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ABSTRACT

Konservat-Lagerstatten—deposits with exceptionally preserved fossils of articulated multi-element skeletons and
soft tissues—offer the most complete snapshots of ancient organisms and communities in the geological record.
One classic example, the Posidonia Shale in southwestern Germany, contains a diverse array of fossils preserved
during the ~183 Ma Toarcian Oceanic Anoxic Event. Seminal work on this deposit led to the hypothesis that
many Konservat-Lagerstatten were preserved in stagnant basins, where anoxic conditions limited soft tissue
degradation. To date, however, no studies have thoroughly investigated the geomicrobiological processes that
drove fossil mineralization in the Posidonia Shale. As a result, the role of anoxia in its exceptional preservation
remains uncertain. Here, we address these issues by reviewing the geology of the Posidonia Shale; describing the
mineralization of its fossils; and synthesizing novel and existing data to develop a new model for the paleo-
environment and taphonomy of the Lagerstatte. Although shells and carbonate skeletal elements were preserved
as pyritized and carbonaceous fossils, non-biomineralized tissues were primarily preserved via phosphatization
(transformation of remains into calcium phosphate minerals). Unambiguous examples of phosphatization include
ammonite shells, crustacean carapaces, ichthyosaur remains, coprolites, and coleoid gladii, mantle tissues, and
ink sacs. Phosphatized crustaceans and coleoids contain cracks filled with pyrite, sphalerite, and aluminosilicate
minerals. Such cracks were likely generated during burial compaction, which fractured phosphatized tissues,
exposed their organic matter to focused microbial sulfate reduction, and thereby led to formation of, and infilling
by, sulfide and clay minerals. These observations indicate that phosphatization happened early in diagenesis,
prior to burial compaction and microbial sulfate reduction, beneath (sub)oxic bottom water, and corroborate the
hypothesis that the animals were preserved during ephemeral pulses of oxygenation in the basin and/or within
environments located along boundaries of anoxic water bodies. Overall, our findings support the view that
anoxic bottom water does not directly promote exceptional preservation; in fact, it may impede it. Konservat-
Lagerstatten, particularly “stagnation deposits”, tend to form in (sub)oxic depositional environments with steep
redox gradients and/or high sedimentation rates. Under these conditions, organisms are rapidly buried below the
redox boundary, where their mineralization is promoted by focused geomicrobiological processes, and degra-
dation is limited by the supply of oxidants in the microenvironments around them.

1. Introduction

physical, chemical, and biological processes that affect the bodies of
organisms around the time of death. Predation, scavenging, and various

In the marine fossil record, remains of labile (non-biomineralized) other physical forces contribute to transport, breakage, and disarticu-
tissues are considerably rarer than biomineralized elements, like shells, lation of delicate morphological features and multi-element skeletons
bones, and teeth (Muscente et al., 2017). This bias is a consequence of (Allison and Briggs, 1991). Labile tissues, including integuments that
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cover skeletal elements as well as the connective tissues that bind them,
readily decay and decompose under the influence of microbial metabolic
activities (Allison and Briggs, 1991; Briggs, 2003). These processes lead
to complete degradation of all tissues, muscles, and organs in most cases.
Consequently, most marine animals (perhaps 80% to 90%) leave no
identifiable remains (Briggs, 1991; Sperling, 2013) resulting in the
overrepresentation of biomineralizing organisms that only represent a
fraction of total biodiversity (Schopf, 1978; Allison and Briggs, 1991;
Valentine, 1989; Shaw et al., 2021).

Konservat-Lagerstétten are geologic deposits with fossils that exhibit
minimal alteration from degradation (Seilacher, 1970); the ‘exception-
ally preserved fossils’ in such deposits variably include remains of labile
tissues and articulated multi-element skeletons (Seilacher and Westphal,
1971; Seilacher et al., 1985). Because such fossils are rare or absent in
most deposits, Konservat-Lagerstatten represent significant sources of
paleontological information, both in terms of quality and quantity. They
provide relatively complete pictures of the biodiversity and ecology of
ancient ecosystems as well as the complex morphologies of ancient or-
ganisms (Allison, 1988a). For these reasons, Konservat-Lagerstétten are
substantially researched by paleontologists, paleobiologists, and sedi-
mentary geologists.

Exceptional preservation occurs where the bodies of deceased or-
ganisms survive degradation long enough to become buried in sediment,
and in cases of labile tissue preservation, experience geomicrobiological
and other authigenic and diagenetic processes that transform them into
recalcitrant materials and minerals that can endure over geologic
timescales (Briggs, 2003). Trends in occurrences of exceptionally pre-
served fossils suggest that their preservation depends on phenomena
that can be expressed at local, regional, and global scales (Allison and
Briggs, 1993; Muscente et al., 2017). Such phenomena influence the
physical forces, geochemical gradients, and biological processes that
contribute to soft tissue degradation (e.g., predation, scavenging, and
microbial decay), and in some cases, may directly promote fossil
mineralization. Local and regional factors that affect preservational
potential include water circulation (Seilacher et al., 1985), topography
and/or bathymetry (Muscente et al., 2017), climate (Allison and Briggs,
1993; Briggs, 2003), sediment composition and provenance (Anderson
et al., 2018), sedimentation rate (Brett et al., 2012; Schiffbauer et al.,
2014b), and sedimentary processes related to transport, deposition, and
bioturbation (Brett et al., 2012). Global secular changes in the compo-
sition of seawater and frequency or prevalence of geomicrobiological
agents (e.g., sediment-mixing animals and microbial mats) over Earth
history may have also affected the potential for exceptional fossil pres-
ervation (Allison, 1988a; Allison and Briggs, 1993; Butterfield, 2003;
Muscente et al., 2017). Due to the wide variety of factors that affect
fossil degradation and mineralization, the drivers of exceptional pres-
ervation in many Konservat-Lagerstatten are not straightforward.

Redox conditions set the stage for exceptional preservation in marine
settings. In the modern ocean, the concentration of dissolved oxygen
varies with depth, such that the lowest levels occur in the oxygen min-
imum zone (water depths between 200 and 1000 m) and within the
sediment (Levin, 2003). Whereas anoxic (~0 mg O per liter), suboxic
(0-0.2 mg O, per liter), and dysoxic (0.2-2 mg O per liter) conditions
are localized to the oxygen minimum zone and intermediate to deep
sediment, oxic conditions (>2 mg Oy per liter) typically prevail in all
other environments (Rhoads and Morse, 1971; Tyson and Pearson,
1991). Oxic and anoxic water masses are separated by redox gradients,
including the gradual decline in oxygen concentration that begins at the
sediment-water interface and extends downward into pore water envi-
ronments (discussed in Muscente et al., 2017). Environments along
these gradients are inhabited by successions of microbial communities
stratified from the water column down into the sediment. These mi-
croorganisms utilize different oxidants for respiration in order of
availability and decreasing energy yield: O2 > NOs > Mn(IV) > Fe(IIl) >
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SO: > CO2 (van Gemerden, 1993; Lyons et al., 1996; Briggs, 2003).
These metabolic pathways have different rates of degradation, and
anaerobic processes (those which occur under anoxic conditions) pro-
duce chemical by-products (e.g., HyS and CO%") that can serve as ionic
building blocks for mineral precipitation and fossil preservation under
some circumstances (discussed in Muscente et al., 2017). Exceptional
fossil preservation occurs under redox conditions where decomposition
of organic material does not proceed to completion and/or the rate of
mineralization exceeds the speed of degradation (e.g., Butterfield, 2003;
Muscente et al., 2017).

Marine Konservat-Lagerstatten are thought to form in settings with
low levels of oxygen. Most marine Lagerstatten were preserved prior to
the late Paleozoic (Muscente et al., 2017), when oceanic oxygen levels
were relatively low and anoxic bottom waters were widespread (Dahl
etal., 2010; Gill et al., 2011; Sperling et al., 2015; Edwards et al., 2017).
During the Mesozoic and Cenozoic, exceptional fossil preservation pri-
marily occurred in marine environments during Oceanic Anoxic Events
(OAEs), or brief (~1 Ma) episodes of oxygen minimum zone expansion
in the ocean (Jenkyns, 2010; Takashima et al., 2006). Konservat-
Lagerstatten were deposited during OAEs in both the Jurassic (e.g.,
Doyle, 1990; Rohl et al., 2001; Ansorge, 2003; Riccardi, 2005; Williams
et al., 2015; Martindale et al., 2017; Muscente et al., 2019; Sinha et al.,
2021) and Cretaceous (e.g., Feldmann et al., 1999; Ifrim et al., 2007; Li
et al., 2008; Martill et al., 2011; Klug et al., 2012). The hypoxic-to-
anoxic conditions that developed during OAEs may have enhanced
exceptional preservation in several ways. In some marine regions OAEs
likely limited aerobic microbial degradation and reduced the abundance
of predators, scavengers, and sediment-mixing animals, which require
high concentrations of oxygen. These conditions may have also influ-
enced geochemical cycles in ways that favored mineralization of labile
remains (Muscente et al., 2019; Sinha et al., 2021). Therefore, OAEs
likely contributed to exceptional preservation, not simply by limiting the
destruction of soft tissues, but also by promoting their transformation
into recalcitrant minerals (minerals that persisted in the fossil record).

The circumstances that led to Konservat-Lagerstatten formation
during OAEs remain ambiguous. During each event, the boundary be-
tween oxic and anoxic water was variably positioned, at times and
places, above and below the sediment-water interface. Exceptional
preservation may have occurred in environments where anoxic condi-
tions remained limited to the sediment, where they extended up into the
water column, or both (Seilacher et al., 1985). Because microorganisms
with anaerobic metabolic pathways can degrade organic matter as
rapidly as aerobic organisms (Allison, 1988b), bottom water anoxia may
not have guaranteed survival of soft tissues. Localization of the oxic/
anoxic boundary to sediment, on the other hand, may have established
focused geomicrobiological processes and sedimentary microenviron-
ments conducive to fossil mineralization (Allison, 1988b; Briggs et al.,
1996; Muscente et al., 2015a; Guan et al., 2017). If so, exceptional
preservation during Mesozoic OAEs may have been limited to environ-
ments located along the boundaries of anoxic water masses and/or times
with fluctuating redox conditions that favored establishment of steep
redox gradients across the sediment-water interface (Muscente et al.,
2019; Sinha et al., 2021). This may imply that the geographic and
stratigraphic distributions of Konservat-Lagerstatten reflect temporal
and spatial patterns in redox gradients during OAE events.

The marine Posidonienschiefer Formation (Fm.) of western Europe
contains several Konservat-Lagerstdtten related to the Early Jurassic
OAE (Riegraf et al., 1984; Ansorge, 2003). Its most famous deposit—the
‘Posidonia Shale Konservat-Lagerstatte’—crops out as black oil shales in
the state of Baden-Wiirttemberg of southwestern Germany (Hauff, 1921;
Hauff and Hauff, 1981; Rohl et al., 2001). The Posidonia Shale contains
a variety of exceptionally preserved fossils, including gladii, ink sacs,
and tentacles of coleoids (Prikryl et al., 2012; Jenny et al., 2019; Klug
et al., 2021a); articulated exoskeletons of crustaceans (Schweigert et al.,
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2003; Schweigert, 2013; Klug et al., 2021b); articulated bodies of cri-
noids attached to driftwood (Hess, 1999; Matzke and Maisch, 2019); and
fully articulated skeletons of large vertebrates, such as ichthyosaurs,
crocodylomorphs, plesiosaurs, pterosaurs, and fishes (Hauff, 1921;
Urlichs et al., 1979; Hauff and Hauff, 1981; Riegraf et al., 1984; Ling-
ham-Soliar, 2001; van Loon, 2013; Dick, 2015; Lindgren et al., 2018;
Eriksson et al., 2022; Maxwell et al., 2022). Some of the vertebrate
fossils are preserved with remains of embryos, skin, digestive tracts, and
stomach contents (Urlichs et al., 1979; Hauff and Hauff, 1981). The
Konservat-Lagerstatte also contains an abundance of ammonites, bi-
valves, and belemnites (Hauff, 1921; Urlichs et al., 1979; Riegraf et al.,
1984; Seilacher et al., 1976; Seilacher, 1980); rare gastropods, bra-
chiopods, echinoderms, serpulids, ostracods, and foraminifers (Hauff,
1921; Riegraf et al., 1984; Schmid-Rohl and Rohl, 2003); and various
types of trace fossils, including burrows (Izumi, 2012; Izumi et al., 2014;
Rodriguez-Tovar, 2021), coprolites (Seilacher et al., 1985), and regur-
gitated stomach contents often called speiballen (Thies and Hauff,
2012). These fossils were primarily preserved in organic-rich mud
beneath the Tethys Ocean during the ~183 Ma Toarcian OAE (TOAE).
Various observations indicate that fossilization occurred in environ-
ments with oxygen deficient water masses (Schouten et al., 2000; Rohl
et al., 2001; Rohl and Schmid-Rohl, 2005; Dickson et al., 2017; Them
et al., 2018), and the Posidonia Shale deposit itself was the basis of the
hypothesis that Konservat-Lagerstatten tend to form in stagnant basins
with restricted water circulation (Seilacher and Westphal, 1971; Sei-
lacher et al., 1985). The Posidonia Shale, therefore, provides an ideal
opportunity to explore the effects of ocean deoxygenation on excep-
tional preservation.

To date, no studies have thoroughly described the mineralization of
fossils in the Posidonia Shale. It is generally thought that bivalves consist
of calcite, except where their internal and external surfaces are lined
with pyrite (Seilacher et al., 1976; Riegraf et al., 1984). Purportedly,
ammonite shells were dissolved during diagenesis, leaving behind their
outer organic layers (periostraca), which were compressed during burial
and subsequently replaced by pyrite (Schmid-Rohl, 2021). Such fossils
may exemplify the preservational process of pyritization in which geo-
microbiological activities cause pyrite to form within, and ultimately
replace, tissues (Briggs et al., 1996; Schiffbauer et al., 2014b; Guan et al.,
2017). In recent years, various works have highlighted soft tissue re-
mains that experienced a similar process—phosphatization—which
converted them into apatite minerals (Briggs et al., 1993; Schiffbauer
et al., 2014a; Muscente et al., 2015a). Phosphatized fossils of the Pos-
idonia Shale include ichthyosaur skin and integument (Lingham-Soliar,
2001; Lindgren et al., 2018); coleoid gladii and ink sacs (Jenny et al.,
2019; Klug et al., 2021a, 2021b; Sinha et al., 2021); crustacean exo-
skeletons (Schweigert et al., 2003; Sinha et al., 2021); and coprolites
(Seilacher et al., 1985). Reports also indicate that some pyritized and
phosphatized fossils contain sulfur-bearing minerals such as barite and
sphalerite, along with aluminosilicate minerals and carbonaceous ma-
terials (Sinha et al., 2021), including a compact form of lignite called
“jet” (Urlichs et al., 1979; Seilacher et al., 1985). To date, the para-
genesis of these minerals and materials has not been described fully;
therefore, our understanding of the taphonomy of the Posidonia Shale
remains incomplete.

In this paper, we review the sedimentology, stratigraphy, and
geochemistry of the Posidonia Shale with emphasis on its age, deposi-
tional environment, and diagenetic history. We also review the occur-
rence of exceptionally preserved fossils in the Posidonienschiefer Fm.
providing detailed descriptions of the compositions, mineralogies, and
microstructures of these fossils. Synthesizing these datasets, we recon-
struct the preservational environment of the Posidonia Shale Konservat-
Lagerstatte and provide a new taphonomic model based on geo-
microbiological processes and redox gradients. This work provides a
critical analysis of the role that anoxia plays in exceptional preservation,
and sheds light on the origins of ‘stagnation deposits’ (Seilacher and
Westphal, 1971; Seilacher et al., 1985).
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2. Previous work on the Posidonienschiefer Formation
2.1. Regional geology

Lower Jurassic rocks were deposited in multiple basins (e.g., the
Paris, Yorkshire/Cleveland, Northwestern German, and Southwestern
German basins) beneath the European Epicontinental Sea on the
northwestern side of the Tethys Ocean (Fig. 2) (Thierry, 2000; Rohl
et al., 2001; Rohl and Schmid-Rohl, 2005; McCann, 2008; Ullmann
et al., 2020; Miiller et al., 2020). Water circulation among basins was
influenced by sea level, climate, and landmass locations. The sediment
of the Posidonienschiefer Fm. accumulated within the Southwestern
German Basin, between the Bohemian, Rhenish, and Central massifs at
latitudes around 30°N to 35°N (Galasso et al., 2021, and references
therein). Oriented belemnite rostra at Holzmaden (Brenner, 1976) and
Dotternhausen (Rohl et al., 2001; Rohl and Schmid-Rohl, 2005) suggest
that westerly bottom currents predominated in the area. The currents
may have also been influenced by basinal contours during the Toarcian
Hildoceras bifrons biozone (Brenner and Seilacher, 1978). The Pos-
idonienschiefer Fm. and similar, coeval units, such as the Jet Rock Fm.
(England), Schistes Carton Fm. (France), Grandcourt Fm. (Belgium), and
Rietheim Member of Staffelegg Fm. (Reisdorf et al., 2011) record
widespread deposition of bituminous facies, such as black shales and oil
shales, across the European Epicontinental Sea during the Toarcian
(Fig. 2B) (McCann, 2008). Insects and other exceptionally preserved
fossils (Ansorge, 2003) have been reported from outcrops in many of
these areas (e.g., Braunschweig and Mistelgau).

The Swabian Alb, also known as the ‘Swabian Jura’ or ‘Swabian
Alps’, represents an extension of the Jura Mountains between France
and Switzerland (Fig. 1B). These mountains give their name to the
Jurassic System as a whole, and the Swabian Alb is often credited as the
‘birthplace’ of zonal stratigraphy (Urlichs, 1977), as some of the first
lithostratigraphic and biostratigraphic divisions of the geologic record
emerged from seminal work in this area. Buch (1839) divided the
Jurassic of Germany into three lithostratigraphic units—the Schwarzer
Jura (“Black Jurassic”, in which the Posidonienschiefer is found),
Brauner Jura (“Brown Jurassic™), and WeiBer Jura (“White Jurassic™)—
based on predominant rock colors (roughly corresponding to Lower,
Middle, and Upper Jurassic).

