions formed in a very
narrow layer in the shallow subsurface. Furthermore, the
Buttenheim succession lacks sedimentological evidence for
a seep such as crusts consisting of botryoidal cement bushes
and tubular cements as well as a chemosynthetic fauna.
Teichert and Luppold (2013) as well as van de Schootbrugge
et al. (2019) noticed the absence of typical seep features in
their study areas and concluded that the release of hydrocar-
bons took place in a very slow and diffuse way.

However, the presence of methane does not necessarily
require seepage in a narrower sense. Methane is produced
by methanogenesis in the sediment column below the zone
of anaerobic oxidation of methane (Jgrgensen and Kasten
2006). Carbonate precipitated in this particular zone there-
fore shows very light carbon isotope values which could
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explain the values measured in the above-mentioned stud-
ies without hydrocarbon seepage. We therefore propose an
alternative hypothesis for the formation of glendonite in the
European epicontinental sea which will be elaborated in the
following sections.

Intensity and extent of the late Pliensbachian
cooling and its impact on the formation of cold
bottom waters on the continental shelf

Despite ongoing research, the intensity of the late Pliens-
bachian cooling event is still debated, especially with regard
to its impact on mid-latitudinal areas. Several palacoecologi-
cal studies on marine and terrestrial organisms as well as on
land plants have yielded ambiguous results. For example,
Mehlqvist et al. (2009) suggested a warm and humid climate
with a pronounced seasonality typical for the warm temper-
ate zone based on analyses of plant remains recovered from
a late Pliensbachian delta complex located on the island of
Bornholm, Denmark. However, several studies on the fossil
record of marine invertebrates have revealed the presence
of cold-water adapted taxa in the European Realm. Arp and
Seppelt (2012) described the migration of Palmoxytoma cyg-
nipes into the central part of the European epicontinental sea
based on specimens found in northern Germany, France,
England and Sweden (Fig. 1c). P. cygnipes is a bivalve
species adapted to cool water temperatures and was also
described in the Buttenheim clay pit by Schweigert (2019).
In addition, Keupp (2021a) noticed a shift of foraminiferal
assemblages dominated by calcitic taxa towards assemblages
dominated by textulariid taxa (i.e., with agglutinated shells)
in the upper P. spinatum Zone of the Buttenheim clay pit
which is indicative of a decrease in water temperature.

As mentioned in the previous section, some glendonite
occurrences in North Germany were interpreted as an indi-
cator for methane seepage but not as one for low tempera-
ture. We disagree with this interpretation, since the studied
material from South Germany lacks sedimentological and
geochemical evidence for hydrocarbon seepage and sug-
gests that a low temperature was the main factor control-
ling the formation of precursor ikaite. This is in line with
previous investigations showing that recent ikaite exclu-
sively occurs in cold environments, such as polar regions
(e.g., Suess et al. 1982; Stein and Smith 1985; Greinert
and Derkachev 2004; Dahl and Burchardt 2006), in deep
sea fans (Zabel and Schulz 2001), in cool alkaline and
saline lakes (Bischoff et al. 1993; Council and Bennett
1993; Last et al. 2013; Oehlerich et al. 2013; Scheller et al.
2022) and in cold caves (Chaikovskiy and Kadebskaya
2014; Bazarova et al. 2016). So far, no natural locality is
known where ikaite formed at higher temperatures—even
if the alkalinity and the phosphorus content are very
high (Bischoff et al. 1993; Council and Bennett 1993).

Moreover, ancient glendonite has never been observed
in localities representing tropical or subtropical environ-
ments (Rogov et al. 2023). Therefore, it is assumed that
the glendonites found in the Buttenheim clay pit represent
former ikaite crystals that were formed due to cold water
temperatures.

This raises the question as to which process could have
facilitated the cooling of water masses in the European
epicontinental sea during the late Pliensbachian. Taking
modern analogues into account, it is conceivable that the
configuration of marine currents played an important role.

