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Abstract

The bituminous black pelite of the Messel UNESCO world heritage site is an exceptional palaeobiological archive from the
Middle Eocene greenhouse climate. The pronounced homogeneity of the annually laminated pelite through a time interval
of 640 kyr complicates the relative stratigraphic classification of fossil remains and is, thus, largely dependent on particular
marker horizons within the uniform sedimentary column. We analyzed the most prominent marker horizon M using petro-
graphic microscopy, X-ray powder diffraction, and electron probe microanalyses to identify and characterize its structure
and phosphate-dominated mineralogy. Based on our analytical data, we suggest that this phosphatic marker horizon resulted
from the exceptional combination of external tephra enclosed in bacteria and algae-rich layers, producing a coupled phos-
phorus and cation diffusion during diagenesis. Mantienneite (KMg,Al, Ti(PO,),(OH); e 15H,0) is documented for the first
time in the Messel fossil deposit. The diagenetic succession of messelite, montgomeryite, and mantienneite precipitation
reflects the internal heterogeneities in primary mineral composition of an ash layer. Kerogen maturation and hydrocarbon
migration produced acidic, reducing pore fluids with high P concentration, which enhanced the mobility of Al and Ti. The
mantienneite-forming reaction marks the change from a regime of reducing to oxidizing conditions. With the deposition and
diagenesis of the marker horizon M, a singular event is preserved in a sedimentary sequence otherwise regarded as largely
uniform over a time span of about 640 kyr.
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Introduction others, to reconstruct changes in the fossil composition

in space and time as well as identify inherent changes in

The Lower to Middle Eocene bituminous, finely laminated
black pelite (‘oil shale’; Lenz et al. 2015) of the Messel
UNESCO world heritage site near Darmstadt, Germany
(Fig. 1), is famous for its unique, exceptionally well-pre-
served fossils. Since the 1970s, scientific excavations took
place in the former open-cast mine, with the aim, among
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paleoclimate and biodiversity (e.g., Lenz et al. 2011, 2015;
Micklich 2002, 2012; Tiitken 2014; Richter et al. 2017; Lenz
and Wilde 2018). The sediments were deposited in a nearly
isolated Eocene maar lake (Schulz et al. 2002; Felder and
Harms 2004) with occasional inflows during water high
stands in the surroundings (Micklich 2002, 2012; Richter
et al. 2013). In his comprehensive work on the Messel sedi-
ments, Goth (1990) described a 140 m thick sequence of
‘oil shale’ (Middle Messel Formation, Weber and Hofmann
1982). Another 60 m thick black pelite on the top was mined
during industrial use in the nineteenth and twentieth century.
During the lithogenesis of the Messel black pelite, facies
conditions and sedimentation rate remained stable (Goth
1990; Lenz et al. 2011). Based on a constant sedimentation
rate of 0.14 mm/year, a finely laminated, highly bituminous
pelite formed during a long-term stable meromictic phase,
which might have lasted about 640 kyr (Lenz et al. 2011,
2015; Lenz and Wilde 2018).
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Fig.1 a Geological map showing the location of the Messel pit in
relation to other Palacogene sites in the area (modified after Harms
et al. 1999; Lenz et al. 2011), b Profile of the Messel 2001 core
including the oil shale (black pelite) with positions of the marker

The macroscopically uniform appearance of the black
pelite naturally complicates the stratigraphic classification
of fossils during excavations. Several marker horizons were
discovered in the Middle Messel Formation (MMF) that
facilitate the relative stratigraphic classification (Fig. 1). So
far, the stratigraphically oldest marker horizons, «, 3, and y
(Franzen et al. 1982), have been described macroscopically
but not analyzed in detail. It has been suspected that the
marker horizons o and f are tephra (Weber 1988). Another
marker horizon, the so-called “double messelite horizon”
(Muthmann 1890), was recognized as an additional marker
horizon for excavations younger than a (Schaal et al. 1987).
Messelite crystal growth in this horizon almost completely
erased the primary sedimentary structures (Goth 1990).

This study focusses on the youngest marker horizon,
the “Marker Horizon M” (MH M; Schaal et al. 1987) that
consists of an up to 30 mm thick tripartite layer of phos-
phate minerals, with bands of messelite crystals enclosing a
montgomeryite-rich band (Schaal 1992; Schaal et al. 1987;
Goth 1990; Felder and Harms 2004; Felder 2007; Fleck
and Kolitsch 2003). The thickness of the material studied
here varies from~ 15 to 20 mm within a few centimeters
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Messel oil shale
Sand, gravel with oil shale
Fine gravel to clay, tuff, mostly graded

Amphibolite blocks, graded matrix with sand
and clay

E.2] Gravel to clay, tuff, mostly graded

Lapilli tuff
= Breccia (amphibolite, granite, granodiorite,
Rotliegend sandstone), graded

horizons M (3.91 m), a (27.36 m), p (42.4 m), and y (44.4 m) (mod-
ified after Franzen et al. 1982; Felder and Harms 2004; Lenz et al.
2011)

distance. However, the phosphatic horizon is usually con-
sidered to show a fairly uniform thickness and mineralogy
across the entire former maar lake (Felder and Harms 2004)
and is commonly used as a reference horizon for the rela-
tive stratigraphic positions of fossils (e.g., Micklich 2012;
Tiitken 2014; Richter et al. 2017).