The Posidonienschiefer Fm. received its name from Quenstedt
(1843), who described it as the “Posidonienschiefer mit Stinksteinen”
(or “Posidonia Slate with stinking stones™) as it contained many bivalve
fossils belonging to the family Posidoniidae, including Bositra buchi
(formerly Posidonia ornata) and Steinmannia bronni (formerly Posidonia
bronni var. magna). The formation belongs to the Lias Group of western
and northern Europe, and crops out in northeastern and southwestern
Germany, southern Luxembourg, northwestern Austria, and the
Netherlands. Exceptionally preserved marine animals occur primarily in
the state of Baden-Wiirttemberg, Germany (Fig. 1A), where the Pos-
idienschiefer Fm. crops out in the northwestern foreland of the Swabian
Alb (Fig. 1B), a northeast-to-southwest trending mountain belt that
spans from Nordlingen to Waldshut (Riegraf et al., 1984). These out-
crops represent the classically defined ‘Posidonia Shale Konservat-
Lagerstatte’ (e.g., Seilacher et al., 1985).

Most of the exceptionally preserved fossils have been collected from
quarries in the central part of the Swabian Alb; areas around Dottern-
hausen (Fig. 1C) and Holzmaden (Fig. 1D) have received the most
attention from professional geologists and fossil collectors (e.g., Hauff,
1921; Hauff and Hauff, 1981; Schmid-Rohl, 2021). Hauff (1921) re-
ported fossils from dozens of locations near Holzmaden, Ohmden, Zell
unter Aichelberg, and Bad Boll; most were quarries that are now closed.
Nonetheless, quarries remain active in the area, particularly near the
villages of Holzmaden and Ohmden as well as Dotternhausen and nearby
Dormettingen. Historically, the Posidonienschiefer Fm. has been a major
source of raw materials and was regularly mined for fuel, cement, and
stone slabs. Thus, our current understanding of the Posidonia Shale
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Fig. 1. Maps of the Posidonia Shale. (A) Map of Germany; the state of Baden-Wiirttemberg and mountain ranges are highlighted. (B) Map showing outcrops of Lower
Jurassic strata in the Swabian Alb, Franconian Alb, and Jura Mountains of southern Germany, northwestern Switzerland, and southeastern France, based on il-

lustrations in various works (e.g., Urlichs, 1977; Riegraf et al.,

1984; Riegraf, 1985; Rohl et al., 2001; etc.). (C) Map of the villages, municipalities, fossil localities,

and major roads around Dotternhausen and Dormettingen. In this area, fossils are preserved at various locations, including the active Olschieferbruch and “Rohrbach
Zement” quarries (Rohl and Schmid-Rohl, 2005) as well as the Schiefererlebnis Park; all of which are now owned and operated by the Holcim (Siiddeutschland)
GmbH company (Schmid-Rohl, 2021). (D) Map of the villages, municipalities, roads, fossil localities, and museums around Holzmaden and Ohmden.

Konservat-Lagerstatte comes from centuries of work on its geology and
palaeontology.

Subsequently, Quenstedt (1843, p. 122) adopted these units (today
in the ranking of groups) and subdivided the Schwarzer Jura
(Schwarzjura Group) into multiple lithologic units. Quenstedt (1843)
did not assign names to these lithologic units, but instead, described
them in chapters labeled with Greek letters between alpha (a) and zeta
(¢), which were subsequently adopted as identifiers for the strata (e.g.,
Hauff, 1921; Urlichs, 1977; Riegraf et al., 1984). According to Quen-
stedt’s nomenclature, the Posidonienschiefer Fm. represents the epsilon
(&) unit of the Schwarzer Jura, Unterer Jura, or Lower Jurassic (Quen-
stedt, 1843). Only recently has the use of the Greek identifiers been
formally abandoned and replaced by formation names (Monnig et al.,
2018).

2.2. Lithostratigraphy

In the central Swabian Alb, the Posidonienschiefer Fm. overlies the
Amaltheenton Fm. and lies below the Jurensismergel Fm. (Fig. 3). In this
area, it is roughly 5 to 15 m thick (Urlichs, 1977; Riegraf et al., 1984),
and informally divided into three members (Quenstedt, 1858; Haulff,
1921): Member I (eI), Member II (eII), and Member III (eIIl). The major
lithological components are clay minerals (aluminum phyllosilicates),
quartz, pyrite, and organic matter in addition to fecal pellets and coc-
coliths, which represent the bulk of the carbonate material (Riegraf
et al., 1984). In general, Member I consists of non-laminated terrigenous
and calcareous mudstones (‘marls’) and contains few benthic fossils or
bioturbated layers (Riegraf et al., 1984; Rohl et al., 2001). Member II,
which represents the local expression of the TOAE (Dickson et al., 2017;
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Them et al., 2018), is composed of black, bituminous microlaminated
‘oil shales’ containing exceptionally preserved fossils but few benthic
body or trace fossils (Hauff, 1921; Rohl et al., 2001). Member III also
consists of black shale and calcareous mudstone, but the shales include
shell beds along with evidence of bioturbation and fossils of benthic
animals (Rohl et al., 2001; Schmid-Rohl et al., 2002). All three members
also contain limestone interbeds (Fig. 3).

Over the centuries, quarriers have subdivided the Posidonienschiefer
Fm. and geologists subsequently adapted these names for their own
research (Quenstedt, 1858; Hauff, 1921; Riegraf et al., 1984). One of the
most practical stratigraphic schemes was developed by Hauff (1921),
who enumerated the strata between Holzmaden and Ohmden (Fig. 3).
This scheme commonly appears in the literature, as many of Hauff
(1921) ‘beds’ are easy to identify and can be correlated across the
Swabian Alb (e.g., the Unterer Stein and Oberer Stein). Even so, no
system of subdivision accurately describes every section, as some beds
and units are missing in places (Riegraf et al., 1984). For example, the
sections near Holzmaden and Dotternhausen (Figs. 1, 4)—the two areas
that have received the most attention for their fossils and sedimentary
geology—have notable differences in the upper part of Member II
(Fig. 3).

At the boundary between the Amaltheenton and Posidonienschiefer
formations, interbedded mudstones and limestones are replaced by blue-
gray mudstones of the ‘Blaugraue Mergel’ (Rohl and Schmid-Rohl,
2005), the lowest layer of Member I (eI). This unit consists of two or
three layers of mudstone, including the Blaugraue Mergel and Asch-
graue Mergel (Riegraf et al., 1984), separated by two layers of relatively
hard yet bituminous black shale (Fig. 3): the Tafelfleins and See-
grasschiefer (Riegraf et al., 1984). By weight percentage, the mudstones
are roughly 30-35% carbonate minerals and 65-70% terrigenous ma-
terial (mostly clay minerals). Depending on the bed, pyrite and organic
matter can each represent up to 10% (Riegraf et al., 1984; Rohl et al.,
2001). By comparison, the black shales are distinguished by higher
pyrite and organic matter content, representing a combined 10-30% by
weight, with the remainder largely split between carbonate and terrig-
enous material (Rohl et al., 2001). Around Dotternhausen (Rohl et al.,
2001), the Tafelfleins and Seegrasschiefer are separated by a layer of
mudstone, which pinches out toward the northeast around Holzmaden
and Ohmden (Fig. 3); there, the Seegrasschiefer directly overlies the
Tafelfleins (Hauff, 1921). Except for the Tafelfleins, layers in Member I
are non-laminated and highly bioturbated. Although black shales
contain very few benthic invertebrate body fossils, the mudstones host a
diverse array of benthic body fossils, and trace fossils occur in both
mudstones and shales (Rohl et al., 2001). Indeed, the Seegrasschiefer
derives its name from the trace fossil Phymatoderma granulatum, a sub-
horizontal branching burrow system that resembles seagrass (Izumi,
2012; Izumi et al., 2014).

The abrupt lithologic transition between the gray mudstones of the
Aschgraue Mergel and the overlying black shales of Member II (¢II) may
reflect a major change in sea level, redox conditions, paleoclimate, and
ocean circulation (Rohl et al., 2001; Schmid-Rohl et al., 2002; Rohl and
Schmid-Rohl, 2005). The dominant lithology in Member II is black,
bituminous oil shale intercalated with limestone beds or “banks”. Pyrite
concretions, discs, suns, and flowers are common in Member II (Sei-
lacher, 2001), which contains more pyrite and organic matter; the total
organic carbon (TOC) is typically less that 1% in Member I versus 4-16%
in Member II, and pyrite is typically around 2-3% in Member I versus
8-16% in Member II (Rohl et al., 2001). Member II also contains the
largest fecal pellets in the formation (Rohl and Schmid-Rohl, 2005).
Although the oil shales near the top of Member II lack distinct lamina-
tions (Riegraf et al., 1984), the shales in the lower part of the unit have
wavy and lenticular microlaminations of submillimetric scale (Riegraf
et al., 1984; Rohl et al., 2001). Light-colored laminae are dominated by
carbonate material (coccolith debris, particularly Schizosphaerella) and
fecal pellets, whereas dark laminae are composed of clay minerals, py-
rite, and organic matter (Riegraf et al., 1984). Limestone interbeds also
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contain clay (10-20%), pyrite (<2%), and bitumen (<2%) in addition to
coccolith debris and micritic and sparitic cements (Riegraf et al., 1984;
Rohl et al., 2001).

Member II (¢II) can be divided into lower (“Unterer Schiefer”), middle
(“Mittlerer Schiefer”) and upper (“Oberer Schiefer”) oil shale units,
separated by well-laminated, laterally extensive limestones that serve as
regional marker beds (Figs. 3, 4; Urlichs, 1977; Riegraf et al., 1984). The
lowest oil shale unit is comprised of the Koblenzer, Hainzen, Fleins
(or Schieferfleins), and Unterer Schiefer layers (in ascending order,
Hauff, 1921); although the term Unterer Schiefer sometimes refers to all
these layers (sensu Pannkoke, 1965), it most commonly refers to the
uppermost one of four (sensu Hauff, 1921; Fig. 3). All four layers are
evident in sections across the Swabian Alb (Fig. 1) and contain abundant,
non-diverse benthic fauna (Hauff, 1921; Riegraf et al., 1984) and are
anecdotally known as the best horizons for exceptionally preserved fossils
(Hauff, 1921); the Fleins and Unterer Schiefer have yielded some of the
most noteworthy coleoids and crustaceans (Riegraf et al., 1984)
along with ichthyosaur skin and muscle remains (Heller, 1966;
Martin et al., 2021). The various layers differ with respect to color,
hardness, stratification, and composition (e.g., bitumen content); all
Member II units have microlaminations (Rohl et al., 2001) except for the
Koblenzer layer, which is inconsistently laminated and contains faint
signs of bioturbation (Riegraf et al., 1984). The Hainzen and Fleins layers
are sometimes difficult to distinguish but in general, the Fleins is a rela-
tively hard layer that splits into four slabs of roughly equal thickness,
which are used as natural stones for interior decoration and construction
(Riegraf et al., 1984). The Unterer Schiefer (sensu Hauff, 1921) has the
greatest amount of organic matter, with TOC values as high as 16%
(Rohl et al., 2001; Dickson et al., 2017).

The Mittlerer Schiefer and Oberer Schiefer consist of layers of oil
shale (>10% TOC), bituminous mudstone (1-10% TOC), and limestone
not present at all localities (Fig. 3). The oil shale and bituminous
mudstone layers contain less organic matter and pyrite, but more car-
bonate, than those in the underlying Unterer Schiefer (Riegraf et al.,
1984; Rohl et al., 2001; Dickson et al., 2017; Fig. 4). The Mittlerer
Schiefer and Unterer Schiefer are separated by the Unterer Stein (Fig. 4),
a diagenetic, well-laminated limestone that is laterally extensive across
the Swabian Alb (Urlichs, 1977; Riegraf et al., 1984); the Unterer Stein
consists of oil shale with lenticular (Rohl et al., 2001) or indistinct
lamination (Riegraf et al., 1984), depending on the section. The major
strata in the Mittlerer Schiefer include the Schieferklotz, a layer of oil
shale known for marine reptiles (Dick, 2015), and the Steinplatte
(Fig. 4), a non-laminated diagenetic limestone that sometimes appears
yellow in outcrop due to weathering and occurs in sections (Riegraf
et al., 1984). Near Holzmaden and Ohmden (Fig. 1), the Mittlerer
Schiefer also contains the Wolke oil shale and the Gelbe Platte (“yellow
plate™), a limestone that turns yellow during weathering (Hauff, 1921;
Riegraf et al., 1984); these layers do not occur at Dotternhausen and
Dormettingen (Fig. 3). The Mittlerer Schiefer is overlain by the Oberer
Stein (Fig. 4), which is a well-laminated and laterally extensive diage-
netic limestone that serves as a regional marker (Fig. 3; Urlichs, 1977;
Riegraf et al., 1984).

The Oberer Schiefer exhibits spatial variation in lithology (Urlichs,
1977; Riegraf et al., 1984; Rohl et al., 2001), which hinders correlation;
at Dotternhausen and Dormettingen (Fig. 3), it consists of oil shale with
lenticular lamination, mudstone with indistinct lamination, and beds of
non-laminated limestone like the Obere Bank and the Inoceramenbank
(Rohl et al., 2001). The unit’s lithology changes toward Holzmaden and
Ohmden (Fig. 3), where it is primarily represented by the Falchen and
other unnamed shales with irregular and indistinct lamination (Hauff,
1921; Riegraf et al., 1984). In both areas, the Oberer Schiefer includes
robust evidence of diverse benthic life in addition to sediment starvation
and condensation (Riegraf, 1985; Rohl et al., 2001), such as shell beds
and “schlacken”, which are clay-rich but well-cemented limestone beds
(and possible hardgrounds) with time averaged accumulations of in-
vertebrates and vertebrate debris (Heibert, 1988). These bone beds
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occur at multiple levels, and include bivalve and ammonite shells, bel-
emnites, fish scales, as well as bones and teeth of vertebrates (Riegraf
et al., 1984). Such layers may represent winnowed lag deposits or hia-
tuses in sedimentation (Heibert, 1988).

The uppermost unit of the Posidienschiefer Fm.—Member III—is
represented by the Wilder Schiefer. Depending on the section, it may
consist of bituminous and calcareous mudstone (Rohl et al., 2001) or
black shale (Hauff, 1921; Urlichs, 1977; Riegraf et al., 1984). In all cases,
it lacks distinct lamination and contains greater amounts of carbonate
and lesser amounts of organic matter than the shales in Member II
(Riegraf et al., 1984; Rohl et al., 2001). Limestone interbeds include
layers of “Nagelkalk” consisting of limestone with cone-in-cone struc-
tures (Seilacher, 2001). Shell beds, schlacken, bioturbation, and as-
semblages of diverse benthic fauna are also relatively common in the
Wilder Schiefer, particularly near the top of the unit, where an erosional
surface separates it from the Jurensismergel Fm. (Riegraf et al., 1984).

2.3. Biostratigraphy, chemostratigraphy, and relative age of the
Lagerstatte

Fossils, including remains of non-biomineralized tissues, occur
throughout the Posidonienschiefer Fm. (Hauff, 1921; Riegraf et al.,
1984); exceptionally preserved coleoids, crustaceans, fishes, and marine
reptiles have been reported from virtually all layers of Member II as well
as the Tafelfleins (Member I) and lower Wilder Schiefer (Member III) (e.
g., Fig. 3) (Hauff, 1921; Riegraf et al., 1984). Based on observations from
local collectors and museum curators, fossils occur in the greatest
abundance and highest preservational quality in the Koblenzer, Hain-
zen, Fleins, and Unterer Schiefer layers. Perhaps correlating with
exceptional preservational quality, the most speciose assemblages of
coleoids, crustaceans, fishes, and marine reptiles were collected from
these layers (Fig. 3), specifically sections near Holzmaden, Ohmden, Bad
Boll, and Zell unter Aichelberg (Fig. 1; Hauff, 1921). These taxa are also
present in the Tafelfleins, though with lower species diversity (Hauff,
1921). It is possible that the fossils of the Tafelfleins and Wilder Schiefer
are either less common or harder to sample than those from Member II;
Hauff (1921) reported only the coleoid Geoteuthis sagittata and the fish
Dapedium pholidotum from the Wilder Schiefer, the latter of which has
more recently been reported throughout the Posidonia Shale sequence
(Urlichs et al., 1979; Thies and Waschkewitz, 2016). In general, the
Wilder Schiefer has produced few exceptional fossils, despite repre-
senting almost one-third of the section at Holzmaden (Fig. 1) and
residing above the water table. While Hauff (1921) assessment is a
century old, recent evaluations reported similar distributions of fossils
(Riegraf et al., 1984); for example, most coleoids and ichthyosaurs come
from the Fleins (Maxwell and Vincent, 2016). Thus, while comparable
fossils are found throughout the formation, the greatest abundance and
highest fidelity preservation of fossils in the Posidonia Shale Lagerstatte
is confined to the lower part of Member II

The Posidonienschiefer Fm. can be lithologically and bio-
stratigraphically correlated with similar organic-rich black shales that
were deposited around the world during the TOAE (Takashima et al.,
2006; Jenkyns, 2010; Them et al., 2017a, 2017b; Martindale et al.,
2017; Reolid et al., 2021). Biostratigraphy indicates that the Pos-
idonienschiefer Fm. (Fig. 3) spans the uppermost Pliensbachian to the
top of the lower Toarcian in the central Swabian Alb (Urlichs, 1977;
Riegraf et al., 1984; Riegraf, 1985; Rohl et al., 2001; Maisch, 2021). In
the sub-Boreal province of Europe, the lower Toarcian is represented by
three chronozones based on ammonite index fossils—Dactylioceras ten-
uicostatum, Harpoceras serpentinum, and Hildoceras bifrons biozones
(Urlichs, 1977; Page, 2003; Ruebsam and Al-Husseini, 2020) —which
are subdivided into ten sub-chronozones. The Pliensbachian/Toarcian
boundary corresponds to the contact between the Pleuroceras spinatum
and D. tenuicostatum chronozones (Page, 2003; Ruebsam and Al-
Husseini, 2020) within mudstones of the Blaugraue Mergel (Urlichs,
1977; Riegraf et al., 1984; Riegraf, 1985; Rohl et al., 2001). All overlying
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strata in Member I, as well as the lowest layers of Member II (the
Koblenzer, Hainzen, and Fleins), belong to the D. tenuicostatum zone, the
overlying H. serpentinum zone begins in the Unterer Schiefer above the
Fleins (Riegraf et al., 1984; Riegraf, 1985). The boundary between the
H. serpentinum and H. bifrons zones falls somewhere in the transition
between Members II and III. The shell beds, schlacken, and other
condensed units in this transition may represent paraconformities or
disconformities that formed during sediment bypass, non-deposition,
and/or erosion; however, ammonite biostratigraphy suggests that no
subzones are missing (Riegraf et al., 1984; Riegraf, 1985; Rohl and
Schmid-Rohl, 2005). The largest stratigraphic gap occurs between the
Posidonienschiefer and the stratigraphically condensed Jurensismergel
formations (Rohl and Schmid-Rohl, 2005). At Dormettingen, a discon-
formity separates strata of the Peronoceras fibulatum subzone (trun-
cated), from rocks of upper Toarcian age, indicating the absence of the
uppermost subzone of the lower Toarcian, the Catacoeloceras crassum
subchronozone (Maisch and Matzke, 2017). In most other sections the
C. crassum subzone is recorded in the lowermost bed of the Jurensis-
mergel Fm. (Maisch, 2021). Together, these observations imply that the
Posidonia Shale Lagerstatte primarily occurs within the Dactylioceras
semicelatum, Harpoceras exaratum, and Harpoceras elegans sub-
chronozones (Fig. 3), and accumulated through, more or less continuous
sedimentation (Rohl and Schmid-Rohl, 2005). Biostratigraphic ages
have recently been corroborated by Re-Os ages (183.0 + 2.0 Ma) from
the Dormettingen section (Fig. 1) (van Acken et al., 2019).