A normal thermohaline circulation develops when cold,
saline water sinks below a warmer water mass, forming a
thermocline in between (Fig. 9a). Massive global cooling
and the formation of polar ice caps influence this process.
Nowadays, cold bottom waters form in high latitudes due to
the cooling of warm, saline surface currents, which become
increasingly heavy and sink downward as a result of cooling,
e.g., in the northern North Atlantic (North Atlantic Deep
Water, NADW; Dickson and Brown 1994). On the Antarctic
shelf, however, another process is involved in the forma-
tion of cold bottom waters. Here, the formation of sea ice in
autumn and winter produces very saline, heavy brines that
sink to the bottom (Antarctic Bottom Water, AABW; Orsi
et al. 1999). Moreover, coastal polynyas, which are ice-free
zones between the ice sheet and the adjacent sea ice, inten-
sify the heat loss (Ohshima et al. 2016).

Both possibilities could apply to the situation during
the late Pliensbachian. Despite ongoing discussions, it is
assumed by several authors that parts of the Arctic Realm
were covered by ice sheets of debated extent at that time
(Fig. 1b) (Donnadieu et al. 2011; Korte and Hesselbo 2011;
Suan et al. 2011; Dera and Donnadieu 2012; Ruebsam et al.
2019; Nordt et al. 2021, Ruebsam and Schwark 2021). The
occurrence of dropstones in late Pliensbachian sections
located in high palaeolatitudes suggest a widespread for-
mation of sea ice (Fig. 1b) (Suan et al. 2011; Ruebsam and
Schwark 2021). The opening of the Viking Corridor in the
Early Jurassic enabled a water mass exchange between the
Arctic Realm in the north and the Tethyan Realm in the
south (Fig. 1b, ¢) (Surlyk 2003; Korte et al. 2015). We there-
fore assume that very dense cold-water masses, which were
formed due to the same processes responsible for the pro-
duction of modern AABW and/or NADW, sank to the shelf
floor, flowed southwards into the Tethys Ocean and resulted
in a pronounced thermocline in vast areas of the European
epicontinental sea (Fig. 9b). Such cold currents could have
triggered the formation of ikaite in areas in which the min-
eral otherwise could not form.

It should be noted that this model does not necessarily
require a large, permanent ice sheet. The proposed mecha-
nisms were driven by a strong temperature gradient in high
latitudes and the formation of sea ice in autumn and winter.
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Fig.9 Schematic drawing showing the formation of cold and dense
bottom water. a Situation in the European epicontinental sea during
an interglacial period with a sea-level highstand with early diagenetic
carbonate concretions forming in the shallow subsurface. b Situation
during a glacial period with the formation of very cold and dense bot-

Both processes are independent of the dimension of the ice
sheet.

This process probably affected large parts of the epeiric
sea. It is therefore possible that glendonites or glendonite-
bearing concretions occur in other late Pliensbachian locali-
ties throughout the European Realm beside the so-far known
localities in Germany, but they have been overlooked so far,
because glendonite aggregates can be very small (<1 cm).
Furthermore, they can have a rather inconspicuous appear-
ance, especially if they are surrounded by carbonate concre-
tions. In this case, the guttulatic microfabric, which is only
visible in thin section, is the best criterion to identify the
pseudomorph. Therefore, the spatial distribution of glen-
donite in the late Pliensbachian might be underestimated.

The presence of a pronounced thermocline with very cold
bottom waters and overlying warmer surface waters can also
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tom waters due to brine injection caused by the formation of sea ice;
the cold bottom waters triggered the formation of ikaite in the sedi-
ment; during the sea-level lowstand, hiatus concretions were formed
due to winnowing of the soft sediment

offer an explanation for the ambiguous results of palacoeco-
logical investigations on marine and terrestrial taxa. Warm-
adapted organisms were restricted to the surface water and
the emergent lands, whereas cold-adapted taxa colonised the
lower part of the water column and the seafloor.

Hiatus concretions as witnesses of glacial sea-level
falls

In the Buttenheim clay pit, the extensive bioerosion of
the hiatus concretions suggests that the exhumation of the
concretions could not have been due to a short-termed
event, such as a hurricane or a tsunami, since a longer
period of sediment starvation is required in the after-
math for successful colonisation by sessile organisms and
microbes. The exhumation process requires an increase in
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water energy, leading to the winnowing of the soft sedi-
ment cover. It can be assumed that the turbulent condi-
tions persisted during the subsequent sedimentation gap
as indicated by the enrichment of bioclasts in the sedi-
ment surrounding the hiatus concretions (Figs. 3c, 4c, e, f).
Especially in the “Bollernbank” limestone bed, well-sorted
bioclasts and the removal of fine-grained material point
towards constant water movement (Fig. 4f, g). Moreover,
the colonisation and bioerosion of hiatus concretions and
belemnite rostrums commonly occur on all sides suggest-
ing that the components were turned over frequently. This
can be explained by intense water movement but also by
the activity of foraging organisms.