Various hypotheses exist on the formation of MH M.
Previous studies agree that the marker horizon precipitated
directly at the sediment—lake interface with an external or
internal phosphorus source. After Schaal et al. (1987) and
Schaal (1992), the formation and arrangement of the crystal
aggregates show that the phosphate mineral layer formed
directly at the lake bottom. The source material is suspected
to be a phosphate sludge representing a single event that
marks a special hydrochemical and time-limited process
within the normal sedimentation sequence. A phosphate-rich
surface inflow from the hinterland or by phosphate-saturated
groundwater inflow could have transported the source mate-
rial. Goth (1990) rejected the phosphate sludge hypothesis
of Schaal et al. (1987) and postulated a precipitation at the
sediment—water interface that resulted from an upward
P-rich fluid influx from the sediment into the lake water at
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anaerobic conditions. The chemical processes required for
this process have yet to be explained. Felder (2007) advo-
cates a microbial mat hypothesis. In this scenario, MH M
formed when all the water of the normally meromictic Lake
Messel became oxygen rich for a short time so that an aero-
bic microbial mat grew on the sediment surface. Only lit-
tle phosphorus could dissolve in the water column near the
sediment—water interface. As a result, a strong concentra-
tion gradient existed between the phosphate-rich pore water
and the phosphate-poorer lake water, so that phosphate in
the pore water migrated toward the microbial mat-covered
sediment surface. After the onset of anoxic conditions, phos-
phate accumulated in the microbial mat was released, which
subsequently led to montgomeryite and messelite precipita-
tion from the lake bottom water (Felder 2007).

In this study, we use X-ray powder diffraction and elec-
tron microprobe analysis to characterize the structure and
mineralogy of the MH M. We use these results to clarify
the precursor composition and depositional mode of MH M,
and identify the diagenetic mineral precipitation sequence.
To the best of our knowledge, this study provides the first
clear evidence for a singular tephra deposition event in the
fossil-rich Messel sedimentary sequence otherwise regarded
as largely uniform through a time interval of about 640
kyr. Our results and model may also provide an important
contribution to the study of the response of ecosystems in
volcanically disturbed habitats and diagenetic phosphatiza-
tion processes coupled with hydrocarbon mobilization in
organic-matter-rich environments.

Geological setting

The Messel pit is located on the Sprendlinger Horst, the
northern extension of the Odenwald Mountains basement,
which is flanking the Upper Rhine Graben to the northeast
in Southwest Germany (Fig. 1a). The Sprendlinger Horst
consists of a Paleozoic metamorphic and magmatic base-
ment with a cover of Rotliegend (Lower Permian) sediments
and Permian basaltic lava flows (“Melaphyr”) (Marell 1989).
Several small, nowadays isolated basins filled by lacustrine
sediments of Paleogene age are known from the area, some
of which have been studied from drill cores and mining.
Most of them represent the filling of maar-type volcanic
structures (e.g., Jacoby et al. 2000; Felder and Harms 2004;
Moshayedi et al. 2018, 2020). This includes the Eocene
maar lake of Messel, which is well known for the excep-
tional preservation of fossils and was a goal of numerous
paleoenvironmental studies (e.g., Lenz et al. 2007, 2011;
Richter et al. 2017).

Associated with the Upper Rhine Graben formation,
intraplate magmatism and volcanism were initiated, appar-
ently influenced by the Alpine collision-related stress
regime (Sissingh 2003). Several small Tertiary volcanoes

are located along the northern margin of the URG, i.e., in
the Taunus Mountains of the Hunsriick—Taunus Mountain
Range and on the eastern shoulder of the northern URG, i.e.,
the Sprendlinger Horst (e.g., Berger et al. 2005a,b; Reis-
chmann et al. 2011; Lutz et al. 2013). More than 30 locations
of deeply eroded volcanoes (<200 m) and proven maars
on the Sprendlinger Horst document the Paleogene off-rift
volcanism (Maccaferri et al. 2014; Biichel and Schaal 2018).
This Early Paleogene volcanism shows its main phase of
activity on the Sprendlinger Horst as low-SiO, volcanism
between ca. 50 and 45 Ma (Mertz and Renne 2005; Lenz
et al. 2015). The former maar filling of Messel is the best
known and studied occurrence of Paleogene sediments on
the Sprendlinger Horst.

The Messel phreatomagmatic eruptions are attributed to
the reactivation of a Variscan “Messel Fault Zone” during
initial opening of the Upper Rhine Graben (Jacoby et al.
2000; Mezger et al. 2013). Prior to the formation of the
Messel Maar, there existed a massive sequence (of unknown
thickness) of country rock consisting of breccia, conglomer-
ates, massive basaltic lava flows from the Saar Nahe Basin
(Melaphyr) in the WSW, and sandstone, all from the Lower
Rotliegend (Permian; Marell 1989). Today, the sequence is
preserved as relicts with a maximum thickness of 66 m near
the pit’s eastern edge (Marell 1989; Felder and Harms 2004).
Below this sedimentary cover, the Sprendlinger Horst bed-
rock around Messel consists of granodiorites, diorites, and
amphibolites as shown by analysis of the diatreme breccia
section of the scientific well Messel 2001 (Felder and Harms
2004; Mezger et al. 2013).

The phreatomagmatic eruptions ended with 130 m thick
lapilli to ash tuffs, with lapilli tuffs clearly predominating.
Juvenile parts are mainly basaltic ashes and spherical lapilli
of 1-20 mm diameter. Parts of the accretionary lapilli have
a nucleus of granodiorites, amphibolites, or titaniferous
magnetite (Felder and Harms 2004; Nitzsche et al. 2006).
These rocks formed the Messel Maar crater wall to varying
degrees, with the youngest layers of the crater wall likely to
have consisted preferentially of basaltic accretionary lapilli
tuffs and ashes. All the Eocene country rock within the crater
wall contributed to the Messel black pelite in form of runoffs
of weathering debris and solutions.