Data on the carbon isotope (613C) chemostratigraphy of the Pos-
idonienschiefer Fm. provides additional constraints on the age of the
Lagerstatte. These constraints are most evident in the organic carbon
isotope (613C0rg) record. Most samples from the Posidonienschiefer Fm.
have 613C0rg values around —25 per mil (%o) based on the Vienna Pee
Dee Belemnite standard (V-PDB), but a contiguous interval in the lower
half of Member II consists of oil shales that have values as low as
—32.5%0 V-PDB (Fig. 5). At Dotternhausen, this negative 813C0rg excur-
sion spans from the D. semicelatum subzone (D. tenuicostatum zone) to the
H. elegans subzone (H. serpentinum zone) but is limited to the oil shale of
Member II (Schouten et al., 2000). The 613C0rg value drops to —32%o at
base of the Koblenzer layer, and remains low up to the Mittlerer
Schiefer, where it gradually increases back to —25%o (Schouten et al.,
2000; Dickson et al., 2017). This negative carbon isotope excursion is
apparent in both organic and inorganic (carbonate) carbon records
(Kiispert, 1982; Schouten et al., 2000; Dickson et al., 2017), and can be
correlated with similar patterns in the 8'>C profiles of Toarcian sections
around the world (Al-Suwaidi et al., 2010; Caruthers et al., 2011; Grocke
et al., 2011; Suan et al., 2011; Kemp and Izumi, 2014; Them et al.,
2017a). In all sections with reported chemostratigraphic data, the
negative 5'3C excursion occurs in the D. semicelatum, H. exaratum, and/
or H. elegans subzones, or equivalent units (Ruebsam and Al-Husseini,
2020), and usually in association with black shales (Jenkyns, 2010).
Accordingly, the excursion has been interpreted to reflect a major
perturbation in the global carbon cycle during the TOAE (Jenkyns,
1985, 1988, 2010). The chemostratigraphy of the Posidonia Shale is
often used to correlate units and redox conditions across outcrops and so
is an important component of the age model.

2.4. Terrestrial influence

Posidonienschiefer Fm. palynomorphs and organic macerals from
the Swabian Alb support the interpretation of a marine setting with little
terrestrial influence. The most common palynomorphs are unicellular
green algae (Chlorophyta: Prasinophyceae) and ellipsoidal/spherical
microfossils, likely remains of algae and/or pollen (Prauss et al., 1991).
Dinoflagellates and acritarchs are also common in Members I and III, but
definitive fossils of spores and pollen grains are rare, particularly in
Member II. Macerals are dominated by lamalginite (produced by algae)
and bituminite (produced by algae, zooplankton, and bacteria); vitri-
nite, inertinite, sporinite, and other macerals from plants are rare
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(Prauss et al., 1991). Galasso et al. (2021) note five palynofacies in the
Dormettingen section, which correspond to paleoecological turnovers;
notably terrestrial organic matter decreases at the end of the
D. tenuicostatum zone (above the Fleins). Most of the Posidonia Shale
wood occurs as large tree-trunks covered by epibionts, like stalked cri-
noids and bivalves (Hess, 1999; Matzke and Maisch, 2019). The epi-
bionts indicate that the wood drifted into the depositional
environments, potentially across large distances. Fossils of other
terrestrial organisms, like plants and insects, are preserved at localities
in the Northern German Basin (Fig. 2B) and Franconian Alb (Fig. 1B)
(Ansorge, 2003). In contrast, terrestrial fossils are rare in the strata
exposed along the Swabian Alb, where insects are restricted to the
Unterer Stein (e.g., Ansorge, 2003) and washed-out remains of terres-
trial vertebrates are also extremely rare (e.g., Ohmdenosaurus Wild,
1978). During the Toarcian, the depositional environment of the Pos-
idonia Shale Lagerstatte was presumably located too far away from
coastlines for abundant terrestrial fauna.

2.5. Redox conditions

Redox proxy data indicate that bottom water anoxia existed in the
Southwestern German Basin during the depositional history of the
Posidonienschiefer Fm. (Schouten et al., 2000; Rohl et al., 2001; Rohl
and Schmid-Rohl, 2005; Dickson et al., 2017; Them et al., 2018; Wang
et al.,, 2021; Ajuaba et al., 2022). Data include measurements of iron
species (Them et al., 2018), molybdenum isotopes (Dickson et al., 2017),
thallium isotopes (Them et al., 2018), nitrogen isotopes (Wang et al.,
2021), and redox-sensitive biomarkers (Schouten et al., 2000; Ajuaba
etal., 2022), in addition to other lithological and geochemical indicators
(Rohl et al., 2001; Rohl and Schmid-Rohl, 2005; Rodriguez-Tovar,
2021). Workers commonly cite high organic matter content, presence of
microlaminations, occurrence of exceptionally preserved fossils, and
abundance of pelagic and planktonic fossils relative to large benthic
body and trace fossils (including bioturbation) as evidence of bottom
water anoxia (e.g., Rohl et al., 2001; Hess, 1999). Nevertheless, the
origins of some of these features, including exceptionally preserved
fossils, remain a matter of debate, and interpretations are often circular
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in nature.

Geochemical proxies for redox conditions can reflect global pertur-
bations in environmental conditions. Thallium isotope ratios, e295T1, are
reliably recorded in sulfide-bearing minerals and organic matter and
vary over time and space in relation to the extent of seafloor oxygenation
(Owens et al., 2017). Expansion of anoxic water masses can reduce the
global burial rate of manganese oxides, which preferentially adsorb
20311 gver 29°T1 (Nielsen et al., 2017), yielding an increase in seawater
€205T1 that becomes reflected in buried sulfides and organic matter. At
Dotternhausen (Fig. 5), oil shales near the base of Member II (e.g., the
Koblenzer, Hainzen, and Fleins) have greater values of ¢205T1 than the
black shales (i.e., the Tafelfleins and Seegrasschiefer) of Member I,
which suggests the global expansion of oxygen-minimum zones and
anoxic water masses in the marine realm (Them et al., 2018). This
interpretation is consistent with the onset of the TOAE during the
D. semicelatum subchronozone (Jenkyns, 1985, 1988, 2010). The
repeated fall and rise of €2°°Tl values across the rest of the Dottern-
hausen strata, specifically peaks in the Unterer Schiefer and Mittlerer
Schiefer (Fig. 5), may be indicative of multiple deoxygenation events or
secular variation in ocean oxygenation (Them et al., 2018).

Molybdenum isotopes, specifically the concentration ratio reported
as §°8/%*Mo, support variable oxygenation following the nadir of the
5'3C excursion. Under anoxic conditions, molybdenum reacts with
reduced sulfur species (e.g., H2S or HS™) produced by anaerobic pro-
cesses, leading to the formation and burial of molybdenum-sulfide
minerals, such as thiomolybdate (Siebert et al., 2003; Nakagawa et al.,
2012). When conditions become oxic or suboxic, manganese-
oxyhydroxide minerals can form and adsorb molybdenum onto their
surfaces, which favors the lighter isotopes (®*Mo) over *®Mo. Thus,
bottom-water anoxia causes a decrease in §°%%°Mo (Dickson et al.,
2017). The Posidonienschiefer Fm. at Dotternhausen (Fig. 5) records an
increase of §°®/°>Mo values across the lower Toarcian; §°®/°*Mo gener-
ally increases from the Seegrasschiefer (Member I) to the top of the
formation with notable steps in the H. elegans and H. falciferum subzones
(Dickson et al., 2017). This trend may represent diminishing burial of
molybdenum-sulfide relative to manganese-oxyhydroxide over the
course of the TOAE (Dickson et al., 2017), and implies a global change
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from relatively euxinic to oxic conditions in marine environment
beginning during the D. semicelatum subchronozone. That said, the
Seegrasschiefer lies stratigraphically below the negative §'3C excursion
(Fig. 5), and therefore, pre-dates the canonical TOAE onset. In addition,
molybdenum isotopes do not include signs of multiple pulses of deox-
ygenation, unlike the thallium isotopes. These results may reflect the
different sensitivities of the proxies to regional and local phenomena
(Dickson et al., 2017; Them et al., 2018).

Whereas molybdenum and thallium isotopes purportedly capture
global trends in seafloor oxygenation, other proxies measure local redox
conditions. Sedimentary rocks tend to have high weight percentages of
organic matter and sulfur (mainly in sulfide minerals) when deposited
below anoxic waters (Leventhal, 1983; Raiswell and Berner, 1985). In
the Posidonienschiefer Fm., TOC values typically range from 0.2% to
16% and the weight percentages of total sulfur (TS) vary from 0.2% to
13%. TOC and TS are positively correlated with a positive intercept
(Rohl et al., 2001), which suggests local anoxic conditions were common
in the Southwestern German Basin during the early Toarcian (Rohl et al.,
2001; Rohl and Schmid-Rohl, 2005). Nitrogen isotope (815N) values
from the Dotternhausen section (Fig. 1) indicated the presence of
discrete basins with local stratification and anoxia. (Wang et al., 2021).
In these regions, nitrogen was limited due to denitrification and/or
anammox, so Wang et al. (2021) suggest that Molybdenum-based ni-
trogen fixation was common. Biomarkers confirm an abundance of
diazotrophic cyanobacteria (Ajuaba et al., 2022).

Organic macerals and biomarkers provide additional evidence of
anoxia. In the Swabian Alb, Posidonienschiefer organic macerals are
dominated by bituminite, often derived from the anaerobic degradation
of algae, zooplankton, and bacteria (Prauss et al., 1991). Biomarkers in
the organic matter include derivatives of carotenoids, such as iso-
renieratane, which is produced by sulfur bacteria with anaerobic (and
phototrophic) metabolic pathways; thus, its concentration is a proxy for
photic zone euxinia and the presence of free sulfide (Sinninghe Damsle
et al., 1993). Most layers of the Posidonienschiefer Fm. have high con-
centrations of isorenieratane, except for strata beneath the negative
carbon isotope excursion in the D. tenuicostatum zone (Schouten et al.,
2000). Biomarkers and other organic compounds from the Dormettingen
section (Fig. 1) also record conditions of photic zone anoxia and in-
tervals of oxygenation during the carbon isotope excursion, with the
most severe conditions just above the Unterer Stein (Ajuaba et al.,
2022). Thus, biomarkers indicate that benthic marine environments
experienced a change from relatively oxic to more euxinic (anoxic and
sulfidic) conditions during the D. semicelatum subchronozone (Schouten
et al., 2000), reaching the most severe deoxygenation at the top of the
H. exaratum zone (Ajuaba et al., 2022).

Redox conditions also influence the forms of iron in sedimentary
rocks (Raiswell and Canfield, 1998; Poulton and Raiswell, 2002). Total
iron (Fer) includes the iron in clay minerals, pyrite (Fepy), and highly
reactive iron phases (Feyr), like carbonate, sulfide, and (oxyhydr)oxide
minerals. The weight percentages and ratios of these iron species depend
on redox conditions with oxic, euxinic (anoxic with sulfide), and fer-
ruginous (anoxic with iron) water columns leaving different geochem-
ical signatures. Sedimentary rocks deposited beneath anoxic
(ferruginous or euxinic) water masses have Feyg/Fer values greater than
0.38 (Poulton and Canfield, 2011); however, factors such as episodic
sedimentation can modify this threshold (Raiswell et al., 2018). Values
of Fepy/Fer less or greater than 0.7 represent ferruginous and euxinic
water masses, respectively. Posidonienschiefer Fm. iron speciation data
indicate that most iron is present in highly reactive phases, specifically
pyrite. At Dotternhausen (Fig. 5), the mean Fegr/Fer is 0.93 (minimum
= 0.40) and mean Fepy/Fer is 0.89 (minimum = 0.60) (Them et al,,
2018), which implies that anoxic—typically euxinic but sometimes
ferruginous—bottom water was present throughout the depositional
history of the Posidonienschiefer Fm. In contrast to the other proxies,
iron speciation data suggest that anoxic conditions existed prior to the
start of the TOAE during the D. semicelatum subchronozone (Them et al.,
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2018); these data may indicate that Dotternhausen was located near an
oxygen minimum zone prior to the TOAE.

Paleoecological data can further illuminate redox history (Kauffman,
1978, 1981; van Acken et al., 2019; Rodriguez-Tovar, 2021). The unit
contains at least 14 distinct intervals of bioturbation with trace fossils of
Phymatoderma, Chondrites, and Thalassinoides (Savrda and Bottjer, 1989)
along with Spongeliomorpha, Planolites, and Rhizocorallium (Brenner and
Seilacher, 1978; Kauffman, 1978, 1981). The trace fossil distributions
(Fig. 5) indicate benthic oxygenation until the top of the D. tenuicostatum
zone, followed by anoxia with brief periods of oxygenated bottom water
during the rest of the lower Toarcian interval (van Acken et al., 2019;
Rodriguez-Tovar, 2021). Benthic taxa in the Posidonia Shale include
bivalves and crustaceans along with rare brachiopods, gastropods, as-
teroids, ophiuroids, echinoids, holothurians, and serpulids (Riegraf
et al., 1984; Rohl et al., 2001; Schmid-Rohl and Rohl, 2003). Although
infaunal bivalves are largely restricted to the upper part of Member II
and the linguliformean brachiopods (e.g., Discinisca papyracea) mainly
occur in condensed units (e.g., the Inoceramenbank at Dotternhausen;
Rohl et al., 2001), the epifaunal bivalves Bositra (formerly Posidonia)
and Parainoceramya (formerly Inoceramus and Pseudomytiloides) are
preserved throughout the formation (Rohl et al., 2001). Many Para-
inoceramya fossils occur on wooden logs; in some cases, logs are covered
by thousands of specimens, suggesting that Parainoceramya had a
pseudoplanktic lifestyle and attached to driftwood in the water column
(Hess, 1999). Other Parainoceramya fossils are preserved en masse in
shell beds and pavements above the Oberer Stein (e.g., the Inocer-
amenbank and condensed units at Dotternhausen; Fig. 3). Recognizing
that these beds have organic carbon and total sulfur values with non-
positive intercepts, Rohl et al. (2001) argued that they may represent
colonization events during seafloor oxygenation. If so, Parainoceramya
may have been facultatively pseudoplanktic and benthic (Rohl and
Schmid-Rohl, 2005; Martindale and Aberhan, 2017). Conversely, Bositra
was almost certainly a benthic organism (Kauffman, 1981; Schmid-Rohl,
2021). Shell beds in Member III can have dense pavements with tens of
thousands of Bositra per square-meter with some beds rising to 20,000
individuals per square-meter (Schmid-Rohl, 2021). Large, distinct as-
semblages of Bositra are preserved in the lower part of Member II, the
middle of the Oberer Schiefer, and middle and upper layers of Member
I (Kauffman, 1981; Rohl et al., 2001). These assemblages differ with
respect to their size distributions and growth patterns (Rohl et al., 2001).
According to Rohl et al. (2001), the growth of Bositra varied with the
availability of oxygen on the seafloor, as expected for a benthic mode of
life (Caswell et al., 2009).