An increase in water energy can occur either due to a
change in bottom current energy or due to the lowering of
the wave base (Sadlok and Zatori 2020). The latter could
be explained by a sea-level fall. The Pliensbachian—-Toar-
cian transition is indeed characterised by a widespread hia-
tus which has been interpreted as the result of a glacially
induced sea-level fall (Morard et al. 2003; Haq 2018; Rueb-
sam and Al-Husseini 2020; Bodin et al. 2023). This corre-
sponds with the occurrence of hiatus concretions and other
reworked components in the “Bollernbank” limestone bed
in Buttenheim which forms the most pronounced reworked
interval in the studied succession. The glendonite-bearing
layer is located right below this interval (Fig. 2b, c¢), indi-
cating a formation of precursor ikaite within the sediment
during the sea-level lowstand, thereby linking the sedimen-
tological evidence for a sea-level fall, i.e., the hiatus, to a
mineralogical indication for a cold climate, i.e., the occur-
rence of glendonite (Fig. 9b).

Following this interpretation, we propose a similar cause
for the formation of the other hiatus concretion-bearing
intervals in Buttenheim (‘“Pyriterzbank”, “Quellhorizont”,
and “Echiniden-Pectiniden-Horizont”, Fig. 2b). The hiatuses
probably represent recurrent glacial pulses during the overall
cool climate in the late Pliensbachian, producing brief sea-
level falls (Fig. 10). This assumption is supported by the
occurrence of quartz-rich sediments surrounding the hiatus
concretions of the “Quellhorizont” reworked interval (Mun-
necke and Merkel 2021) and the “Echiniden-Pectiniden-Hor-
izont” interval in Buttenheim (Keupp 2021d). This finding
indicates a temporarily enhanced siliciclastic input caused
by a basin-ward movement of river mouths during the sea-
level lowstand. In accordance, Barth et al. (2018) pointed
out that a rapid shoreline shift was observed in upper Pliens-
bachian deposits from northern Germany and Poland, rep-
resenting a near-shore facies. Since the authors also report
glendonites in the studied boreholes, they suggest recurrent
glaciations and deglaciations as the driving mechanism for
the short-term sea-level fluctuations. However, the extent
to which the proposed sea-level falls prior to the hiatus at
the Pliensbachian—-Toarcian boundary can be correlated with

other late Pliensbachian successions must be examined by
further research.

So far, no glendonites have been found in the Butten-
heim clay pit that were associated with the “Pyriterzbank”,
“Quellhorizont”, or “Echiniden-Pectiniden-Horizont”
intervals. This could either mean that they simply have not
been discovered yet or that the glacial pulses causing the
sea-level falls were less intense than the one responsible
for the formation of the “Bollernbank” limestone bed and
the associated glendonite-bearing concretions at the Pliens-
bachian-Toarcian boundary. Field observations support the
latter assumption, since the reworked intervals in the But-
tenheim section become more pronounced with increasing
stratigraphic height as indicated by a stronger colonisation
and bioerosion of components and an increasing thickness
of the bioclast-rich sediment surrounding the hiatus concre-
tions. A similar trend can be observed in the foraminifera
assemblage: agglutinating taxa associated with a cooler
water temperature become more abundant in the upper P.
spinatum Zone (Keupp 2021a). This means, in summary,
that the “Pyriterzbank” reworked interval represents the
weakest glacial pulse in the P. spinatum Zone, whereas
the “Bollernbank” limestone bed was caused by the most
intense cold snap (Fig. 10). It is interesting to note that
some late Pliensbachian successions in Siberia (Vilyui river
area) show a similar tendency regarding the size of glen-
donites recovered from these sections. The oldest specimens
are rather small compared to those occurring close to the
Pliensbachian—Toarcian boundary (Rogov et al. 2023). This
observation supports the hypothesis of recurrent glaciations
with increasing intensity.