Lithology

The classical “Messel oil shale” of the Middle Messel For-
mation (MMF) is characterized by a more than 90 m thick
continuous succession of finely laminated bituminous pelite
(Weber and Hofmann 1982; Felder and Harms 2004; Lenz
et al. 2011) with several marker horizons (Fig. 1b). This
pelite represents a long-term stable meromictic phase in
Lake Messel without major sedimentological fluctuations
over a period of about 640 kyr (Goth 1990; Lenz et al. 2011).
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The alternation of fine dark and light laminae reflects an
annual stratification caused by blooms of the coccal green
alga Tetraedron minimum (light laminae), or, in the upper
part of the MMF, by the green alga Botryococcus sp. inter-
rupting a continuous background sedimentation (dark, bitu-
minous clays) (Goth 1990; Lenz et al. 2007).

The black pelite is mainly composed of smectite with
minor kaolinite, illite, and zeolites (cf. Weber and Zimmerle
1985; Kubanek et al. 1988). Traces of potassium feldspar
show a high barium content and those of biotite a marked
chromium content. Prismatic chlorapatite is a typical acces-
sory mineral in heavily altered rock fragments of presumably
basic volcanic origin. The shale matrix contains abundant
mixed Fe—Ti oxides and minute Cr-spinel. Major and trace
element compositions of the Messel black pelite deviate
significantly from the worldwide clay and shale average. It
displays low Na,O and K,O, high TiO, and Fe,0;, as well
as high V, Sr, Zr, and Nb. Most analyses fall into the basan-
ite—nephelinite field providing strong evidence for the basic
volcanic ancestry of the Messel black pelite (Kubanek et al.
1988). After deposition, the primary mafic minerals such
as olivine, pyroxene, and/or hornblende quickly altered to
clay minerals (Kubanek et al. 1988). The phosphate con-
tent of the sediment averages between 0.91 and 3.20% P,Os,
according to analyses from the mining area (Matthess 1966).

After the biogenic and abiogenic sedimentation, several
authigenic minerals formed during early diagenesis (e.g.,
Goth 1990; Felder 2001), of which the phosphates of MH M
are of interest here. A locally high phosphate content in the
pore water of the Messel sediments is evidenced by two dm
thick horizons with minor randomly distributed messelite
crystal aggregates (double messelite horizon; Muthmann
1890; Schaal et al. 1987; Goth 1990), phosphatized algae
(Richter et al. 2013), and a microbially mediated phosphati-
zation of fish and crocodile coprolites (Schmitz 1991; Liebig
et al. 1996).

Materials and analytical methods

The material was sampled on the lowest level of the Mes-
sel pit (center of the basin; see Fig. 1 in Schaal et al. 1987
for the distribution of MH M), 8 km north of Darmstadt
(Germany) and is deposited in the Mineralogical Section
of the Senckenberg Research Institute in Frankfurt M under
the collection number SMF 12639a. Another piece of the
sample is deposited in the Mineralogical Collections of the
Museum of Mineralogy and Geology in Dresden (Collection
No SMF 12639b).

X-ray powder diffraction data were recorded on a PAN-
alytical Empyrean diffractometer using CuKa radiation
(A=1.54060 A) at 40 kV and a tube current of 40 mA. Sam-
ples were prepared with a diamond file and scanned on a
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rotating stage at 2.5°26/min (step size 0.013°20) from 7 to
60°28. Polished, carbon-coated thin sections were prepared
for electron microprobe analysis (EMPA) and backscattered
electron (BSE) imaging. A JEOL JXA 8200 Superprobe,
operated at an acceleration voltage of 15 kV, 20 nA beam
current, and 5 pm beam diameter was used to determine
the chemical composition of individual minerals using the
wavelength-dispersive (WDX) detectors. The acquisition
time for Na analysis was 5 s on peak and 5 s on background.
The peak and background of other elements were measured
for 10 s each. The spatial distribution of Si, Ti, Al, Fe, Mg,
Ca, Na, K, P, and S was mapped at a probe current of 30
nA and 80 ms counting time per 15 pum pixel size (beam
diameter of 1 pm).

Results

Petrographic microscopy (Fig. 2) and powder X-ray diffrac-
tion (Fig. 3) show that the marker horizon M consists of
phosphates and trace silicates forming three texturally and
mineralogically distinct bands separated by a black pelite
layer: (i) a~6 mm thick lower band of radial, flattened
aggregates of columnar messelite crystals, (ii) a~9 mm thick
central band dominated by montgomeryite globules embed-
ded in a messelite groundmass and extensively replaced by
the Ti—K phosphate mantienneite, and (iii) a~5 mm thick
upper messelite band consisting of parabolic bundles of
upright columnar crystals. In contrast to the upper mes-
selite band showing an upward crystal growth direction,
messelite at the interface of the central band with the lower
messelite band consists of an about 80 um thick veinlet of
downward pointing parabolic bundles, followed by radial,
flattened aggregates. Importantly, only the lower and upper
messelite bands contain laminated black pelite fragments.
These are commonly fractured and bent by messelite crystal
growth (Fig. 2b—c). A late generation of messelite fills ver-
tical veins that transition into narrow ridges on the marker
horizon surface.

While the lower and upper messelite bands have a com-
parably uniform mineralogical composition, the central
band shows complex intergrowth and replacement rela-
tionships between phosphates and relict primary minerals
(Fig. 4). The chemical composition of phosphates obtained
with electron microprobe WDX spot analysis is collated in
Table 1. The most abundant silicates in the central band are
micrometer-sized silica spheres and sphere agglomerates.
Silica spheres occur in messelite and as an infilling of crystal
and glass shard-shaped pore space in mantienneite (Fig. 4b,
d). EMP-WDX spot analysis of the silica spheres yields a
composition (in wt%): SiO, ~96, Al,05 0.31, FeO,,; 0.08,
and K,0 0.06, on average. Their spherical micromorphology
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Fig.2 Thin section micrographs of the marker horizon a and its
lower and upper messelite bands b—c, a The top and bottom messelite
bands comprise of messelite intercalated with black pelite fragments
and enclose a central band with a messelite groundmass, zoned mont-
gomeryite globules, and mantienneite. Vertical messelite veins (left
side, white arrows) crosscut the entire marker horizon. The large

* Montgomeryite'
® Mantienneite

Centralband %

X-ray intensity (a. u.)