At Dotternhausen, benthic animal fossils and bioturbated beds occur
in all members of the Posidonienschiefer Fm. (Kauffman, 1981). In
Member I, benthic fossils are diverse and bioturbated layers generally
have ichnofabric indices between 4 and 6, consistent with oxic and
suboxic bottom waters (Rohl and Schmid-Rohl, 2005). Evidence of
benthic life occurs in discrete zones of Member II, where numerous
horizons contain assemblages of tiny (1-2 mm) juvenile bivalves rep-
resenting benthic colonization events that failed due to low oxygen
levels (Rohl et al., 2001). At Dotternhausen, this unit also contains low
diversity assemblages dominated by Bositra, which may have rapidly
reproduced and opportunistically colonized during seafloor oxygenation
(Rohl et al., 2001). These assemblages increase in frequency up-section.
In addition to monospecific assemblages of Bositra, the Mittlerer Schiefer
and Oberer Schiefer layers also contain low diversity assemblages with
Parainoceramya, Discinisca, and Meleagrinella. Unlike the Unterer
Schiefer, they contain ichnofabrics indices of 3 (Rohl and Schmid-Rohl,
2005), which represent thin mixed layers with centimeter-thick piped
zones (Rohl et al., 2001). Similar assemblages and bioturbated layers are
found in Member III with greater frequency (Rohl and Schmid-Rohl,
2005). Collectively, these paleoecological data corroborate the hy-
pothesis that the upper D. semicelatum, H. exaratum, and lower H. elegans
subchronozones represent times of limited ocean oxygenation, when
anoxic water masses may have prevented animals from inhabiting the
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Fig. 3. Stratigraphy of the Posidonia Shale at Dotternhausen, Dormettingen, Holzmaden, and Ohmden. Sedimentary log on left for Dotternhausen (and nearby
Dormettingen) comes from Rohl et al. (2001), Schmid-Rohl and Rohl (2003); and Rohl and Schmid-Rohl (2005); sedimentary log on right illustrates the stratigraphy
in the area between Ohmden and Holzmaden, as described by Hauff (1921) with thicknesses of units equal to their average values between Reutlingen and
Schwaébisch Gmiind. These logs are provided with lithostratigraphic (formation and member), chronostratigraphic (sub-stage), and biostratigraphic (fossil biozone
and subzones) units, as interpreted in various works (Rohl et al., 2001; Schmid-Rohl and Rohl, 2003; Rohl and Schmid-Rohl, 2005; Maisch, 2018). Vertical bars
illustrate qualitative data on occurrences of various fossils (and variation in their abundance with stratigraphic height) in the Holzmaden-Ohmden area according to

Hauff (1921) and Riegraf et al. (1984).

seafloor.

Fossils and geochemical proxies support similar interpretations of
redox conditions. Most geochemical proxies suggest that euxinic con-
ditions persisted in benthic environments of the Southwestern German
Basin throughout the deposition of the Posidonia Shale Lagerstatte;
however, body and trace fossils suggest that anoxic bottom waters were
periodically replaced by oxic or suboxic water masses (Kauffman, 1981;
Rohl et al., 2001). Similar results were also reported from Toarcian black
shales in western Canada (Martindale and Aberhan, 2017; Muscente
et al., 2019). The conflicting results suggest that geochemical proxies,
like iron speciation and biomarkers, record relatively long-term trends
in seawater chemistry (e.g., decades to millenia) rather than short-term
(days to years) or ephemeral fluctuations in environmental conditions
(Sperling et al., 2016, 2018; Muscente et al., 2019). Considering these
nuances, fossils likely provide the most accurate record of changes in
redox environments that affected habitat viability and fossil

preservation.

2.6. Sea level

Facies patterns in the Posidonienschiefer Fm. may reflect fluctua-
tions in sea level. Against the backdrop of low global sea level in the
Early Jurassic (Haq et al., 1988; Hardenbol et al., 1999; Miller et al.,
2005; Haq and Al-Qahtani, 2005), Toarcian strata of the Hildoceras
bifrons and Haugia variabilis biozones record a second-order sea level
high (Haq, 2017), suggesting a transgression between the late Pliens-
bachian and middle Toarcian (Haq, 2017). During this transgression,
there were third- and fourth-order fluctuations in sea-level, including a
forced regression prior to the TOAE (Krencker et al., 2019). Evidence of
this forced regression include subaerial exposure surfaces, dolomitized
horizons, incised valleys, and other signs of erosion in strata of the upper
Dactylioceras polymorphum biozone of Morocco and D. tenuicostatum
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Fig. 4. Field photograph of the Posidonienschiefer Formation exposed in the
eastern Olschieferbruch quarry of the Dormettingen section near Dotternhausen
(Fig. 1). The Unterer Stein, Steinplatte, and Oberer Stein layers are labeled.

biozone of Greenland (Krencker et al., 2019), which can be correlated
with the upper part of Member I and lowest part of Member II in the
Posidonienschiefer Fm.

Efforts to reconstruct the relative sea level curve of the Pos-
idonienschiefer Fm. on the Swabian Alb have focused on lithology, fossil
assemblages, organic macerals, and geochemical proxies, such as TOC,
total sulfur (TS), and redox-sensitive biomarkers (Rohl et al., 2001;
Schmid-Rohl et al., 2002; Rohl and Schmid-Rohl, 2005). At the section
near Dotternhausen (Fig. 1), Rohl et al. (2001) and Schmid-Rohl et al.
(2002) argued that strata near the bottom of the Hildoceras serpentinum
biozone—the Koblenzer, Hainzen, Fleins, and Unterer Schiefer
layers—represent a lowstand systems tract, and interpreted the strata
near the top of the biozone—the Inoceramenbank, schlacken, and other
condensed units—as a highstand systems tract. They reasoned that low
sea level may have limited ocean circulation, creating stagnant condi-
tions that led to anoxia and deposition of laminated sediment with high
TOC content. Subsequently, Rohl and Schmid-Rohl (2005) revised this
model to identify systems tracts, interpreting the lower and middle part
of Member I as a lowstand systems tract (Fig. 5); the strata between the
middle of Member I and the top of Member II as a transgressive systems
tract; and Member III as a highstand systems tract. Given reconstructions
of global eustatic sea level change (Haq, 2017), these most likely
represent a second-order cycle. According to this model, the Inocer-
amenbank, schlacken, and other condensed units represent maximum
flooding (Rohl and Schmid-Rohl, 2005), when sediment starvation or
bypass allowed skeletal debris to accumulate (Rohl et al., 2001).
Petrographic analysis shows that the schlacken may have undergone
rapid carbonate cementation (Heibert, 1988), consistent with low
sedimentation and burial rates. Data on palynomorphs and organic
macerals also support this model; palynomorphs and organic particu-
lates of terrestrial origin decline in frequency from the lowstand to
transgressive system tract, indicating that transgression shifted the
depositional environment away from coastlines (Galasso et al., 2021).
Assemblages of belemnite rostra at Dotternhausen indicate the trans-
gression also contributed to the stagnation of bottom water; assemblages
at the bottom and top of Member II lack preferred orientations, indi-
cating that no bottom currents existed during the upper D. tenuicostatum
and H. serpentinum zones (Rohl and Schmid-Rohl, 2005). Westerly
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currents or basinal contours subsequently developed during the high-
stand system tract, resulting in aligned belemnite rostra in Member IIT
(H. bifrons zone) (Rohl and Schmid-Rohl, 2005). Overall, these obser-
vations indicate that exceptional fossils were preserved during second-
and third-order transgressions.

2.7. Paleoenvironmental reconstruction

Lithological, geochemical, and paleoecological data along with
paleogeographical reconstructions indicate that the Posidonia Shale was
deposited in an enclosed (or semi-enclosed) basin during the early
Toarcian. The paucity of terrestrial elements (e.g., plant debris and in-
sect fossils) and presence of microlaminations suggest the Lagerstatte
formed far from the coastline in a quiet depositional environment below
wave base. Most fossils were preserved during the TOAE when second-
and third-order marine transgressions contributed to ocean stagnation
and deoxygenation. Euxinic bottom water dominated but pulses of
oxygenation periodically allowed for establishment of low-diversity
benthic communities, as supported by the presence of trace fossils and
bioturbation. Many of the organisms preserved in the Posidonia Shale,
however, are pelagic species—including the ammonites, coleoids, fish,
and marine reptiles. The crustaceans, brachiopods, and bivalves, on the
other hand, were the primary inhabitants of the benthos. As such, it is
the expansion of anoxia through the water column that controls the
taxonomic composition of the fossil assemblages captured in the Pos-
idonia Shale Lagerstatte.

Together, this paleoenvironmental synthesis still lacks a crucial piece
of information: how did (de)oxygenation in the basin and the events of
the TOAE influence exceptional fossilization? Although exceptional
preservation predates the TOAE negative 5'3C excursion, persists
through the event, and continues after the completion of the isotope
excursion, the abundance of exceptionally preserved fossils is highest
within the TOAE negative 513C excursion interval (Figs. 3, 5). Pre-
liminary or taxon-specific research suggests that phosphatization is a
chief taphonomic pathway in the Posidonia Shale Konservat-Lagerstatte
(Sinha et al., 2021; Eriksson et al., 2022), which requires some degree of
oxygenation. Therefore, this work expands the previous taphonomic
evaluation to thoroughly assess the taphonomy of a broader suite of
Posidonia Shale fossils (both exceptional and ordinary).

3. Material and methods for taphonomic evaluation
3.1. Fossil specimens

A total of 70 fossils were sampled from the Posidonia Shale; taxa
include ammonites, belemnites, bivalves, brachiopods, coleoids, crus-
taceans, and vertebrates, specifically teleost fishes and one thalatto-
suchian crocodylomorph tooth (Table 1). One coprolite and various
pieces of wood were also studied. Most specimens were surface collected
from three quarries during the summer of 2019. These quarries (Fig. 1B,
C) include the “Kromer quarry” managed by Kurt Kromer in Ohmden
(48.65262 N, 9.53996 E); the “Urweltsteinbruch quarry” that belonged
to the Fischer Museum in Holzmaden at the time (48.63534 N, 9.52799
E), and the Olschieferbruch quarry (48.24426 N, 8.76450 E) owned and
operated by Holcim (Siiddeutschland) GmbH (Schmid-Rohl, 2021) near
Dormettingen and Dotternhausen (Fig. 1). Several additional specimens
were donated for analysis by the Museum of Natural History in Stuttgart,
Germany, and Non-vertebrate Paleontology Laboratory (NPL) at the
University of Texas at Austin (UT Austin), USA. In general, specimens
were selected because: (1) they are small enough for microscopic study;
(2) they exhibit strong definition and contrast relative to the sur-
rounding matrix; (3) they appear representative of the fossils of their
type (i.e., the fossilized anatomy and preservation style is similar to most
other specimens); and (4) they represent common finds (i.e., the speci-
mens do not include unique fossils with substantial inherent value for
research in taxonomy or paleobiology; destructive sampling,
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Fig. 5. Geochemical and related data on the Posidonienschiefer Formation. Sedimentary log for Dotternhausen (and nearby Dormettingen) comes from Fig. 3. Data
(left to right) include total organic carbon (TOC) with carbon and molybdenum isotope data from Dickson et al. (2017); iron speciation and thallium isotope data
from Them et al. (2018); organic and inorganic carbon isotope data from Rohl et al. (2001); percentages of marine and terrestrial particulate organic matter from
Galasso et al. (2021); ichnofabric index measurements from Rohl and Schmid-Rohl (2005); relative sea level curves from Haq (2017); and interpretation of sequence
stratigraphy and systems tracts from Rohl and Schmid-Rohl (2005). Unit names and identifiers from Fig. 3.

subsampling, or trimming would not be permitted for such fossils). All
specimens are now reposited in the NPL.

3.2. Fossil preparation and examination

Specimens were trimmed (dimensions less than 6 cm x 6 cm x 2 cm)
to fit inside the three scanning electron microscopy systems employed
for this study (see below). Several specimens received additional prep-
aration (i.e., matrix removal, cleaning with water and brushes). The
coprolite (specimen number NPL00094456.000) and crocodylomorph
tooth ~ (NPL0O0094455.000) as well as one crustacean
(NPL00036039.000), one coleoid ink sac (NPL00094460.000), and all
belemnites were cut, polished, and prepared as transverse cross sections.
All specimens were photographed with polarized light according to
standard reflected light techniques using a Nikon D3200 DSLR camera
with 18-55 mm lens and LED light board. They were also examined
using a Stemi 508 non-polarized dissecting microscope with Axiocam
208 color Zeiss camera.

3.3. Scanning electron microscopy

Fossils were imaged using variable pressure scanning electron mi-
croscopy (SEM) systems, allowing for analysis of native specimens
(without conductive coatings applied). To mitigate charging issues, each
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piece was wrapped in copper or aluminum foil tape, leaving only the
fossil(s) exposed, and then grounded to the sample stage (Orr et al.,
2002).

This study utilized three variable pressure SEM systems housed in the
Materials Analysis, Testing, and Fabrication (MATFab) Facility at the
University of Iowa (Hitachi S-3400); the Jackson School of Geoscience at
UT Austin (JEOL 6490LV); and the X-ray Microanalysis Laboratory at
the University of Missouri (Zeiss Sigma 500VP). Operating conditions
were generally similar, using a 20 keV beam accelerating voltage, low
chamber vacuum, and working distances constrained between 10 and
15 mm. At the X-ray Microanalysis lab, automated large-area SEM image
mosaics were also collected. We collected both secondary (SE) and
backscattered (BSE) electron images, showing sample topography and
atomic number contrast, respectively.

Pyrite framboids were systematically measured using the BSE images
from the JEOL 6490LV SEM. Pyrite framboids are pm-scale, densely
packed clusters of euhedral pyrite crystals, commonly found in anoxic,
euxinic, and dysoxic environments of modern and ancient sedimentary
strata (Butler and Rickard, 2000). They generally form within centi-
meters below the sediment/water interface (oxic/anoxic boundary)
underlying an oxic water column (Wilkin et al., 1996). Pyrite framboid
sizes are directly proportional to the amount of time spent in the sulfate
reduction zone so their size distributions have been applied to ancient
environments to determine redox conditions (Wilkin et al., 1996). The
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Fig. 6. Ammonites with calcite, pyrite, sphalerite, and carbonaceous material. (A) Reflected light image of fossil (NPL00096929.000) from the Olschieferbruch
Quarry near Dormettingen and Dotternhausen (Posidonienschiefer Fm., upper part of Member II). (B) Reflected light image of fossil (NPL00096930.000) from the
Kromer Quarry near Ohmden (Posidonienschiefer Fm., upper part of Member II above Unterer Stein). (C-F) BSE-SEM images acquired in compositional contrast
imaging mode. (C) Magnified image of box in (A), showing that the fragmented shell consists of calcite and has been partially replaced by pyrite. (D) Magnified image
of box in (B), documenting that the shell primarily consists of carbonaceous material that is encrusted by acicular and anhedral sphalerite. (E) Magnified image of box
in (D), illustrating acicular sphalerite crystals. (F) Magnified image of box in (B), showing contrast between carbonaceous and calcitic fossil, diagenetic calcite, and
shale matrix. (G-X) EDS elemental maps with elemental labels in the lower left corners. (G-L) Maps of (C). (M-R) maps of (D). (S-X) Maps of (F).

average mean diameter of a framboid from modern euxinic sediments is
5.0 pm, with <4% of framboids >10 pm (Guan et al., 2014), whereas
oxic or dysoxic sediments contain framboids with average mean di-
ameters of 7.7 pm, with 10-50% of framboids >10 pm (Wilkin et al.,
1996). Here we follow the classification of framboid types from Guan
et al. (2014); Posidonienschiefer specimens studied contain types I, II,
and III. Type I are spherical aggregates of almost uniform-sized closely
packed microcrysts of pyrite with well-defined boundaries, Type II are
less closely packed microcrysts of pyrite, with no well-defined spherical
boundary, and Type III are isolated or groups of euhedral diagenetic
pyrite crystals.

Samples with visible pyrite crystals as well as samples that had a
shiny, yellowish luster (i.e., those that appeared pyritized in hand

sample) were selected for the framboid analysis. BSE images were
collected at the UT Austin facility with an accelerating voltage of 30 keV,
spot size of 50-60 nm, and a working distance of 1 mm. Continuous
areas were assessed so duplication of counts was not a concern, and only
the diameters of Type I framboids were measured for size distribution
analyses. Individual framboids were measured along their longest
diameter using the on-screen calipers in the Aztec software, following
the methods of Wilkin et al. (1996). Although the surface of the fram-
boid used may not necessarily represent its true diameter, the offset
error is <10% (Wilkin et al., 1996). To ensure pyrite crystals were
measured and not other minerals, point energy dispersive X-ray spec-
troscopy (EDS) analyses were performed to obtain quantitative con-
centrations of Fe and S for all selected grains.
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Fig. 7. Partially phosphatized ammonites with calcite, apatite, sphalerite, gypsum and carbonaceous material from the Kromer Quarry near Ohmden (Pos-
idonienschiefer Fm., upper part of Member II above Unterer Stein). (A, B) Reflected light images of fossils (A: NPL00096931.000, B: NPL00096932.000). (C-F) BSE-
SEM images acquired in compositional contrast imaging mode. (C) Magnified image of box in (A), showing that the coiled shell consists of calcite and apatite minerals
encrusted by acicular sphalerite crystals. (D) Magnified image of box in (B), documenting that the shell primarily consists of carbonaceous material, calcite, and
apatite minerals encrusted by acicular sphalerite and rhombohedral gypsum crystals. (E) Magnified image of box in (B), illustrating additional apatite, calcite,
gypsum, and sphalerite in the ammonite shell. (F-Z) EDS elemental maps with elemental labels in the lower left corners. (F-L) Maps of (C). (M-S) maps of (D). (T-Z)

Maps of (E).
3.4. Energy dispersive X-ray spectroscopy (EDS)

Elemental maps were collected using EDS detectors in the three SEM
systems. At the University of lowa and UT Austin, elemental maps were
acquired at an accelerating voltage of 20 keV, probe current at 80 A, spot
size of 1.2 pm, and working distances of 12-15 mm for live times of 300
to 1200 seconds (s), yielding X-ray count rates of 40-60 kilocounts per
second at the University of Iowa and > 100 kilocounts per second at UT
Austin, depending on the sample. On the Zeiss Sigma system at the
University of Missouri, EDS maps were collected for 480 s live time using
both detectors in tandem with beam accelerating voltage of 20 keV and
40 nA current, ~15 mm working distance, and 120 pm aperture,

resulting in acquisition of 300 kilocounts per second.