Conclusions about the amplitude of the proposed sea-
level falls cannot be drawn based on the data acquired in
this study. However, studies on the Pliensbachian—Toarcian
boundary hiatus have concluded that the associated sea-level
fall probably had an amplitude of 50-70 m (Marjanac and
Steele 1997; Ruebsam et al. 2020).

The deposits located between the “Pyriterzbank”, the
“Quellhorizont” and the “Echiniden-Pectiniden-Horizont”
reworked intervals are characterised by mass occurrences of
ammonite shells which are interpreted as the result of con-
densation due to sea-level highstands (Keupp 2021d). This
suggests that the glacial pulses were interrupted by short
phases of moderate warming causing a decline of polar ice
sheets which could have led to brief sea-level rises (Fig. 10)
and a reduction in cold bottom water formation (Fig. 9a).
Such an alternation of glacial pulses of variable intensity
and intermediate phases of moderate warming would explain
the partly contrary results of studies dealing with faunal and
floral assemblages in the European Realm in addition to the
thermohaline circulation. However, since the glacial phases
are mainly characterized by erosion, there is hardly any fossil
evidence for the cold periods, except for the bioclastic-rich
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Fig. 10 Correlation between the occurrence of reworked intervals
in the Buttenheim clay pit with the fluctuating climate in the Early
Jurassic. Right: recurrent warming and cooling in the Early Juras-
sic (climate data compiled from Suan et al. 2010; Korte and Hes-
selbo 2011; Bodin et al. 2016; Bougeault et al. 2017; Krencker
et al. 2019; Ruebsam et al. 2020; Schollhorn et al. 2020a, b; Peti
and Thibault 2022; ages and duration of ammonite zones are taken
from Haq 2018); left: section of the Buttenheim clay pit with the

layers around the hiatus concretions and the incrusting and
bioeroding organisms.

Conclusions

Different types of carbonate concretions exposed in the

upper Pliensbachian succession of Buttenheim, South Ger-
many, were analysed by optical and geochemical methods to
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sea-level curve shows the overall regressive trend in the late Pliens-
bachian

shed light on the climatic conditions prevailing at the time
of deposition.

The petrographic analysis reveals that discus-shaped con-
cretions occurring in a distinct layer ca. 30 cm below the
Pliensbachian—Toarcian transition contain millimetre-sized
glendonite aggregates which are pseudomorphs after the
cryophilic mineral ikaite. This finding represents the south-
ernmost occurrence of glendonite in the late Pliensbachian
so far discovered. The aggregates consist of granular calcite
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crystals overgrown by a (syntaxial) cement generation and
pore-filling calcite or pyrite, forming a so-called guttulatic
microfabric which is diagnostic of the precursor ikaite. Sta-
ble carbon isotope values between — 21.8 and — 10.3%o
VPDB suggest that HCO4™ derived by the decay of organic
matter was the main carbonate source during the ikaite for-
mation. Contributions of carbonate derived by AOM were
considered as insignificant. It is therefore concluded that
the formation of the Buttenheim ikaites/glendonites was not
triggered by the release of methane due to hydrocarbon seep-
age which has been proposed to facilitate the precipitation
of authigenic carbonate minerals, such as ikaite. Instead, the
glendonites are interpreted as indicators of very low bottom
water temperatures, supporting the hypothesis of a massive
cooling during the late Pliensbachian which even impacted
mid-latitude realms. To explain this, it is proposed that cold
and dense bottom waters were formed in the Arctic Realm
which then flowed southward into the European epicontinen-
tal sea, forming a pronounced thermocline and enabling the
precipitation of ikaite in the sediment.

Further sedimentological evidence for cooling is pro-
vided by the occurrence of recurrent reworked intervals in
the studied section of which one is associated with the glen-
donite-bearing concretions close to the Pliensbachian—Toar-
cian boundary. It is therefore proposed that the reworked
intervals formed due to glacially induced sea-level falls. This
means that the overall cool climate in the late Pliensbachian
was characterised by at least four distinct glacial pulses.
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