Messelite
bands

10 20 30
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Fig. 3 Diffractograms of the lower and upper messelite bands (bot-
tom) and the central montgomeryite-rich band (top) of the Messel
marker horizon M. The messelite bands are primarily free of mineral
impurities other than minor black pelite. The central band contains
messelite and abundant montgomeryite (stars) and mantienneite (cir-
cles). Diffractograms are shifted for clarity

and chemical composition are consistent with opal-A (e.g.,
Liesegang and Milke 2014).

In the central band, messelite (idealized formula
Ca,(Fe?*, Mn**)(PO,), ® 2H,0) forms the groundmass and
occurs as corroded blocky crystals with well-developed
cleavage and less commonly as radially fibrous globules
(Fig. 4a, b). The chemical composition of messelite in the
entire marker horizon differs insignificantly, which includes
the late vertical vein. Montgomeryite forms ~200-2000 um
large globules consisting of radially fibrous crystals

highlighted area was selected for detailed WDX element distribu-
tion mapping (Fig. 4e-j), b—c Black pelite (dark brown color; black
arrows) is bend and fractured by early parabolic (b) and radial (c)
messelite crystal growth in the upper and lower band, respectively,
indicating black pelite deformation and fracture after consolidation

(idealized formula Ca,MgAl,(PO,)s(OH), ® 12H,0). Occa-
sionally, montgomeryite replaces messelite in the form of
slender prisms (Fig. 4b). The bottom messelite band contains
very few montgomeryite globules < 50 um (Fig. 4i). Among
the phosphates in the marker horizon, only montgomeryite
contains trace quantities of relict apatite, Fe oxide/hydrox-
ide, ilmenite, pyrite, alkali feldspar (~50% albite), TiO,,
and titanite, generally with crystal sizes <30 pum (Fig. 4a,
¢). Most of the enclosed ilmenite is extensively corroded to
TiO, and Fe oxide/hydroxide. Trace mineral impurities pro-
duce a core-rim zoning (dark core, light rim) of the globules
in transmitted light.

Element distribution mapping and BSE imaging show that
mantienneite (idealized formula KMg,Al,Ti(PO,),(OH); e
15H,0) occurs dominantly in the upper half of the central
band (Fig. 4). Mantienneite develops radially columnar
to fibrous spherules and rarely single columnar crystals,
replaces montgomeryite globules and the messelite ground-
mass, and forms bands with abundant silica-filled pore
space. This pore space is up to~ 100 um large, randomly
oriented, and resembles stubby prismatic crystals and glass
shards with platy morphology (Fig. 4d).

Discussion

We used petrographic microscopy, powder X-ray diffraction,
and electron beam microanalysis to identify and characterize
the structure and mineralogy of the singular marker hori-
zon M in the Lower to Middle Eocene bituminous black
pelite of the maar lake Messel. The marker horizon rep-
resents a short exceptional sedimentation episode with a
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Fig.4 BSE images a-d of the mineral assemblage in the central
band and quantitative WDX maps e—j across the marker horizon M, a
Montgomeryite (Mont) globules in a messelite (Mes) matrix replaced
by mantienneite (Mant). Only montgomeryite contains relict primary
minerals, e.g., alkali feldspar (Afs), b Slender montgomeryite prisms
and fibrous to columnar mantienneite replace messelite with abun-
dant opal-A spheres, ¢ Columnar mantienneite replaces montgomery-
ite with relict apatite (Ap), d Mantienneite enclosing partially silica

@ Springer

sphere-filled pore space resembling stubby euhedral crystals (arrows)
and glass shards, e—j WDX element distribution maps for Si, Fe, Al,
Mg, and Ca of the marker horizon M. Silicon is enriched in black
pelite layers and opal-A microspheres predominantly in messelite of
the central band. Mantienneite has the highest Mg (i) and lowest Ca
(j) concentration of the analyzed phosphates. Warmer colors repre-
sent higher concentrations
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Table 1 Chemical composition (given in wt%) of phosphates by elec-
tron microprobe analysis. DL denotes detection limit. H,O by differ-
ence

Messelite Messelite vein  Montgomeryite Mantienneite

P,0s  39.09 38.73 35.95 32.18
TiO, <DL <DL 0.25 8.95
AlL,O;  0.06 0.16 16.34 10.81
FeO 14.09 13.90 1.19 3.03
MnO  2.65 3.40 0.13 0.22
MgO 143 1.19 3.37 7.69
CaO 30.99 31.01 18.72 0.44
Na,0O <DL <DL <DL 0.18
K,O <DL <DL <DL 3.85
H,0 11.69 11.62 24.05 32.66
Na - - - 0.05
K - - - 0.72
Fe?t 071 0.71 - -
Mn 0.14 0.17 0.02 0.03
Mg 0.13 0.11 0.99 1.68
Ca 2.01 2.02 3.95 0.07
Al - 0.01 3.80 1.87
Fe** - - 0.18 0.33 *
Ti - - - 0.99
P 2.00 2.00 6.00 4.00

Number of ions based on P=2 (messelite), 6 (montgomeryite), and 4
(mantiennéite)

*According to Fransolet et al. (1984), Fe in mantienneite is Fe**

supraregional origin, which cannot be explained by run-off
debris from the crater wall or from an external inflow by
chemical and textural interpretation of the sediment. The
phosphate mineral assemblage of messelite, montgomeryite,
and mantienneite indicates a significant change of the sedi-
ment composition characterized by an enrichment of, e.g., P
and Ti, that is exceptional during a Lake Messel depositional
history of about 640 kyr (Lenz et al. 2011, 2015; Lenz and
Wilde 2018). The vital elements to reconstruct the marker
horizon formation are the precursor composition, phospho-
rus sources and transport, and fluid—mineral interaction pro-
cesses that control the mineralogy.