4. New results: taphonomy of fossils from the Posidonia Shale
Konservat-Lagerstatte

4.1. Minerals observed in Posidonia Shale samples

Combined BSE imaging and EDS elemental mapping (Figs. 6-19,
S$1-72) show that, in addition to carbonaceous materials (e.g., kerogen
and lignite), Posidonia Shale fossils commonly contain sulfur-bearing
minerals, including pyrite (FeSsy), sphalerite (ZnS;), barite (BaSO4),
and gypsum (CaSO4), as well as minerals belonging to the calcium
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Fig. 8. Bivalves. (A, B) Reflected light images. (A) Parainoceramya fossil (NPL00096933.000) from the Kromer Quarry near Ohmden (Posidonienschiefer Fm., upper
part of Member II above Unterer Stein). (B) Parainoceramya fossil (NPL00096934.000) from the Olschieferbruch Quarry near Dormettingen and Dotternhausen
(Posidonienschiefer Fm., upper part of Member II). (C, D) BSE-SEM image (acquired in compositional contrast imaging mode). (C) Magnified image of box in (A),
showing that shell consists of hexagonal plates made of calcite. (D) Magnified image of box in (B), showing hexagonal plates made of calcite located along the edge of
a shell. (E) Reflected light image of Parainoceramya fossil (NPL00095632.000) from the Posidonienschiefer Fm. (F-H) BSE-SEM image (acquired in compositional
contrast imaging mode). (F) Magnified image of box in (E). (G) Magnified image of area indicated by arrow in (F), showing hexagonal plates that have been partially
replaced with pyrite. (H) Magnified image of area indicated by arrow in (F), showing pyrite framboidal located in matrix around fossil. (I-W) EDS elemental maps
with elemental labels in the lower left corners. (I-M) Maps of (C). (N-R) Maps of (D). (S-W) Maps of (G).

carbonate (CaCO3), apatite (CaPOy4), and aluminosilicate groups. With
some exceptions (e.g., ammonite shells in Fig. 6B, 7A are partially
composed of carbonaceous material encrusted by sphalerite and/or
gypsum), the bulk of the fossilized remains consist of calcite and apatite
minerals. Pyrite and sphalerite are common, occurring in virtually all
fossils, but few (if any) specimens consist entirely of these minerals.
Gypsum and barite are comparatively rare in the fossils.

The oil shale and mudstones in which the fossils are preserved
largely consist of clay minerals (aluminum phyllosilicates), quartz, py-
rite, calcite, and organic matter. The carbonaceous materials in the
fossils have the lowest Z values (atomic number) of all components,
including the matrix; consequently, in BSE images (Fig. 6F), they appear
darker than the mineralized remains and matrix. Carbonaceous material
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is also evident in EDS elemental maps as regions with high concentra-
tions of C and low concentrations of other elements (Fig. 6G-X). Unlike
the carbonaceous material, all the minerals in the fossils have higher Z
values than the surrounding matrix, and thus appear brighter in BSE
images (Figs. 6C-F; 7C-E). In EDS elemental maps the matrix appears as
regions with relatively high concentrations of Al, Si, K, Mg, Na, and
occasionally Ca (with low concentrations of most other elements);
however, host rock composition of the varies from oil shale to mudstone
across the Posionienschiefer Fm. Because elemental maps visualize
relative (not absolute) concentration data, the matrix appearance varies
based on the other materials in the sample. For example, the concen-
tration of Ca in the matrix appears low (despite its calcareous compo-
sition) in EDS elemental maps of fossils consisting of calcite, gypsum,
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Fig. 9. Belemnite rostrum (NPL00096935.000) from the Olschieferbruch Quarry near Dormettingen and Dotternhausen (Posidonienschiefer Fm., upper part of
Member II). Specimen was cut into transverse cross sections and polished for analysis. (A) Reflected light image. (B, C) BSE-SEM images acquired with compositional
contrast imaging mode (note: image and maps in 9C, N-W are shown reflected on a verticle axis, i.e., a mirror image of the area identified in 9A). (B) Image of the box
in (A), showing that the rostrum consists of radially oriented calcite crystals and is encrusted by pyrite on its interior surface. (C) Image of the box in (A), illustrating
that the rostrum consists of radially oriented calcite crystals, contains cracks filled with pyrite, and has an exterior crust composed of pyrite. (D-W) EDS elemental
maps with elemental labels in the lower left corners. (D-M) Maps of (B). (N-W) Maps of (C).

and apatite minerals (e.g., Figs. 8P, 10D, 13U, 14K, U, 17H, R). Likewise,
pyrite and organics occur in both the matrix and fossils. For these rea-
sons, the Ca, C, Fe, and S maps represent unreliable images of the matrix,
whereas the Al and Si maps provide the best visual representations of the
matrix, as the oil shales and mudstones contain abundant aluminum
phyllosilicates and quartz.

Some of the minerals in the fossils have similar Z values, which re-
sults in low BSE contrast. Under low magnification, calcite, gypsum, and
apatite minerals appear nearly identical in grayscale value (e.g.,
Figs. 7C-E). High magnification images show that gypsum consists of
rhombohedral crystals (Fig. 7E), but the crystallographic differences
between calcite and apatite minerals are ambiguous; they are mainly
distinguished by EDS elemental maps (e.g., Fig. 7F-Z). Apatite minerals
are evident from high concentrations of P and Ca (and low concentra-
tions of C, S, and other elements); in contrast, calcite appears as high
concentrations of Ca and C (low concentrations of P, S, and other
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elements) and gypsum is evident where there are high concentrations of
Ca and S (and low concentrations of C, P, and other elements). Pyrite,
sphalerite, and barite have similar issues; although there is high contrast
between these three minerals and others (i.e., apatite, calcite, and
gypsum, e.g., Fig. 7C-E), they all tend to appear in BSE images as rela-
tively bright (high Z) materials. High magnification images reveal that
some of the pyrite and sphalerite consist of framboids (Fig. S6C) and
acicular crystals (Fig. 6D, E), respectively, but in many places, minerals
are anhedral, and their crystal habits are ambiguous. Again, EDS
elemental maps allow for their differentiation; pyrite appears as defined
regions with high concentrations of Fe and S (and low concentrations of
Zn, Ba, etc.), sphalerite is evident as distinct regions with high concen-
trations of Zn and S (and low concentrations of Fe, Ba, etc.), and barite
appears as regions with high concentrations of Ba and S (and low con-
centrations of Fe, Zn, etc.).
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Fig. 10. Linguliformean brachiopod Discinisca papyracea (NPL00096936.000) from quarry near Holzmaden (Posidonienschiefer Fm., Member II, Schlacken 2). (A)
Reflected light image of shell. (B) BSE-SEM image (acquired in compositional contrast imaging mode) showing edge of phosphatic shell. (C-G) EDS elemental maps of

(B) with elemental labels in the lower left corners.

4.2. Ammonites, bivalves, and belemnites

Ammonites, bivalves, and belemnites are the most common macro-
invertebrates in the Posidonia Shale (Schmid-Rohl, 2021). Ammonite
fossils include shells and aptychi of Dactylioceras, Harpoceras, Hildoceras,
Lytoceras, and Phylloceras. The fossils exhibit substantial variation in
appearance; some are slightly iridescent with significant topographic
relief (Fig. 6A), whereas others are flat and golden-brown in color
(Figs. 6, 7, S1-18). Evidently, they range from collapsed shells (Fig. 6A)
to true impressions (Fig. S1). Suture lines are not always apparent but
are preserved in fossils of all levels of compaction including true im-
pressions (Fig. 6A, B). Combined BSE and EDS analyses indicate the
fossils primarily consist of calcium carbonate (Figs. 6C-F, S2-15) and
carbonaceous material (Figs. 6D-F, S16). Carbonaceous material appears
in the form of cohesive layers on top of calcium carbonate minerals
(Fig. 6D, F), which impart a dimension of depth such that they are not
‘carbonaceous compressions’ (Butterfield, 1990) or ‘organic films’
(Muscente and Xiao, 2015b). Calcium carbonate minerals vary among
and within specimens. Ammonite fossils with preserved growth lines
and topographic relief (Fig. 6A) have ‘honeycomb microstructure’
(Gonzalez-Casado et al., 2003), consisting of hexagonal plates of cal-
cium carbonate (Fig. 6C). Other shells (Figs. 6B, S5) can be comprised of
two discrete materials with distinct Z-contrast or compositional contrast
(Figs. 6F, S5C): (1) a low-Z (relatively dark) material that makes up the
bulk of the fossils, corresponding to carbonaceous remains, and (2) a
high-Z (relatively bright) calcite that occurs in a patchy distribution on
interior and exterior surfaces of shells.

Ammonite fossils contain a variety of additional minerals. Pyrite
(Figs. 6C, S3, S6-S15) and sphalerite (Figs. 6D-F, 7C-E, S16-18) occur as
overgrowth minerals on the surfaces of virtually all ammonites. Some of
the fossils (Figs. S7-S14) are partially preserved inside or with pyrite
nodules and structures called ‘pyrite flowers’ (Seilacher, 2001), and
others provide evidence that pyrite grew in replacement of hexagonal
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plates during diagenesis (Fig. S6C). A few shells are also preserved, in
part, as apatite minerals (Fig. 7C-E). The apatite minerals primarily
occur near the umbilici (centers of the coiled shells), and in some cases,
are concentrated on the walls that separate adjacent whorls (Fig. 7F-X),
such that shells appear as coils in P elemental maps (Fig. 7C).

Bositra and Parainoceramya shells are the most common bivalve
fossils in the Posidonia Shale (Schmid-Rohl, 2021). The fossils exhibit
appreciable topographic relief, have retained their concentric growth
lines (Fig. 8A, B, E), and are composed of calcite and pyrite (Figs. 8,
$19-S29). The Parainoceramya shells have ‘honeycomb microstructure’
(pseudohexagonal prisms of calcite) (Fig. 8C); in some places, prisms
have been partially replaced by pyrite (Fig. 8D, G). The amount of pyrite
varies; some shells contain very little (Figs. 8A, S19) whereas others
exhibit extensive pyritization (Figs. 8E, S$20-S29).

Belemnite guards (rostra) are common in certain strata of the Pos-
idonienschiefer Fm., particularly above and below the Unterer Schiefer
in Member II (Hauff, 1921; Schmid-Rohl, 2021). As is typical for bel-
emnites with rostra preserved in three dimensions, their interior cavities
(alveoli) are filled with matrix material (Fig. 9A). The rostra, them-
selves, consist of radially oriented calcite crystals (Fig. 9B, C), and the
interior and exterior surfaces are encrusted by pyrite, and possibly,
sphalerite and barite. These minerals also occur as void-filling cements
within cracks in the rostra (Fig. 9C).

4.3. Linguliformean brachiopods

Brachiopods are generally rare in the Posidonia Shale (Hauff, 1921),
with the most common being shells of the linguliformean Discinisca
papyracea (Rohl et al., 2001); which are somewhat common in
schlacken-type units, including the Inoceramenbank and other
condensed units at Dotternhausen (Rohl et al., 2001). Discinisca papy-
racea shells have appreciable topographic relief and concentric growth
lines (Fig. 10A-C). Elemental maps show fossils consist of apatite
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Fig. 11. Fish fossils. (A-C) Body and skull (NPL00036036.000) from the Kromer Quarry near Ohmden (Posidonienschiefer Fm.). (A) Reflected light image showing
yellow sphalerite. (B, C) BSE-SEM images acquired with compositional contrast imaging mode. (B) Mosaic image of the entire fossil. (C) Magnified image of boxes in
(A, B) showing sphalerite on surfaces and cracks within the bones of the fossil. (D, E) Fish skull from the Olschieferbruch Quarry near Dormettingen and Dot-
ternhausen (Posidonienschiefer Fm., upper part of Member II). (D) Reflected light image. (E) Magnified image of box in (D) that illustrates barite along periphery of
skull. (F-S) EDS elemental maps with elemental labels in the lower left corners. (F-L) Maps of (C). (M-S) Maps of (E).

minerals (Fig. 10D-M).

4.4. Fish

Dozens of fish species are preserved in the Posidonia Shale but
compared to other vertebrate taxa (e.g., ichthyosaurs), fish infrequently
preserve remains of labile and non-biomineralized tissues
(Figs. S30-S34). This study herein examined two small teleost fossils
(Fig. 11A, D) represented by skulls and other bones to determine if there
were different taphonomic conditions during their formation. The
skeletons are generally flat, but SE-SEM shows some three-dimensional
relief (Fig. S31C). Combined BSE-SEM and EDS analyses illustrate that
the bones primarily consist of apatite minerals (Fig. 11C, D, S30-S34)
but are also associated with sphalerite, pyrite, and barite. In one spec-
imen (Fig. 11A-C), the spaces between bones are filled with sphalerite
and minor pyrite. These minerals, which appear golden brown in re-
flected light images (Fig. 11A, B), occur as cements on the surfaces and
cracks within the fossil (Figs. 11C, S30-S33). The second specimen—a

17

fish skull (Figs. 11D, S34)—does not contain any noteworthy pyritic or
sphaleritic cement, but the matrix around this fossil contains significant
amounts of barite (Fig. 11E, M-S).

4.5. Crustaceans

Most crustacean fossils in the Posidonia Shale belong to the decapod
Uncina, specifically, Uncina posidoniae (Schweigert et al., 2003). The
fossils represent exoskeletons (carapaces), predominantly crustacean
cephalothoraxes and appendages; in most cases, they do not include
remains of other labile or non-biomineralized tissues (e.g., muscles).
Reflected light images (Figs. 12A, B, 13A, B, 14A, $35-S51) and SE-SEM
images (Figs. S48B) show that specimens have topographic relief.
Combined BSE-SEM and EDS analyses illustrate that crustacean fossils
primarily consist of apatite minerals (Figs. S12C-Y, 13C-Y, 14F-Y, S38,
S48, S50, S51) and phosphatic remains appear black in reflected light
images (Figs. 12A, B, 13A, B, 14A). Although they have cracks in many
places (Figs. 12D, 13C, E, 14C-E), carapaces are preserved with original
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Fig. 12. Crustacean cephalothorax and pleon fossils. (A, B) Reflected light images. (A) Proeryon pleon and distal part of cephalothorax (NPL00096937.000) from
quarry near Holzmaden (Posidonienschiefer Fm., Koblenzer). (B) Tonneleryon pleon and cephalothorax (NPL00096938.000) from a quarry near Holzmaden or
Ohmden (Posidonienschiefer Fm.). (C-E) BSE-SEM images acquired with compositional contrast imaging mode. (C) BSE-SEM image of specimen in (A), showing fossil
microstructure preserved as phosphatic material. (D) BSE-SEM image of specimen in (A) that illustrates sphalerite, pyrite, and aluminosilicate minerals coating the
phosphatic material (apatite minerals) of the fossil. (E) BSE-SEM image of specimen in (B), showing barite and calcite associated with the phosphatic material of the
fossil. (F-Y) EDS elemental maps with elemental labels in the lower left corners. (F-O) Maps of (D). (P-Y) Maps of (E).
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Fig. 13. Crustacean cheliped (claw) and portion of unidentified appendage. (A, B) Reflected light images. (A) Uncina posidoniae claw (NPL00094459.000) from the
Olschieferbruch Quarry near Dormettingen and Dotternhausen (Posidonienschiefer Fm., Unterer Schiefer). (B) Crustacean (Uncina posidoniae) appendage
(NPL00094458.000) from the same locality and unit. (C-E) BSE-SEM images acquired with compositional contrast imaging mode. (C) Magnified image of area
indicated by the arrow in (A) that pyrite and sphalerite occurring in the surface and cracks of the phosphatic fossil (composed of apatite minerals). (D) Magnified
image of area indicated by the arrow in (A), showing sphalerite on the surface of the phosphatic fossil. (E) Magnified image of area indicated by the arrow in (B),
showing that the phosphatic fossil is filled with blocky calcite and encrusted by barite. (F-Y) EDS elemental maps with elemental labels in the lower left corners. (F-O)
Maps of (C). (P-Y) Maps of (E).
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ink sac

Fig. 15. Vampyropod Loligosepia aalensis gladius with ink sac (NPL00036037.000) from quarry in Ohmden (Posidonienschiefer Fm.). (A) Reflected light image of
specimen. (B) Mosaic SE-SEM image of specimen. (C-G) BSE-SEM images acquired with compositional contrast imaging mode. (C) Mosaic BSE-SEM image of
specimen. (D) Magnified image of boxes in (A-C), showing boundary between phosphatic gladius and surrounding shale matrix. (E) Magnified image of boxes in (A-C)
that illustrates edge of ink sac, which consists of phosphatic material (apatite minerals) surrounded by carbonaceous material. (F) Magnified image of box in (A-C),
showing cracks in phosphatic ink sac that are filled with pyrite and sphalerite (see Fig. S54). (G) Magnified image of boxes in (A-C) that shows barite on the surface of
the phosphatic gladius. (H-Q) EDS elemental maps with elemental labels in the lower left corners. (H-L) Maps of (D). (M-Q) Maps of (E).

ornamental and microstructural characters, including ridges, spikes,
canals, pores, and other types of surface ornamentation (Figs. 12C, 13B,
14C, E). The interior spaces within the bumps and spikes are filled with
calcite cement in some places (Figs. 13E, S42B, S43B, S50B); calcite also
occurs on the surfaces of some specimens (Figs. 12E). Nonetheless, the
bulk of crustacean fossils consist of apatite minerals.

Crustacean fossils contain a variety of auxiliary minerals: barite,
pyrite, sphalerite, and aluminosilicate minerals (Fig. 12D, E). Barite
covers the surfaces of some specimens (Figs. 12E, 13E, S37, S42, S50),
whereas, pyrite and sphalerite tend to occur in close association with
each other (Fig. 14C-E) as (1) mineral crusts on specimen surfaces
(Figs. 12D, E, 13D, S35, §36, S39-S41, S50); (2) void-filling cements in
the carapace interior (Fig. 14B, C, S45, S46); and (3) crack-filling ce-
ments within fossils (Figs. 13C, 14D, E, S39, S47, S49, S51). The
aluminosilicate minerals, likewise, make up void- (Figs. S14, S45, S46,
S48, S49) and crack-filling cements (Figs. 12D, 14D, E, S36, S47, S49,

S51); in EDS elemental maps, they appear as areas with higher con-
centrations of Al, O, and Si (lower concentrations of Ca and P) than the
surrounding carapace (Figs. 12F-O, 14F-Y, S36, S45-S49, S51).
Although the matrix and aluminosilicate minerals have similar
elemental compositions, the aluminosilicate minerals appear gray in
reflected light images (Fig. 14A) and have higher concentrations of Al
and O (lower concentrations of Si, K, Mg, and Na) than surrounding
matrix (Figs. 12F-0O, 14F-Y, S36, S45-S49, S51). The crustacean fossils
contain very little carbonaceous material.