Marker horizon precursor sediment

The formation of abundant montgomeryite and mantienneite
within the marker horizon M implies a bifurcation of the
depositional process and sediment precursor composition.
The rather uniform thickness of the marker horizon across
the entire Lake Messel and compositional singularity argues
against sedimentary input from the crater wall. Trace miner-
als such as alkali feldspar, apatite, and mixed Fe—Ti oxides
occur throughout the black pelite of the Middle Messel

Formation (Weber and Zimmerle 1985; Kubanek et al. 1988)
and the ~9 mm thick central band of the marker horizon.
However, only the marker horizon contains montgomeryite
and mantienneite. This indicates a significant change of the
sediment composition not found elsewhere within 640 kyr
of Lake Messel sedimentation (Lenz et al. 2011, 2015; Lenz
and Wilde 2018). Apparently, the sediment that preceded the
marker horizon did not derive from the weathered crater rim,
but entered the lake via an alternative pathway, for example,
a tephra cloud, as suspected previously for the older marker
horizons o and p (Weber 1988). Mantienneite enrichment in
the upper half of the central band could reflect a change in
tephra composition, with an upward increasing Ti concentra-
tion. A potential cause for increasing grain sizes and chang-
ing compositions toward the top of the central band could
be a two-phase eruption with a stronger second eruption
that more violently vented tephra in a larger eruption cloud.
Another possibility is crystal fractionation in a magma
chamber. In this scenario, an early tephra layer formed the
lower part of the central band, while Ti-rich minerals with
high density (e.g., ilmenite, Ti-rich pyroxenes, etc.) were
assimilated as xenocrysts during replenishment of a magma
chamber and transported during protracted explosive volcan-
ism. Thus, a second tephra cloud with a higher proportion
of these minerals may have formed during an immediately
following eruption. Together with glass shards, Lake Mes-
sel may then have accumulated Ti-rich minerals in a distinct
horizon within the tephra band as a source for later mantien-
neite formation (Fig. 3d).

The original petrographic composition of MH M can only
be incompletely reconstructed due to the strong alteration
and phosphatic replacement of the primary minerals. Only
the stubby shape of the pore spaces in mantienneite-rich
domains, resembling euhedral crystals of pyroxene and feld-
spar, and the ions provided for the formation of the various
phosphates, such as Al (relicts of feldspar and/or clay-sized
Al-rich components), Mg, K (from alkali feldspar, biotite),
and Ti (e.g., from pyroxene, amphibole, biotite, ilmenite),
indicate an originally volcanogenic composition of the
source sediment.

The micrometer-sized cavities left by dissolved ash parti-
cles and minerals in MH M suggest that crystals and shards
originate from the distal parts of a faraway wind-driven ash
cloud that partly settled over Lake Messel. Therefore, the
nearby Eocene eruption centers on the Sprendlinger Horst,
in the Taunus Mountains, or within the Upper Rhine Gra-
ben Rift Zone, the latter today buried under kilometers of
younger Tertiary and Pleistocene sediments (Lutz et al.
2013), are less probable as a cause. In terms of grain size,
distant ashes from the post-breakup North Atlantic Igne-
ous Province (NAIP) or the pre-rift Massif Central, which
were active in the time of Messel (Michon and Merle 2001;
Meyer et al. 2007; Wilkinson et al. 2017) are potentially to
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be considered (e.g., NAIP generated bentonites in Austria;
Huber et al. 2003), but this is speculative, due to the intense
diagenetic overprint of the precursor material.

Sources of phosphate

Various autochthonous and allochthonous sources contrib-
uted to the organic matter and associated phosphorus content
of the Messel black pelite over time (Bauersachs et al. 2014).
A considerable amount of phosphate input into Lake Mes-
sel results from internal organic matter, solutions from the
paratropical soils by run off and groundwater, subaquatic
alteration of pyroclastic particles, and weathered basanite-
nephelinite crater rim debris (Kubanek et al. 1988). Accord-
ing to Porder and Ramachandran (2013) basanitic—nepheli-
nitic basalts have median P concentrations from 3000 to
4000 pg/g. To a much lesser extent, crater wall material
such as granodiorite (median 698 ppm), diorite (median
1004 ppm) and amphibolite (median 655 ppm) may have
contributed to the phosphate content of the Messel black
pelite (Mezger et al. 2013). The crater wall lithologies could
partly provide P for phosphate precipitation and other ele-
ments of the marker horizon. However, the absence of a
horizon similar to MH M suggests that the P content of the
basanitic—nephelinitic precursor of the Messel oil shale was
not enough to achieve the complete transformation of the
exceptional marker horizon sediment into phosphate miner-
als. For this, an additional P supply was necessary.

This supply is likely related to the abundant sedimen-
tary organic matter in the Middle Messel Formation. The
high molar C,,,/N,, ratios of the Middle Messel Formation
black pelite reflects a predominantly terrestrial origin of the
preserved sedimentary organic matter. This includes plant
litter from a dense paratropical rainforest near the maar lake.
Comparatively heavy 8'°N,, as well as high Corg/Nio 1atios
and HI values of the of the sedimentary organic matter sug-
gests a high number of lipid-rich constituents of vascular
plants of the total organic matter (Bauersachs et al. 2014).

Autochthonous sources, for example, bacteria (stored
as polyphosphates in granules, e.g., Cosmidis et al. 2014)
and algae from the epilimnion of Lake Messel contributed
in variable proportions to the organic matter content over
time. Stable carbon isotope excursions to heavier 613C0rg
values indicate periods of increased algal productivity by
different (pico-)phytoplankton species (e.g., cyanobacte-
ria, Chrysophyta indet., the dinoflagellate Messelodinium
thielepfeifferae, the coccal green algae Tetraedron mini-
mum, Botryococcus sp. as well as Coelastrum sp.) and
increased input of autochthonous organic matter to the
lake sediments (Goth 1990; Lenz et al. 2011; Richter et al.
2013; Bauersachs et al. 2014). The overall depletion of
8'3C,,, values together with an increase in 8'°N,, values

org
throughout the black pelite evidence microbial reworking
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of the sedimentary organic matter by methanogens, metha-
notrophs and denitrifiers (Bauersachs et al. 2014). Later,
anaerobic digestion liberated organically bound phospho-
rus as orthophosphate into solution that may bind with
cations including Mg, Ca, Al, Fe, and Ti to form the phos-
phate minerals that dominate the marker horizon M.

The exceptional phosphate accumulation associated
with MH M is potentially linked to the input of the vol-
canic ash precursor into the water column. It has been
shown that volcanic ash dissolving in lake- or seawater
modifies the nutrient budget of the surface lake and ocean
and stimulates the growth of phytoplankton, for example,
in iron-limited lake/oceanic areas (e.g., Mattews-Bird et al.
2017; Duggen et al. 2007; Browning et al. 2015). The
amount of bioavailable elements is directly proportional
to the volcanic ash thickness (Duggen et al. 2007). Since
ocean production and export of organic carbon transfers
CO, from the atmosphere to the ocean interior, volcanic
ash fertilization may play a vital role for the ocean—atmos-
phere gas interchange and ultimately the development of
the global climate (Hamme et al. 2010; Hamilton et al.
2022). In oligotrophic lakes, volcanic ash input can result
in 1.5- to eightfold increases in total suspended solids,
light extinction, phosphorus concentrations, and phy-
toplankton biomass relative to pre-eruption conditions
(Modenutti et al. 2013). Potentially, a transient micronu-
trient enrichment supplied by a volcanic ash resulted in
intense bacteria and algae blooms in Lake Messel as well.
Such blooms significantly enhance the diffusive fluxes of
soluble reactive phosphate and iron from sediment pore
water to the overlying water (Chen et al. 2018; Wang et al.
2022). While an increased pH value of the water column
and upper sediment layer promotes the desorption of phos-
phate from mineral surfaces (Gao et al. 2014), anoxic con-
ditions at the sediment—water interface cause the reductive
dissolution of iron oxide minerals and the coupled release
of iron and surface-bound P into pore water (Smith et al.
2011; Cosmidis et al. 2014).

The decomposition of algae during or after an algae
bloom results in the release of P from degraded algal cells
and re-release to the sediment and overlying water (Wang
et al. 2022). Settling tephra particles in Lake Messel could
also have adsorbed P from the water column and contribute
significantly to the synsedimentary, exceptional P accumula-
tion in the sediment within and adjacent to the later marker
horizon. Early diagenesis mobilizes these accumulations and
phosphorus diffuses and reacts with the volcanic ash. In this
context, high-resolution palynological study (e.g., Mosh-
ayedi et al. 2020) of the sediment near the marker horizon
M may contribute to our understanding of the response of
ecosystems in a volcanically disturbed habitat, e.g., harmful
bacteria or algae blooms in a lacustrine environment or the
abrupt scarceness of Messel pit fishes, plants, and arthropod
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remains after a volcanic eruption (e.g., Micklich, 2012; Lu
et al. 2021).

Conclusively, the formation of the marker horizon
requires a relative phosphorus enrichment to the typical
black pelite sediment. Indicators for an exceptionally thick
organic layer, such as a microbial mat grown on the sedi-
ment surface (Felder 2007), and bacteriomorphic phosphatic
compartments (Schmitz 1991; Liebig et al. 1996) were not
observed. The occurrence of black pelite in the messelite
bands shows that it is unlikely that event sedimentation of
weathered crater rim material directly provided the amount
of phosphorus required for the formation of the marker
horizon. Our results indicate that, contrary to earlier studies
that favored a direct precipitation of the marker horizon at
the sediment—lake interface (Schaal et al. 1987; Goth 1990;
Felder 2007), it is more likely that phosphorus enrichment
resulted from alteration of P-rich precursor sediment, e.g.,
phosphatized Coelastrum-algae layers (Richter et al. 2013)
and P adsorbed to mineral surfaces, and subsequent pore
water diffusion toward and within the marker horizon dur-
ing diagenesis. Later phosphate mobilization from sediment
below the marker horizon resulted in the formation of verti-
cal messelite veins that crosscut the entire marker horizon.

Element transport and phosphate precipitation
in the marker horizon

The diverse mineralogy of MH M indicates that the pore
fluid composition changed continuously during diagenesis.
The phosphate precipitation sequence records these changes
that are likely related to, e.g., the specific surface area of
primary minerals, primary mineral dissolution rates and
sequence, and kerogen maturation (Curtis 1983; Weibel and
Friis 2004; Wilson 2004; Sindern et al. 2019). Among the
detrital minerals, those with a large specific surface area are
most likely to be preserved as negative crystal shape, e.g.,
associated with mantienneite (Fig. 4d). Since the marker
horizon mineralogy lacks indicators for vertical diffusion
gradients, most mineral reactions can be considered to result
from element re-distribution within the marker horizon. The
low mobility of Al and Ti indicates that the marker horizon
itself is the source and sink of these elements.