4.6. Coleoids

Coleoids are mainly represented in the Posidonia Shale by eight-
armed vampyropods, such as Clarkeiteuthis and Loligosepia. The best
coleoid fossils include remains of gladii (internal chitinous shells), ten-
tacles, mantle muscles, and ink sacs along with specialized tissues like
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Fig. 16. Vampyropod Clarkeiteuthis gladius with ink sac (NPL00094460.000) from quarry in Holzmaden (Posidonienschiefer Fm.; Koblenzer or Hainzen). (A) Re-
flected light image of the specimen, which consists of two pieces separated by a fracture. (B) Reflected light image of a polished transverse cross section prepared
from one of the two pieces shown in (A). (C-E) BSE-SEM images acquired with compositional contrast imaging mode. (C) Magnified image of box in (A), showing
boundary between matrix and gladius, which consists of calcite as well as phosphatic (apatite) and carbonaceous material. (D) Magnified image of box in (A) that
illustrates phosphatic ink sac with crack-filling sulfide minerals (i.e., pyrite and sphalerite) and void-filling carbonaceous material. (E) Magnified image of box in (B),
showing that the phosphatic ink sac is separated from phosphatic gladius material by a layer of carbonaceous material. The phosphatic ink sac contains cracks filled
with sphalerite and pyrite. (F-Z) EDS elemental maps with elemental labels in the lower left corners. (F-L) Maps of (C). (M-S) Maps of (D). (T-Z) Maps of (E).

ink ducts (Glass et al., 2012, 2013; Klug et al., 2021a; Jenny et al., 2019).
In most cases, only gladii (Figs. 15A-C, 16A, S52-S66), undifferentiated
mantle tissues (Figs. S67, S68), and ink sacs (Figs. 15A-C, 16A, S52-S66,
S69, S70) are preserved. Reflected light microscopy (Figs. 15A, 16A,
S63A) and SE-SEM (Figs. 15B, S63B) show that gladii and ink sacs have
significant topographic relief and are not compressions. Integrated BSE-
SEM imaging and EDS elemental mapping demonstrates these tissues
largely consist of apatite minerals (Figs. 15C-Q, 16C-Z, S52-S70). Re-
flected light images reveal at least two distinct types of phosphatic
material, which differ in mineralogy, color, and appearance. Ink sacs are
composed of black apatite minerals (Figs. 15, 16), whereas gladii and
mantle tissues consist of yellow-to-brown phosphatic material. Some
poorly preserved gladii (Fig. 16A) also are composed of calcite and
carbonaceous material (Fig. 16C), but the best specimens—ones with
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fine structures and definition—are preserved as phosphatic material.
The apatite minerals also contribute to the three-dimensionality of the
fossils.

Coleoid fossils contain notable amounts of carbonaceous material,
which occurs as patches on the surfaces of gladii (Figs. 15D, 16C, S52,
$56-S58) and surrounds ink sacs (Figs. 15E, 16D, E, S59-5S62, S66, S69,
S70). Images of a cross-sectioned specimen (i.e., Fig. 16A, B) show that
spaces between the gladii (yellow apatite) and ink sacs (black apatite)
are filled with carbonaceous material (Fig. 16E). This void-filling
carbonaceous material creates the appearance that ink sacs are sur-
rounded by a layer of organic matter (e.g., Fig. 15E).

Other materials in coleoid fossils include pyrite, sphalerite, and
barite. The pyrite and sphalerite occur in close association as (1) void-
filling cements in spaces between gladii and ink sacs (Figs. 16D,
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Fig. 17. Jet (wood). (A, B) Reflected light images. (A) Jet with barite veins (NPL0O0096939.000) from the Olschieferbruch Quarry near Dormettingen and Dot-
ternhausen (Posidonienschiefer Fm., upper part of Member II). (B) Jet encrusted with pyrite and sphalerite (NPL00096940.000) from the Kromer Quarry near
Ohmden (Posidonienschiefer Fm., upper part of Member II above Unterer Stein). (C, D) BSE-SEM images acquired with compositional contrast imaging mode; note
that the exact locations of SEM images and EDS elemental maps was not noted during collection. (C) Boundary between jet and barite veins in the specimen
illustrated in (A). The jet and barite are separated by a layer of calcite in some places. (D) Pyrite framboids and sphalerite crystals on the surface of the jet piece
illustrated in (B). This piece is crosscut by fractures filled with calcite. (E-X) EDS elemental maps with elemental labels in the lower left corners. (E-N) Maps of (C). (O-

X) Maps of (D).

§59-861) and (2) crack-filling cements within ink sacs (Figs. 15F, S54,
§59-562). Like the fish and crustaceans, barite only occurs as encrusting
cement on the surfaces of some coleoid specimens (Figs. 15G).

4.7. Other fossils

Jet—a compact form of lignite (compressed carbonaceous miner-
aloid) derived from wood—occurs throughout the Posidonia Shale in the
form of fossilized tree trunks (Fig. 17A, B, S71, S72). The fossils have
high three-dimensionality (Fig. 17A, B), are cross-cut by conspicuous
white veins (Fig. 17A, B), and in many places, coated by greenish brown
material (Fig. 17B). Integrated BSE-SEM imaging and EDS elemental
mapping shows that white veins variably consist of barite (Fig. 17C, E-N,
S71) and calcite (Fig. 17D, O-X); barite veins have rims of calcite, which
separate them from carbonaceous lignite (Fig. 17B). In contrast, BSE-
SEM and elemental maps demonstrate that greenish brown material
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consists of pyrite and sphalerite that directly encrust lignite (Fig. 17D, O-
X, S72).

Two additional fossil specimens were cross-sectioned and analyzed:
a thalattosuchian crocodylomorph tooth (Fig. 18) and a coprolite
(Fig. 19). In both cases, fossils consist of phosphatic material, which has
a higher Z value than the surrounding matrix (Figs. 18B-D, 19C, 19D)
and appear in elemental maps as areas with high concentrations of Ca, P,
Fe, and Na but low concentrations of all other elements (Fig. 18D, G-N,
19D, 19H-S). In some places, the coprolite contains pyrite framboids
(Fig. 19G). Likewise, the crocodylomorph tooth, which retains its
external and internal ornamentation and ultrastructure (Fig. 18C,D),
contains pyrite framboids along with calcite (Fig. 18E, F 180-V), which
notably occurs as a void-filling cement in the central cavity of the tooth.
Pyrite is evident in elemental maps of the cavity as areas with higher
concentrations of Fe and S (but lower concentrations of Ca and P) than
the surrounding tooth; calcite (Figs. 18B-N) appears as high
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Fig. 18. Crocodylomorph tooth from one of the schlacken layers of the Posidonienschiefer Fm. exposed in the Kromer Quarry near Ohmden (NPL00094455.000). (A)
Reflected-light photograph of specimen that was cross-sectioned and polished. (B-F) BSE-SEM images acquired with compositional contrast imaging mode. (C)
Mosaic image of specimen. (C) Magnified view of box in (B), showing external morphology and ultrastructure of the tooth. (D) Magnified view of box in (C), showing
boundary between phosphatic tooth and mudstone matrix as well as crack-filling and encrusting calcitic cements. (E) Magnified view of box in (B), showing that the
central pulp cavity has been filled with calcite as well as euhedral, subhedral, and framboidal pyrite. (F) Magnified view of box in (D), showing pyrite framboids
located in the mudstone matrix around the fossil. (G-V) EDS elemental maps with elemental labels in the lower left corners. (G-N) Maps of (D). (O-V) Maps of (E).

concentrations of Ca and C, but with low concentrations of all other
elements, including P. Pyrite framboids also occur in abundance in the
matrix around the coprolite and crocodylomorph tooth (Figs. 18F, 19E).

4.8. Pyrite framboid measurements

Micron-scale pyrite framboids occur randomly in Posidonia Shale
specimens but were substantially more common in the matrix than the
fossil material (Table 2). Framboid types I, II, and III (sensu Guan et al.,
2014) were identified, with Type I being the most common (spherical
aggregates of almost uniform-sized, closely packed microcrysts of pyrite
with well-defined boundaries). Type II and III framboids were rare and
typically not perfectly spherical, only displaying outer encrustation of
larger euhedral crystals. Diameters of Type 1 framboids are used in the
size distribution analyses (Table 2). The average framboid diameter is
6.99 pm, 9.2 pm, and 8.04 pm on the crustaceans, coprolite, and croc-
odylomorph tooth fossils, respectively; whereas the average framboid
diameter measured on the crustacean, coprolite, and crocodylomorph
tooth matrix is 6.36 pm, 8.1 pm, and 5.99 pm respectively (Table 2). Due
to the lack of framboids on the fossils, statistical comparisons between
matrix and fossil could not be evaluated.
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5. Discussion

Posidonia Shale fossils are composed of multiple materials and
minerals. The fossils chiefly consist of calcium carbonate and calcium
phosphate minerals, which represent the organisms’ original bio-
mineralized skeletons and secondarily mineralized soft tissues. Fossils
also contain various types of carbonaceous material, such as kerogen,
bitumen, and lignite; however, these materials contribute little mass to
the fossils. Some ammonite and bivalve shells consist of calcium car-
bonate minerals that have been partially replaced with pyrite (Figs. 6C,
8D, G), indicating that preservation of calcareous shells sometimes
entailed pyritization. The remaining pyrite and other minerals (i.e.,
sphalerite, gypsum, barite, and aluminosilicate minerals), occur as
crack-filling, void-filling, and overgrowth cements, and therefore, do not
represent mineralized tissues. We did not observe differences in
mineralization between fossils from the Holzmaden/Ohmden and Dot-
ternhausen/Dormettingen areas. Altogether, these observations suggest
that Posidonia Shale fossils experienced a complex taphonomic history,
wherein degradation and mineralization were driven by multiple geo-
microbiological processes influenced on a regional scale by paleo-
environmental conditions (Muscente et al., 2017).
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Fig. 19. Vertebrate coprolite from one of the schlacken layers of the Posidonienschiefer Fm. exposed near Ohmden (NPL00094456.000). (A) Reflected-light image of
unprepared specimen. (B) Reflected-light image of cross-sectioned and polished specimen. (C-G) BSE-SEM images acquired with compositional contrast imaging
mode. (C, D) Magnified views of boxes in (B), showing boundary between phosphatic coprolite and surrounding mudstone. (E) Magnified view of point in (D),
showing framboidal pyrite in mudstone matrix. (F) Magnified view of box in (B), showing edge of phosphatic coprolite. (G) Magnified view of point in (F), showing
framboidal pyrite within phosphatic material of coprolite. (H-S) EDS elemental maps of (C) with elemental labels in the lower left corners.

5.1. Calcareous shells

Calcareous shells (predominantly calcite and/or aragonite) in the
Posidonia Shale represent ammonites, belemnites, bivalves, and echi-
noderms, as well as rare gastropods, rhynchonelliformean brachiopods,
and serpulids. Some of the ammonites (aragonitic shell with an outer
organic periostracum, Kulicki et al., 2015) and most of the Para-
inoceramya fossils (calcite shell; Gonzdlez-Casado et al., 2003) consist of
calcium carbonate minerals with ‘honeycomb microstructure’ (Fig. 8D,
G) (consistent with reports from Kulicki and Doguzhaeva, 1994; Tanabe
et al., 2008; Gonzalez-Casado et al., 2003). Hexagonal calcium car-
bonate plates in iridescent ammonites represents preservation of nacre
in the Posidonia Shale. The nacre iridescence is low because the hex-
agonal aragonitic plates have been partially replaced with pyrite
(Fig. 6C) and may also contain calcite pseudomorphs. These results
suggest that at least some of the ammonite and bivalve fossils in the
Posidonia Shale contain remains (or pseudomorphs) of original
biominerals.

None of the ammonite fossils consist entirely of organic matter or
pyrite. The fossils owe their golden-brown color to the presence of py-
rite, but pervasive or complete pyritization was not observed. Instead,
ammonite fossils consist of calcium carbonate and, more rarely, calcium
phosphate minerals (Figs. 6, 7), even in cases where fossils contain
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coherent layers of carbonaceous material (e.g., Figs. 6B, F, 7B, D). These
layers may be periostraca, but also resemble structures described in
other studies (Muscente and Xiao, 2015a, 2015b) that formed through
taphonomic demineralization of shells with significant organic matter
(Muscente and Xiao, 2015a). Carbonaceous layers are preserved on top
of calcite and some specimens consist of multiple varieties of calcite
coating each other (e.g., Fig. 6B, F), which likely include: (1) original
shell material; (2) pseudomorphs after aragonite produced through
alteration; and (3) diagenetic minerals that formed due to geo-
microbiological degradation of the shells (Muscente et al., 2017).
Diagenetic calcite could be interpreted as periostracal mineralization,
but the presence of hexagonal plates (and possibly nacre) implies the
majority of the calcite comes from the actual shells; thus, Posidonia
Shale ammonites are not simply periostracal films (Seilacher et al.,
1976) or pyritized periostraca (Schmid-Rohl, 2021).

5.2. Evidence of phosphatization

Our results support the interpretation that exceptional Posidonia
Shale fossils owe their preservation to phosphatization (Sinha et al.,
2021; Lindgren et al., 2018), or preservation via replication of organic
templates with nanometer- and micrometer-sized apatite crystals (Alli-
son, 1988a; Martill, 1988; Wilby, 1993; Wilby and Whyte, 1995; Xiao
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Fig. 20. Geomicrobiological processes and fossil preservation across redox gradients. Diagram illustrates the geomicrobiological processes that occurred across the
sediment-water interface (y-dimension) during deposition of the Posidonia Shale. It also illustrates variation in these processes across benthic marine environments
with anoxic (left) and oxic (right) water masses (x-dimension). The processes include microorganism metabolic pathways that control organic matter (including soft
tissue remains) degradation via decomposition. Such respiratory processes occur in distinct zones and depths in the water column and sediment in order of the Gibbs
free energy changes (AG) of their reactions (Canfield and Thamdrup, 2009). The taphonomic pathway of a lobster claw, which owes its preservation to processes that

occur below (sub)oxic water masses, is illustrated for reference.

Table 1
Fossil taxa/groups from the Posidonia Shale with the total number of specimens
within each group analyzed using reflected light microscopy, SEM, and EDS.

Taxon/Group Total Number Studied (Light Light Microscopy, SEM,
Microscopy) & EDS
Ammonoidea shells 24 8
Bivalvia shells 11 4
Belemnoidea rostra 7 3
Brachiopoda shells 1 1
Coleoidea gladii 6 5
Coprolite 1 1
Crocodylomorph 1 1
tooth
Crustacea 12 8
Fish 2 2
Jet wood 5 3
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and Knoll, 1999; Waloszek, 2003; Xiao and Schiffbauer, 2009; Schiff-
bauer et al., 2012; Hawkins et al., 2018; Muscente et al., 2019; Sinha
et al., 2021). Although phosphatization represents one of many tapho-
nomic processes that lead to exceptional preservation (Allison, 1988b;
Briggs et al., 1993; Briggs and Wilby, 1996; Briggs, 2003; Butterfield,
2003; Xiao and Schiffbauer, 2009; Schiffbauer et al., 2014a; Muscente
et al., 2015a, 2017), it receives much attention for its role in the pres-
ervation of cellular and subcellular details (Xiao and Knoll, 1999;
Schiffbauer et al., 2012; Muscente et al., 2015a; Muscente et al., 2015b).
Phosphatization can lead to the preservation of coleoid gladii, mantle
tissues, and ink sacs (Muscente et al., 2019; Sinha et al., 2021);
arthropod carapaces (Waloszek, 2003; Muscente et al., 2019; Sinha
et al., 2021); coprolites and bromalites (Broce and Schiffbauer, 2017;
Hawkins et al., 2018); vertebrate bones and soft tissues (Martill, 1988;
Lindgren et al., 2018); and remains of mollusks (Wilby and Whyte, 1995;
Mironenko, 2017), including their shells (Jurkowska and Kotodziej,
2013; Hoffmann et al., 2021). In the Posidonia Shale, apatite minerals
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Table 2
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Summary of pyrite framboid descriptive statistics (number of framboids measured per specimen, mean and maximum framboid diameter, standard deviation, and the
percentage of >10 pm framboids). The crustacean specimens were collected from the Unterer Schiefer layers in the Dotternhausen quarry near Dormettingen, whereas
the tooth and coprolite specimens are from one of the schlacken layers of the Posidonienschiefer Fm. exposed in the Kromer Quarry near Ohmden.

Specimen Type of specimen Number of Mean framboid Maximum Standard Skewness Percentage of Percentage of
number framboids diameter (pm) framboid deviation framboids framboids

measured diameter (pm) diameter larger diameter

than 10 pm (%) smaller than 10
pm (%)

matrix  fossils ~ matrix  fossils  matrix = fossils  matrix  fossils  matrix  fossils  matrix  fossils  matrix  fossils

NPL94459 &  Crustaceans 916 33 6.36 6.99 34.6 12.7 3.02 2.19 2.96 0.97 8.19 15.15 91.81 84.85
NPL94458
NPL94456 Coprolite 104 4 8.1 9.2 22.5 10.6 3.47 0.96 2.03 1.74 15.38 25 84.62 75
NPL94455 Crocodylomorph 329 5 5.99 8.04 19.1 14.9 2.02 3.9 2.19 2.06 3.04 20 96.96 80
tooth

occur in ammonites, linguliformean brachiopods, coleoids, coprolites,
crustaceans, and vertebrates, suggesting many fossils contain phospha-
tized remains.