During diagenesis of the marker horizon, the pore fluid
will repeatedly be out of equilibrium with primary and authi-
genic minerals. Thus, it is unavoidable that fluid-mediated,
coupled mineral dissolution and precipitation processes will
take place (Ruiz-Agudo et al. 2014). It should be noted that
only trace amounts of minute non-phosphate minerals are
preserved in the marker horizon. Thus, their scarcity lowers
their value as geochemical indicators. Among the trace min-
erals, silica spheres in messelite are by far most abundant.
They document the important role of silicate dissolution dur-
ing phosphatization of the marker horizon.

Diagenetic processes alter the mineral components of
the marker horizon as well as the organic material. Kerogen
maturation and hydrocarbon mobilization is an omnipresent
process in the Messel oil shale and can play an important
role for pore fluid composition, mineral dissolution/precipi-
tation, and element mobility (Curtis 1983; Waldmann and
Gaupp 2016; Sindern et al. 2019). High molecular weight
organic matter readily loses carbon dioxide, which is sol-
uble and dissociates (Curtis 1983). This process not only
produces acidified, reducing pore fluids but also releases
large quantities of organically and mineral surface-bound
phosphate. Further kerogen maturation is a constant source
of these acidic, reducing fluids until the reducing agent
(organic material) is exhausted (Weibel and Friis 2004).

Messelite bands

Messelite has been known from its type locality, the Messel
pit, since 1890 (Muthmann 1890). Other sedimentary occur-
rences are the equally old deposits of the Prinz von Hessen
mine (Dietrich 1978) as well as lacustrine argillaceous sand-
stones intercalated with Jurassic brown coal seams in the
Kostanay region of Kazakhstan (Vertushkov 1952). Previous
work mainly dealt with the crystallographic classification
(e.g., Taborszki 1977; Dietrich 1978; Goth 1990; Fleck and
Kolitsch 2003).

In the marker horizon M, messelite in the upper and
lower band encloses single black pelite layers and pack-
ages of up to five laminae (Fig. 2). All platelets show the
same degree of compaction, regardless of their spatial posi-
tion. The intercalated black pelite shows that portions of
the marker horizon precursor material had a composition
like the bulk black pelite of the Messel pit. Evidently, the
sedimentation of black pelite, algae layers, and marker hori-
zon precursor material lasted several years. The subsequent
diagenetic messelite formation resulted from the reaction
of migrating phosphorus from organic material layers and
mineral surfaces, and elements crucial for messelite pre-
cipitation, e.g., Fe and Ca, from the tephra (Table 1). Small
ash particles with a large specific surface area and high dis-
solution rate are especially susceptible to early diagenetic
dissolution (Wilson 2004). These reactive minerals com-
prise, e.g., olivine, pyroxene, and amphibole. Dissolution
of these minerals readily liberates Fe and Ca for messelite
formation into solution. The low Al concentration of mes-
selite suggests that plagioclase dissolution played only a
minor role in Ca liberation, while the presence of ferrous
Fe (Table 1) indicates reducing conditions likely associ-
ated with hydrocarbon mobilization. Continuous messelite
crystal growth in the lower and upper band fractured and
disturbed the black pelite layers within the marker horizon.
This indicates that the formation of the black pelite was
completed when messelite crystal growth began and that,
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contrary to previous interpretations (Schaal et al. 1987; Goth
1990; Felder 2007; Tiitken 2014), the marker horizon M did
not precipitate directly at the sediment—water interface but
formed diagenetically.

Central montgomeryite globule band

Sharp mineralogical and textural boundaries between the
messelite bands and the central messelite—montgomery-
ite—mantienneite band indicate an abrupt change of the
marker horizon precursor composition. The central band is
characterized by a specific order of phosphate precipitation,
as well as trace mineral type and abundance, and the absence
of black pelite relicts. The textural relationships suggest the
following precipitation sequence (Fig. 5): (1) a messelite
groundmass, (2) montgomeryite globules, (3) mantienneite,
and (4) late vertical messelite veins with similar composition
to the earlier bands.

The precursor to messelite in the central band is com-
pletely altered, with only a few silica spheres left. The dis-
solution of messelite and replacement by montgomeryite
(Fig. 3b) releases Fe to the pore fluid that may migrate and
form iron oxide/hydroxide elsewhere. Phosphorus from
the alteration of messelite and organic matter is incorpo-
rated into montgomeryite. At low pH, the alteration of
detrital apatite (Fig. 3c) can also provide P for montgom-
eryite formation (Nriagu 1976). Compared to messelite,

montgomeryite contains large amounts of aluminum, ~0.1
vs~16 wt% Al,O;, respectively (Table 1). Since messelite
dissolution provides only negligible amounts of aluminum,
dissolving feldspar and other Al-rich minerals are required
as a local source for an Al-rich microenvironment. While
aluminum is considered fluid immobile at circumneutral
pH in low-temperature settings, its mobility increases sig-
nificantly at low pH (10~ mol/kg at pH 3; Curtis 1983).
Migrating hydrocarbons from remnant dissolving organic
compounds in- and outside the marker horizon are a likely
source of this acidic (probably reducing) pore fluid. Subse-
quent montgomeryite precipitation may induce a concen-
tration gradient that promotes Al diffusion toward mineral
surfaces and facilitates montgomeryite globule formation
(Fig. 3a).

Mantienneite authigenesis

The authigenesis of mantienneite documents an excep-
tional sedimentation episode during the formation of the
Messel black pelite and the marker horizon M. To date,
mantienneite has been analytically identified at three loca-
tions worldwide (including this study)—Anloua (Cam-
eroon), Pinciné (Slovakia), and Messel (Germany). All
three locations share a common association of lithologies
dominated by clay minerals and organic matter. Mantien-
neite was first described by Fransolet et al. (1984) from

Progressive diagenesis

black pelite

e \‘\‘

g

messelite
groundmass

black pelite

=== black pelite === phosphatized algae

)& radial messelite

‘ O stubby crystals and pore space \\_glass shards and pore space @ montgomeryite == mantienneite

) parabolic messelite

Fig.5 Schematic representation of the crystallization sequence of
the marker horizon during progressive diagenesis, a A layer of tephra
surrounded with black pelite precursor material and algae layers
preceded the phosphate mineral horizon, b Black pelite in the lower
and upper band is bent and fractured by parabolic and radial mes-
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selite crystal growth, ¢ Montgomeryite globules form in the messelite
groundmass of the central band, followed by localized mantienneite
precipitation (d) due to dissolution of stubby prismatic crystals, glass
shards, messelite, and montgomeryite
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the vivianite deposit of Anloua (Cameroon), a series of
lacustrine deposits of Upper Tertiary to Quaternary age. In
this series spherulites of mantienneite, a clay fraction, and
siderite cement a black bituminous argillite with some thin
sandy layers. A second occurrence is an alginate deposit
near Pincind, Slovakia (Vavrova et al. 2006). The alginate,
a mixture of organic matter and clay minerals, was depos-
ited in the Pincind Maar lake that formed during Upper
Miocene—Pliocene basalt volcanic activity (Hurai et al.
2021). Well-developed mantienneite spheres composed
of radiating crystals occur in trace amounts in some hori-
zons dominated by smectite and kaolinite. A hydrother-
mal overprint of microbially degraded algae and basaltic
volcaniclastics at the maar surface has been suspected to
induce mantienneite precipitation directly from solution
(Vavrova et al. 2006). However, a hydrothermal overprint
of the Middle Messel Formation black pelite has not been
reported yet. We infer that the textural dissolution—pre-
cipitation relationships between the phosphate minerals in
the central band show that mantienneite did not crystallize
directly from a solution at the lake-sediment surface.

The dissolution of messelite and montgomeryite can
provide Al and P required for mantienneite precipitation
(Table 1). Mantienneite authigenesis also requires a local
increase of the Mg, K, and Ti activity. The dissolution of
minerals, such as pyroxene, alkali feldspar, biotite, and
amphibole likely provided Mg and K. BSE images show
that mantienneite replaces all other phosphates, which
means that local dissolution of detrital Ti-rich minerals,
e.g., Ti-augite, Ti-rich amphibole, biotite, and ilmenite
must have liberated additional Ti. This agrees well with
previous studies that interpreted mantienneite authigen-
esis in sediments rich in clay minerals and organic matter
to result from the reaction of phosphorus-rich solutions
with altering minerals, e.g., titanian augite and ilmen-
ite (Fransolet et al. 1984). The silica sphere-filled pore
space resembling stubby euhedral crystals in mantienneite
(Fig. 4d) could be remnants after dissolution of such detri-
tal minerals. Similarly to aluminum, Ti is usually fluid
immobile in low-temperature geological systems, but its
mobility increases considerably in low pH fluids rich in
dissolved organic compounds (Hausrath et al. 2009; Fuchs
et al. 2015; Schulz et al. 2016; Liu et al. 2019; Sindern
et al. 2019). Kerogen maturation likely generates an acidic,
reducing fluid, which also intensifies the leaching of detri-
tal minerals, e.g., ilmenite (Weibel and Friis 2004). How-
ever, an increased titanium mobility at low pH, at least
on the microscale, is commonly associated with oxidizing
conditions (Weibel 1998; Sindern et al. 2019). Further, the
presence of ferric Fe in mantienneite and precipitation of
iron oxide/hydroxide indicates oxidizing conditions during
mantienneite formation. The mantienneite-forming reac-
tion, thus, marks the change from a regime of reducing

to oxidizing conditions, possibly upon exhaustion of the
dissolved organic compounds. Vertical messelite veins
cross-cutting the entire marker horizon demonstrate that
later kerogen maturation created another pulse of reducing
pore fluid from below the marker horizon.

Conclusions

Our X-ray powder diffraction and electron beam microanaly-
sis of the marker Horizon M of the Middle Eocene Middle
Messel Formation provide strong evidence for a so far uni-
dentified and exceptional tephra layer. Both, the solitary ash
layer and a large supply of phosphorus from altering bacteria
and algae layers were mandatory for the formation of the
marker horizon. The tripartite marker horizon of phosphate
minerals consists of bands of messelite crystal aggregates
intercalated with black pelite enclosing a central montgom-
eryite-rich band. Fragmented and deformed black pelite
laminae in the messelite bands directly evidence that the
marker horizon formed diagenetically and not, as previously
suggested (Schaal et al. 1987; Goth 1990; Felder 2007), at
the sediment—lake interface. Mantienneite is identified for
the first time in this deposit and only the third documented
sedimentary occurrence worldwide.

Events such as turbidites from the crater wall or the
shoreline cannot be considered as a source for the marker
horizon precursor, since they occur frequently in the black
pelite succession, but do not exhibit similar phosphatiza-
tion phenomena. Most likely, an exogenous, wind-driven
event, specifically a volcanogenic ash, provided most of
the material forming the marker horizon.

The textural and chemical relationships in the marker
horizon suggest a diagenetic precipitation sequence of
messelite, montgomeryite globules, and mantienneite that
formed in the presence of dissolving Ti-rich minerals, such
as ilmenite and Ti-rich pyroxene. A marked Al and Ti mobil-
ity is likely linked to kerogen maturation that produced
acidic, reducing pore fluids with high P concentration. The
singular depositional conditions and the resulting phospho-
rus diffusion from altering volcanogenic ash and algae layers
during diagenesis were exceptional in a timespan of about
640 kyr of stable facies conditions and sedimentation rate.
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