Vampyropod coleoids represent the best examples of phosphatiza-
tion; remains include gladii, ink sacs, and mantle tissues, which are
preserved in three-dimensions as phosphatic structures with significant
topography (Figs. 15, 16). Some fossils contain phosphatic remains of
other labile tissues, like tentacles and ink ducts (Klug et al., 2021a;
Jenny et al., 2019). None of these tissues originally contained phos-
phatic biominerals but consisted of biopolymers (e.g., chitin and
melanin) resistant to degradation (Hunt and Nixon, 1981; Donovan and
Toll, 1988; Doguzhaeva and Mutvei, 2003; Glass et al., 2012, 2013).
Thus, coleoid tissues must have been transformed into apatite minerals
through precipitation of phosphate derived from an environmental
source.

Ammonites also provide unambiguous cases of phosphatization, with
apatite minerals in a small proportion (25%) of shells. These shells have
not been completely phosphatized as only parts of their walls and um-
bilici are preserved as apatite minerals (Fig. 7C, F-L). Phosphatization
must have occurred since ammonite shells originally consisted of
aragonite (Kulicki et al., 2015). Thus, phosphatization contributed to
preservation of biomineralized skeletons and shells in addition to soft
tissues.

The preservation of crustacean carapaces also hinged on phospha-
tization. A decapod carapace generally consists of a waxy outer epicu-
ticle that acts as a barrier to diffusion and the chitinous inner procuticle
that provides mechanical support. The procuticle sometimes contains
biominerals (calcite, amorphous calcium carbonate, and carbonate
apatite) that add rigidity (Kunkel et al., 2012; Kunkel, 2013) but is not
heavily mineralized. The procuticle largely consists of chitin fibers
(intermeshed with proteins), which can be preserved through trans-
formation to more recalcitrant macromolecular carbonaceous materials
(Briggs, 2003) or through secondary mineralization proecesses. Pos-
idonia Shale crustaceans are preserved as phosphatic structures that
retain evidence of biological microstructure and surface ornamentation
(Figs. 12C, 13B, 14C, E). While, based on elemental analyses, carbona-
ceous materials were present but minimal, we suggest that the retention
of finer-scale ornamentation would have been unlikely in the absence of
phosphatization.

Phosphatization also contributed to preservation of both non-
mineralized tissues and skeletal elements in vertebrate animals. Ich-
thyosaurs from the Posidonia Shale are purportedly preserved with
phosphatized skin and integument (Keller, 1992; Lingham-Soliar, 2001;
Lindgren et al., 2018) and fish bones (Fig. 11) and crocodylomorph teeth
(Fig. 18) also consist of apatite minerals. These skeletal elements were
originally composed of organic biomolecules (e.g., collagen) and bio-
apatite, a unique form of carbonate hydroxyapatite characterized by
small (nm-sized) crystals, low OH- content, and poor crystallinity
(Szpak, 2011; Combes et al., 2016). Accordingly, it is conceivable that
the apatite minerals in fish bones, crocodylomorph teeth, and other
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vertebrate skeletal elements represent direct remains of bioapatite.
While we did not directly note any change in crystal size, it is possible
that some of the bones and teeth may have undergone secondary
phosphate mineralization or recrystallization, much like what was
observed for linguiliformean brachiopods. In either case, environments
conducive to phosphatization are characterized by high concentrations
of dissolved phosphate (Creveling et al., 2014; Muscente et al., 2015a),
and are favorable for phosphatic skeleton preservation as the potential
for bioapatite dissolution is limited.

Phosphatized fossils occur throughout Member II of the Pos-
idonienschiefer Fm. Our review of fossil occurrence data (Fig. 3) sug-
gests that exceptional preservation (and phosphatization) happened
with the greatest frequency during deposition of the D. semicelatum,
H. exaratum, and lower H. elegans subzones, which have the highest
concentrations of coleoid, crustacean, fish, and marine reptile fossils.
Our review demonstrates that phosphatized fossils occur in the
Koblenzer, Hainzen (Fig. 16, S56-S62), Fleins (Figs. S51), and Unterer
Schiefer (Figs. 13, S38-S44, S50) layers beneath the Unterer Stein as
well as in the mudstones and condensed schlacken near the top of
Member II (Figs. 7, 18, 19, S17, S18). These findings suggest that en-
vironments may have remained broadly conducive to phosphatization of
ammonites and coprolites (if not also vertebrate bones, scales, and teeth)
until the time of the Hildoceras bifrons zone.

5.3. Sources of phosphate

Fossil phosphatization typically occurs in environments conducive to
phosphogenesis, or the precipitation of calcium phosphate minerals in
sediment during diagenesis (Zhang et al., 1998; Muscente et al., 2015a).
Phosphogenesis may produce phosphorites and other phosphatic facies
as well as phosphatized fossils (Glenn et al., 1994) and can occur in any
location where sediment pore water contains a high concentration of
dissolved phosphate. Such pore water develops in response to physical
and biogeochemical phenomena at multiple scales, including (1) large-
scale processes that enhance phosphorus availability in basins; (2) meso-
scale processes that facilitate phosphorus burial; and (3) local-scale
processes that promote phosphorus remineralization, phosphate
enrichment, and mineral precipitation in the sediment (Glenn et al.,
1994). Phosphogenesis ultimately occurs in microenvironments where
the phosphate concentration rises beyond supersaturation with respect
to apatite, leading to precipitation in sediment.

The two major sources of phosphorus in marine sedimentary basins
are oceanic upwelling of deep, nutrient-rich seawater and runoff of
weathering-derived phosphate from landmasses. Although phospho-
genic environments often develop in upwelling zones (Glenn et al.,
1994), it is unlikely the Posidonia Shale Lagerstatte received phosphorus
from upwelling. Data on the facies, stratigraphy, and palaeogeography
indicate it was deposited within a silled basin (Fig. 2) that did not readily
exchange water with the open Tethys Ocean (Rohl and Schmid-Rohl,
2005; Galasso et al., 2021). Therefore, the main input of phosphorus
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must have been fluvial runoff, which implies phosphatized fossils of the
Posidonia Shale Lagerstatte share their origin with the TOAE negative
carbon isotope excursion. This excursion was purportedly caused by a
climatic warming that increased delivery of nutrients to the ocean, and
thereby, stimulated bioproductivity, expanded oxygen minimum zones,
and increased organic matter burial (Jenkyns, 1985, 1988, 2010). Nu-
merical models, osmium isotopes, and other detrital proxies support the
inference that continental weathering rates were particularly high dur-
ing the Pliensbachian-Toarcian transition (Montero-Serrano et al., 2015;
Them et al., 2017b), perhaps two to five times greater than they were
prior to the event (Them et al., 2017b). Such circumstances suggest the
Southwestern German Basin received input of excess phosphorus, as
compared to normal conditions, thus promoting phosphogenesis during
the deposition of the Posidonia Shale. We posit the TOAE intensified the
existing oxygen minimum zones and phosphate delivery to the South-
western German Basin (e.g., Muscente et al., 2019), thus increasing the
possibility of conditions that favored exceptional preservation during
the TOAE interval.

Phosphorus enters sediment through burial of detrital apatite,
phosphatic skeletal elements (e.g., linguliformean brachiopod shells,
vertebrate bones, and teeth), organic matter, and iron oxide particulates
(Glenn et al., 1994; Filippelli, 1997). Crustacean carapaces and verte-
brate skeletons, which originally contained bioapatite, may have pro-
vided the phosphorus for their own mineralization (Martill, 1988; Briggs
and Kear, 1994); however, phosphatization of coleoid gladii and am-
monites must have been fueled by phosphate from other sources. Pos-
idonia Shale TOC values indicate that the depositional environment had
high organic matter burial rates, especial in the TOAE 5'>C excursion
(Fig. 5), and the abundance of pyrite in the unit suggests that iron-
(oxyhydr)oxide minerals were common in pore waters and bottom wa-
ters above the redox boundary (Riegraf et al., 1984; Rohl et al., 2001).
Thus, the largest fractions of pore water phosphate probably came from
(1) remineralization of phosphorus stored in organic matter, (2)
desorption of phosphate from iron-(oxyhydr)oxide (FeOOH) particu-
lates, and to a lesser degree (3) influx of phosphorus from continental
weathering sources.

5.4. Origins of auxiliary minerals in the Posidonia Shale

Phosphatized and calcareous fossils largely consist of apatite min-
erals but also contain an array of ‘auxiliary minerals’ that contribute
little mass to the fossils (e.g., pyrite, sphalerite, gypsum, barite, and
aluminosilicate minerals). We observed one coleoid gladius (Fig. 16)
that partly consists of calcite, and many partially pyritized ammonite
and bivalve shells (Figs. 6, 8), but observed no other cases where labile
tissues were replaced with auxiliary minerals. Auxiliary minerals occur
as (1) mineral crusts on calcareous and phosphatized fossils; (2) void-
filling cements in phosphatic remains; and (3) crack-filling cements
within specimens. Such cross-cutting relationships imply these minerals
formed after the apatite, and thus from processes following phosphati-
zation. The occurrence of auxiliary minerals in cracks within phosphatic
material suggest they also formed after phosphatized remains experi-
enced burial compaction.

Diagenetic calcite occurs in ammonite shells (Fig. 6F), crustacean
carapaces (Figs. 12E, 13E), coleoid gladii (Fig. 16C), wood (Fig. 17C),
and vertebrate teeth (Fig. 18C). It forms from precipitation of bicar-
bonate produced by sedimentary microbial processes (Briggs and Kear,
1994; Briggs and Wilby, 1996; Schiffbauer et al., 2014b; Muscente et al.,
2017), such as iron reduction, sulfate reduction, and methanogenesis
(Fig. 20). In addition to increasing pore water alkalinity, these processes
affect pore water pH thus influencing calcite and apatite mineral
formation.

The rate of calcium phosphate precipitation is usually low under
typical seawater pH (8.2). This is due to kinetic factors and the high
ambient concentration of bicarbonate, which limits the availability of
calcium by precipitating as calcite (Allison, 1988b; Briggs and Wilby,

28

Earth-Science Reviews 238 (2023) 104323

1996). In low pH conditions fostered by microbial processes (e.g., aer-
obic respiration, iron, and sulfate reduction) around the redox boundary
(Muscente et al., 2015a), existing calcium carbonate minerals are
destablized and calcium phosphate precipitation is favored (Lucas and
Prevot, 1991; Sagemann et al., 1999; Briggs, 2003). Below the redox
gradient, microbial processes (i.e., methanogenesis) contribute to alka-
linity and buffer pH reduction (Callow and Brasier, 2009). Thus, calci-
fication tends to occur below the redox boundary after phosphatization
(Schiffbauer et al., 2014b).

Pyrite and sphalerite likely formed in response to microbial sulfate
reduction (MSR) (Fig. 20); sulfate-reducing microorganisms obtain en-
ergy by oxidizing organic matter and using sulfate, rather than oxygen,
as an electron acceptor (Berner, 1970, 1984). This anaerobic process
produces hydrogen sulfide, which can react with circumambient iron or
zinc (depending on their availability) to precipitate sulfide minerals like
pyrite (Briggs et al., 1996; Guan et al., 2017; Muscente et al., 2019) and
sphalerite (Haymon et al., 1984; Spjeldnaes, 2002; Zabini et al., 2012;
Hawkins et al., 2018; Muscente et al., 2019). Pyrite and sphalerite ce-
ments in Posidonia Shale fossils likely formed from hydrogen sulfide
produced from degradation of labile tissues via MSR. When ammonite
and bivalve shells provided nucleation sites and/or organic matter
(Muscente and Xiao, 2015a), MSR drove partial pyritization of calcar-
eous structures (Figs. 6, 8). The framboidal pyrite in the matrix around
the fossils may have formed in the sediment (Berner, 1970, 1984) or
water column during periods of bottom water euxinia (Them et al.,
2018).

Pyrite framboids provide further evidence of oxygenation as fram-
boid size distribution is a proxy for marine redox conditions in fine
grained sediments (e.g., Wilkin et al., 1997; Wignall et al., 2005; Zhou
and Jiang, 2009). The growth of framboids in euxinic settings is
dependent on ambient buoyancy (Wilkin et al., 1996); due to hydro-
dynamic stability of framboids in suspension, they quickly sink through
the sulfate reduction zone, and so have little time to grow (Wilkin et al.,
1996; Wignall and Newton, 1998). In contrast, the duration of framboid
growth in dysoxic settings is dependent on sedimentation rate; there-
fore, when sedimentation rate is slow, framboids have more time to
grow in sediment pore waters and thus are larger than those from
euxinic settings. Pyrite framboids from the three specimens (Table 2) are
much more abundant in the matrix than on fossils, suggesting that
dysoxia and euxinia are common background conditions during sedi-
mentation and carcass emplacement. Moreover, framboids in the matrix
are smaller than those on the fossils (both average and maximum
framboid diameter, see Table 2). Framboid size data support the pro-
posed Posidonia Shale phosphatization model, with fossilization
occurring in more oxygenated intervals (e.g., Rodriguez-Tovar, 2021)
even with common dysoxic/euxinic conditions.

We observed gypsum covering several fossils, which tends to occur in
specimens encrusted by sphalerite and pyrite (Fig. 7). Unlike pyrite and
sphalerite (Muscente et al., 2017), gypsum tends to form in shallow
water environments with high rates of evaporation (Murray, 1964).
Because the Posidonienschiefer Fm. was deposited below fair-weather
wave base in a relatively deep marine basin, gypsum must have been
produced by other processes. Because Posidonia Shale fossils contain
high concentrations of pyrite and sphalerite, they may be prone to
chemical weathering, which can form gypsum (Martens, 1925). Sulfide
mineral (pyrite and sphalerite) oxidation produces sulfate that pre-
cipitates as gypsum through reaction with calcium ions released via
dissolution of calcium carbonate and calcium phosphate minerals (Rit-
sema and Groenenberg, 1993). Therefore, recent chemical weathering
represents the best explanation for the origin of the gypsum in Pos-
idonienschiefer Fm. fossils.

Phosphatized crustacean fossils commonly contain white or gray
aluminosilicate minerals (Figs. 12, 14); similar aluminosilicate minerals
have been reported in fossils from other deposits (Orr et al., 1998, 2009;
Gabbott et al., 2001; Page et al., 2008; Anderson et al., 2011; Cai et al.,
2012; Muscente and Xiao, 2015b; Muscente et al., 2016; Muscente et al.,
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2019), but in general, their origins remain uncertain, and causes of fossil
aluminosilicification vary from one deposit to the next. Some deposits
contain three dimensional fossils composed of authigenic clay minerals,
suggesting they experienced aluminosilicification prior to compaction
(Gabbott et al., 2001; Anderson et al., 2011; Cai et al., 2012). Other
deposits, like the Burgess Shale, contain carbonaceous compressions
with sheet silicate minerals that formed on the fossils due to late-stage
volatilization of carbonaceous material (Orr et al., 1998; Butterfield
et al., 2007; Page et al., 2008; Muscente et al., 2019); although recent
work suggest some minerals formed before metamorphism (Anderson
et al., 2021). Problematically, Posidonia Shale aluminosilicate minerals
do not resemble any of these well-described cases of fossil-associated or
fossil-related aluminosilicifcation. Instead, they have a distinct
emplacement mechanism, occurring as cements within cracks of phos-
phatic material and thus must have followed phosphatization, burial
compaction, and fracturing. Although Posidonia oil shales contain high
organic matter concentrations, crustacean fossils contain little carbo-
naceous material. It is, therefore, unlikely that these aluminosilicate
minerals represent sheet silicates produced by late-stage volatilization of
organic matter. Given that aluminosilicate cements occur in cracks that
also contain pyrite and sphalerite (Fig. 14E), they may have formed with
those minerals in response to MSR, which lowers pH, and causes
kaolinite mineralization in some environments (Gabbott et al., 2001). If
so, aluminosilicate minerals in the Posidonia Shale could represent
authigenic clays.

Some Posidonia Shale fossils are preserved with barite, which occurs
as mineral crusts on the surfaces of specimens (Fig. 15G), veins that
cross-cut lignite (Fig. 17A), and cements in the matrix around fossils
(Figs. 11E, 13E). Similar occurrences of barite have been reported from
other geologic deposits (Zabini et al., 2012; Broce and Schiffbauer,
2017), but their origins remain uncertain (Muscente and Xiao, 2015a;
Muscente et al., 2019). In modern marine environments, there are four
primary types of sedimentary barite: biogenic, hydrothermal, cold seep,
and diagenetic barite (Raiswell et al., 2002; Griffith and Paytan, 2012);
they differ in terms of crystal sizes and morphologies (Paytan et al.,
2002; Griffith and Paytan, 2012). Biogenic barite forms within plank-
tonic organisms and microenvironments near decaying organic matter,
and typically consists of ellipsoidal crystals <5 pm in diameter, whereas
hydrothermal and diagenetic barites occur as rosettes and diamond-
shaped clusters of bladed, tabular crystals <20 pm in diameter (Pay-
tan et al., 2002). In the Posidonia Shale, jet pieces are crosscut by veins
of barite with tabular crystals (Fig. 17C) that resemble hydrothermal
and diagenetic barites. Other fossils are preserved with barite crystals
that resemble those of biogenic origin (Figs. 11E, 13E). Given the
paucity of evidence for hydrothermal or volcanic influence in South-
western Germany, barite in fossils most likely has a biogenic and/or
diagenetic origin and may have precipitated due to sedimentary pro-
cessing of biogenic barite near nucleation sites on the fossils. When
biogenic barite becomes buried beneath the sulfate reduction zone
(Fig. 20), it dissolves and releases barium to sulfate-depleted pore water.
This barium-rich pore water diffuses upward into the sulfate reduction
zone, where it may mix with sulfate-rich fluid and precipitate as
diagenetic barite (Bolze et al., 1974; Brumsack and Gieskes, 1983;
Paytan et al., 2002; Griffith and Paytan, 2012). Alternatively, barite may
have formed in response to oxidative weathering of pyrite and sphalerite
in the presence of Ba-rich fluid or a drop in barite solubility with
diagenetic changes in fluid pressures and temperatures (Hanor, 2000;
Broce and Schiffbauer, 2017). Additional studies, including sulfur
isotope geochemistry of the barite, are required to test these hypotheses.

5.5. Origins of carbonaceous material

Ammonite shells (Figs. 6, 7), coleoid remains (Figs. 15, 16), and
wood fossils (Fig. 17) consist, in part, of carbonaceous material (e.g.,
kerogen, bitumen, and lignite). Although carbonaceous material may be
introduced through migration of kerogen (Muscente et al., 2018), it is
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more likely organic matter derived from the organisms themselves.
Nevertheless, Posidonia Shale fossils do not fit within classic definitions
of ‘carbonaceous compression-type’ fossils, as they exhibit topographic
relief and contain little organic matter. Posidonia Shale wood did not
collapse and coalesce into thin organic films (Rex and Chaloner, 1983;
Rex, 1986; Marti Mus, 2014), but experienced burial compaction and
carbonization, which transformed plant material into lignite; thus, jet
represents in situ plant remains. Similarly, carbonaceous material on the
surfaces of ammonite fossils may represent in situ remains of the peri-
ostraca and/or demineralized organic matrices of shells (Marti Mus,
2014; Muscente and Xiao, 2015a, 2015b). The absence of similar
carbonaceous layers on bivalve and crustacean fossils implies that it did
not migrate to ammonite surfaces.

Phosphatized coleoid ink sacs are separated from their gladius by a
layer of carbonaceous material, but the significance of this is unclear. In
some places, the layer contains sphalerite and pyrite (Fig. 16D), but we
hesitate to interpret these minerals as evidence of tissue replacement, as
none of the soft tissues are pyritized. Yet, the carbonaceous material
does not occur within cracks of the ink sacs, which also contain pyrite
and sphalerite. Given these observations, the carbonaceous layer most
likely represents the muscular ink gland wall (Anadon, 2019) or some
other consolidated organic matter from the animal.

5.6. Synthesis and preservational environment

Our data on fossil mineralization support a new taphonomic model
for the Posidonia Shale Lagerstatte (Fig. 20). The exceptionally pre-
served fossils include articulated remains of marine reptiles, fishes,
crinoids, and crustaceans. Given that prolonged decay and transport
lead to disarticulation, it is likely the organisms did not travel far from
their natural habitats, but instead, quickly reached the seafloor and were
buried within ‘soupy’ fine-grained mud (Bandel and Knitter, 1986).
Estimates suggest that this ‘soupy’ sediment, and the organisms’ re-
mains, decreased in thickness up to 98.5% with burial compaction
(Einsele and Mosebach, 1955; Bandel and Knitter, 1986). Compaction
occurred concurrently with fossil mineralization, but mineralization did
not proceed rapidly or pervasively enough ensure fossils retained their
original degree of three-dimensionality. Consequently, most fossils were
preserved with definite but limited topographic relief.

Our data suggest phosphatization happened before other minerali-
zation processes; many phosphatized fossils contain cracks that formed
due to burial compaction of phosphatic remains. Cracks are filled with
pyrite, sphalerite, and aluminosilicate minerals, implying those minerals
formed long after the apatite minerals that compose the bulk of the
fossils. If so, phosphatization must have occurred at relatively shallow
depths within the sediment. We hypothesize that there may be a rela-
tionship between the amount of apatite in a specimen and the extent of
its three dimensionality (in non-concretionary layers); the specimens
with the greatest topographic relief may represent cases of particularly
early or extensive phosphate mineralization, and vice versa. These ob-
servations suggest calcium phosphate and sulfide minerals formed
within distinct zones of the sediment.

After the D. tenuicostatum chronozone, the Posidonia Shale contains
little evidence of bioturbation outside of a few layers (Fig. 5) (van Acken
et al., 2019; Rodriguez-Tovar, 2021), suggesting that its depositional
environment developed chemically stratified sediment with microbial
zonation (Callow and Brasier, 2009). Beginning at the top of the water
column and proceeding down through the sediment (Fig. 20), micro-
organisms utilized metabolic pathways of respiration with the following
oxidants as electron acceptors: oxygen, nitrate, manganese, iron, sulfate,
and carbon dioxide (van Gemerden, 1993; Lyons et al., 1996). The
transition between aerobic respiration (oxygen) and denitrification
(nitrate reduction) zones signifies the boundary between oxic and
anoxic water. It is generally thought that the conditions near this redox
boundary, when below the sediment-water interface, favor phospho-
genesis and fossil phosphatization (Muscente et al., 2015a), as many
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physical and chemical processes that tend to promote phosphogenesis
are sensitive to redox conditions (Schiffbauer et al., 2014a; Muscente
et al., 2015a, 2019).

In general, there are four reasons that calcium phosphate minerals
form around the redox boundary. First, phosphogenesis generally occurs
in modern environments dominated by sulfate reduction (Arning et al.,
2009); although all the metabolic pathways contribute to reminerali-
zation of phosphorus from organic matter, MSR is the primary source of
remineralized phosphorus within sediment. Second, the cyclical iron
pumping process enhances the phosphate concentration in the iron
reduction zone; FeOOH particulates shuttle phosphate below the redox
boundary and limit its efflux from pore water to bottom water (O’ Brien
et al., 1990; Glenn et al., 1994; Okubo et al., 2018). When FeOOH
particulates with absorbed phosphate pass below the redox boundary,
the reduction of FeOOH to ferrous iron releases phosphate to pore water.
If the phosphate diffuses upward through the sediment profile, it may
become re-adsorbed onto FeOOH particulates and repeat the cycle.
Third, sulfur-oxidizing bacteria living just above the redox boundary
store polyphosphates in their internal vacuoles. When exposed to
hydrogen sulfide, these bacteria metabolize their polyphosphates and
release phosphate to pore water (Brock and Schulz-Vogt, 2011). This
polyphosphate metabolism can release enough phosphorus to force pore
water phosphate concentrations beyond typical supersaturation levels
and drive phosphorus mineralization (Schulz et al., 1999; Schulz and
Schulz, 2005; Arning et al., 2008, 2009; Goldhammer et al., 2010).
Lastly, anaerobic processes below the redox boundary (i.e., iron and
sulfate reduction) create low pH conditions that destabilize calcium
carbonate and favor calcium phosphate (Lucas and Prevot, 1991;
Sagemann et al., 1999; Briggs, 2003). Altogether, these redox-sensitive
processes suggest phosphatization occurred in the Southwestern
German basin during times of bottom water oxygenation.

Our model (Fig. 20) supports several hypotheses concerning the
redox conditions and geomicrobiological processes prevalent in the
Posidonia Shale depositional environment (Rohl et al., 2001; Sinha
et al., 2021). In particular, the model requires that deposition of the
Posidonienschiefer Fm. (particularly Member II) was punctuated by
short periods of bottom water oxygenation (Rohl et al., 2001; van Acken
et al., 2019; Rodriguez-Tovar, 2021). According to our model, Konser-
vat-Lagerstéatte fossils were not preserved during prolonged periods of
euxinia (Schouten et al., 2000; Rohl et al., 2001; Them et al., 2018), but
rather, in environments with oxic and/or dysoxic bottom water, which
have been recognized in paleoecological studies (Rohl et al., 2001; Rohl
and Schmid-Rohl, 2005; Rodriguez-Tovar, 2021). Fossils may have been
preserved during ephemeral pulses of oxygenation or within environ-
ments at the mobile boundaries of anoxic water bodies in oxygen min-
imum zones, as proposed in Muscente et al. (2019). In either case, it is
likely the TOAE event enhanced exceptional preservation via phospha-
tization by (1) enhancing the flux of phosphate from the continent to the
ocean and (2) promoting the release of phosphorus from sediment in
environments with anoxic bottom water (Fig. 20), thereby trapping
phosphate in the water column and making it available for phospho-
genesis at places and times with bottom water oxygenation (Muscente
etal., 2019; Sinha et al., 2021). Anoxic conditions likely delayed carcass
disarticulation and inhibited soft-tissue decay prior to mineralization
(Muscente et al., 2019; Sinha et al., 2021). Thus, the model corroborates
the hypotheses that Oceanic Anoxic Events (Muscente et al., 2017;
Martindale et al., 2017), and specifically the TOAE (Muscente et al.,
2019; Sinha et al., 2021), amplify exceptional fossil preservation via
phosphatization.

Posidonia Shale taphonomic pathways did not end with phosphati-
zation; ammonite shells experienced a combination of geological and
geomicrobiological processes during diagenesis. The traditional model
for the preservation of ammonites relates their origin to four concurrent
and interrelated processes in sediment: (1) microbial degradation, (2)
secondary mineralization, (3) shell dissolution, and (4) burial compac-
tion (Seilacher et al., 1976). Microorganisms broke down the labile
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tissues of the ammonite animal as well as the periostracum and organic
matrix of its shell, producing chemical by-products (e.g., HaS, HCO3,
HPOZ, and H" among others, Fig. 20) that precipitated as secondary
replacement minerals and cements (Briggs, 2003; Muscente et al.,
2017). These metabolic pathways led to secondary mineralization of
many shells with calcium carbonate, calcium phosphate, and pyrite.
Concurrently, they caused a net production of H' (decline in pH)
causing the dissolution of aragonite (Dullo and Bandel, 1988), and the
compaction and preservation of the remaining organic matter (Seilacher
et al., 1976). Our observations of ammonite shells with carbonaceous
layers on calcite suggest aragonite dissolution did not always proceed to
completion; specimens may, instead, represent degrees of taphonomic
demineralization (Muscente and Xiao, 2015a, 2015b).

6. Implications for other Konservat-Lagerstatten: synthesis of
new and existing data

Various workers have attempted to sort Konservat-Lagerstatten into
functional categories (Seilacher, 1970; Seilacher and Westphal, 1971;
Seilacher et al., 1985). Notably, Seilacher et al. (1985) proposed a
conceptual framework for classifying Konservat-Lagerstatten with
respect to three factors responsible for their formation: stagnation,
obrution, and diagenesis (e.g., “bacterial sealing”). According to this
classification, these factors do not represent distinct categories, but
exemplify end-members of a continuous spectrum of environmental
regimes that allow exceptional preservation, with Konservat-Lager-
statten distributed across this spectrum based on the relative degrees to
which their preservation depended on the three processes. The classifi-
cation does not consider other factors that affect fossilization (e.g., sea
level, geochemical conditions, and environmental setting), and is based
on qualitative assessments of the fossil record. Nevertheless, the classi-
fication has been widely cited in discussions of Konservat-Lagerstatten
due its practicality and wide applicability.

The Posidonia Shale represents the archetype Konservat-Lagerstatten
preserved in stagnant basins (Seilacher, 1970; Seilacher and Westphal,
1971; Seilacher et al., 1985). Other ‘stagnation deposits’ include the
Solnhofen (Keupp et al., 2007), Nusplingen (Dietl and Schweigert,
2004), Crato (Heimhofer et al., 2010), Osteno (Pinna, 1985), Monte
Solane (Giusberti et al., 2014), Pesciara di Bolca (Papazzoni and Tre-
visani, 2006), Las Hoyas (Buscalioni and Fregenal-Martinez, 2010),
Vallecillo (Ifrim et al., 2007), El Rosario (Ifrim et al., 2007), and Ya Ha
Tinda (Martindale et al., 2017; Muscente et al., 2019) deposits, among
others. Many, if not most, stagnation deposits contain phosphatized
fossils (Pinna, 1985; Briggs et al., 2005; Ifrim et al., 2007; Muscente
et al., 2019), which occur in thinly-laminated fine-grained rocks with
minimal, varying evidence of bottom water currents, bioturbation, and
infaunal life. Most workers have argued that fossils were preserved in
anoxic depositional environments (Dietl and Schweigert, 2004; Papaz-
zoni and Trevisani, 2006; Ifrim et al., 2007; Heimhofer et al., 2010), but
these interpretations remain open to debate; few deposits have received
the same level of attention from fossil collectors, professional geologists,
geochemists, and other academics as the Posidonia Shale. In this
context, the taphonomy of the Posidonia Shale may shed light on the
origins of these other deposits. Our findings indicate that exceptional
fossils were preserved via phosphatization beneath (sub)oxic rather than
anoxic bottom water (Fig. 20) and similar preservational models likely
apply to other stagnation deposits with phosphatized fossils (Pinna,
1985; Briggs et al., 2005; Ifrim et al., 2007; Muscente et al., 2019).

Our Posidonia Shale taphonomic and paleoenvironmental model
clarifies the role anoxia plays in exceptional preservation. Historically, it
has been debated whether exceptional preservation occurred in depo-
sitional environments where anoxic conditions were limited to sediment
or occurred in the water column (Seilacher et al., 1985; Kauffman, 1981;
Rohl et al., 2001); our model implies the former. Although stagnation
leads to development of low oxygen conditions, thus limiting predators,
scavengers, and aerobic microbes that degrade soft tissues, bottom
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water anoxia does not guarantee survival of soft tissues—anaerobic
microorganisms break down organic matter as rapidly as aerobic bac-
teria (Allison, 1988b). Constructive processes, therefore, are necessary
to ensure their preservation. Posidonia Shale phosphatized fossils, as
well as those in other stagnation deposits (Pinna, 1985; Briggs et al.,
2005; Ifrim et al., 2007; Muscente et al., 2019), support the hypothesis
that stagnation leads to exceptional preservation by promoting fossil
mineralization (Muscente et al., 2019; Sinha et al., 2021).

Our model implies that stagnation affects fossil mineralization in two
ways. First, stagnation leads to the origination and expansion of anoxic
water masses that trap nutrients in basins (Muscente et al., 2019; Sinha
etal., 2021). These anoxic water masses do not guarantee survival of soft
tissues, but their nutrients represent potential fuel for phosphatization in
nearby environments with (sub)oxic bottom water (Fig. 20). Second,
stagnation contributes to the formation of environments where the oxic/
anoxic boundary is located just below the sediment-water interface.
These environments variably develop (1) along the boundaries of anoxic
water masses and (2) during ephemeral pulses of seafloor oxygenation in
otherwise anoxic settings (Fig. 20). Such environments are conducive to
fossil mineralization because they have steep redox gradients, which
cause geomicrobiological processes (e.g., MSR and iron-pumping) to
become localized to distinct sedimentary zones and microenvironments
(Schiffbauer et al., 2014b; Muscente et al., 2015a, 2017); the focused
geomicrobiological processes in these microenvironments produce
chemical by-products that drive mineralization of soft tissues via phos-
phatization, silicification, pyritization, and other processes (Briggs et al.,
1991, 1996; Muscente et al., 2015a, 2019; Guan et al., 2017). Although
the same processes occur below anoxic bottom water, they are not
localized to the sediment; as a result, chemical by-products of the pro-
cesses may less frequently become sufficiently concentrated for soft
tissue mineralization. If so, anoxic bottom water may actually hinder
exceptional preservation by impeding preservational processes like
phosphatization, silicification, and pyritization. This conclusion implies
that exceptional preservation in stagnation deposits occurs in interme-
diate environments between fully oxic and anoxic conditions, unless
there are high sedimentation rates that facilitate rapid burial, thereby
ensuring organisms reach anaerobic zones of mineralization or bypass
them (Seilacher et al., 1985; Brett et al., 2012; Schiffbauer et al., 2014b).

The model helps explain the geospatial distribution of Konservat-
Lagerstatten. Exceptionally preserved fossil assemblages occur in clus-
ters but are not homogeneously distributed across geographic and
stratigraphic space (Muscente et al., 2017); the frequencies and char-
acteristics of fossils vary across regions, even those representing seem-
ingly uniform paleoenvironments. Konservat-Lagerstatten occur in Early
Jurassic bituminous rocks at various locations in Europe (Doyle, 1990;
Rohl et al., 2001; Ansorge, 2003), most of which were deposited beneath
the European Epicontinental Sea during the TOAE (Fig. 2). Yet, some
deposits yield far greater numbers of fossils than others (Ansorge, 2003),
and some yield no fossils. In some basins, exceptionally preserved fossils
seemingly occur at discrete locations; our model suggests these patterns
reflect the complex relationship between anoxia and exceptional pres-
ervation. If stagnation deposits like the Posidonia Shale tend to form in
environments with steep sediment-water interface redox gradients
rather than locations where anoxic bottom water is present, exceptional
preservation must have principally occurred along the boundaries of
anoxic water masses during the TOAE. This interpretation accounts for
the limited number of marine Lagerstatten of Toarcian age in Europe.
Assuming anoxia dominated in the various basins of Europe during the
TOAE, Lagerstatten may have only been preserved at intervals where the
oxic/anoxic boundary intersected the seafloor.

7. Conclusions
Despite its long history of study, the Posidonienschiefer Fm. con-

tinues to provide new insights into the taphonomy of exceptionally
preserved fossils. The Posidonia Shale is considered the best example of
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a stagnation deposit; our review and new data affirm that exceptional
fossils were preserved via phosphatization during the TOAE, when
widespread anoxic conditions existed in the Southwestern German
Basin. Anoxic conditions promoted preservation of articulated multi-
element skeletons and soft tissues by not simply limiting the activities
of aerobic predators, scavengers, and microorganisms, but promoting
the release of phosphorus from sediment, trapping the phosphate in the
water column of the basin, and creating environments with steep redox
gradients that were conducive to phosphatization. Contrary to tradi-
tional notions, the fossils were not preserved beneath anoxic bottom
water; phosphatization occurred around the oxic/anoxic boundary,
which was located within the sediment. Therefore, exceptional preser-
vation happened in environments with at least partly oxygenated bot-
tom water; oxygenation was not only necessary for benthic colonization,
but it is also required for exceptional fossilization in the Posidonia Shale
Lagerstatten. These environments were probably located along the
boundaries of anoxic water masses or developed during ephemeral
pulses of seafloor oxygenation. This new model provides an explanation
for the heterogenous distribution of Toarcian-aged marine Lagerstatten
across Europe and accounts for the origins of comparable stagnation
deposits. Anoxia is crucial for exceptional preservation, but its role is
indirect; the best environments for exceptional preservation do not have
anoxic bottom water, but rather, steep redox gradients across the
sediment-water interface, high sedimentation rates, and other factors (e.
g., microbial mats) that enhance the likelihood organisms experience
diagenetic mineralization and/or bypass major pathways of anaerobic
decay.
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