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ABSTRACT

The middle Eocene climatic optimum
(ca. 40 Ma) stands out as a transient global
warming phase of ~400 k.y. duration that
interrupted long-term Eocene cooling; it has
been associated with a rise in atmospheric
CO, concentrations that has been linked to
a flare-up in Arabia-Eurasia continental arc
volcanism. Increased organic carbon burial
in the Tethys Ocean has been proposed as a
carbon sequestration mechanism to bring the
middle Eocene climatic optimum to an end.
To further test these hypotheses, we assessed
the sedimentary and geochemical expres-
sion of the middle Eocene climatic optimum
in the northern Peri-Tethys, specifically, the
organic-rich Kuma Formation of the Be-
laya River section, located on the edge of the
Scythian Platform in the North Caucasus,
Russia. We constructed an age-depth model
using nannofossil chronobiostratigraphy.
Throughout the studied middle Eocene inter-
val (41.2-39.9 Ma), we documented sea-sur-
face temperatures of 32-36 °C based on the
tetraether index of tetraethers consisting of
86 carbons (TEX), depending on proxy cali-
bration, and during the early middle Eocene
climatic optimum, we observed sea-surface
warming of 2-3 °C. Despite the proximity
of the section to the Arabia-Eurasia volcanic
arc, the hypothesized source of volcanic CO,,
we found no evidence for enhanced regional
volcanism in sedimentary mercury concen-
trations. Sedimentary trace-element concen-
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trations and iron speciation indicate reduc-
ing bottom waters throughout the middle
Eocene, but the most reducing, even euxinic,
conditions were reached during late middle
Eocene climatic optimum cooling. This ap-
parent regional decoupling between ocean
warming and deoxygenation hints at a role
for regional tectonics in causing basin restric-
tion and anoxia. Associated excess organic
carbon burial, extrapolated to the entire re-
gional Kuma Formation, may have been ~8.1
Tg C yrl, comprising ~450 Pg C over this
~55 k.y. interval. Combined with evidence for
enhanced organic carbon drawdown in the
western Peri-Tethys, this supports a quanti-
tatively significant role for the basin in the
termination of the middle Eocene climatic
optimum by acting as a large organic carbon
sink, and these results collectively illustrate
that the closing Tethys Ocean might have af-
fected global Paleogene climate. Moreover,
this study highlights the importance of the in-
terplay between global climate and regional
oceanic gateway evolution in determining lo-
cal climate and oceanographic change.

INTRODUCTION

As a result of anthropogenic greenhouse gas
emissions, Earth’s oceans are warming (IPCC,
2019) and acidifying (Doney et al., 2009), and
oxygen-deficient areas are expanding (Gruber,
2011; Breitburg et al., 2018). Reconstructing
and analyzing periods of greenhouse gas—driven
global warmth in the geologic past can uniquely
aid our understanding of these processes. In par-
ticular, the globally warm Eocene Epoch (56—
34 Ma; Cramwinckel et al., 2018; Evans et al.,
2018; Westerhold et al., 2020), with its superim-
posed periods of transient warming, holds clues

to the functioning of greenhouse Earth climates
(Burke et al., 2018; Hollis et al., 2019). The
middle Eocene climatic optimum around 40 Ma
(Bohaty et al., 2009) represents such a period
of transient warming, but with many questions
surrounding its causes and consequences, raising
fundamental uncertainties in our understanding
of global carbon cycling in the past and pres-
ent climate system (Sluijs et al., 2013; Henehan
et al., 2020).

The middle Eocene climatic optimum stands
out as an ~400 k.y. period of transient warming
in the middle Eocene (Bohaty and Zachos, 2003;
Bohaty et al., 2009; Westerhold and Rohl, 2013),
interrupting the long-term Eocene cooling trend
(Inglis et al., 2015; Westerhold et al., 2020).
Over the past decades, indications of middle
Eocene climatic optimum warming have been
recorded at an increasing number of localities
globally. This includes deep waters in Atlantic,
Pacific, and Indian deep ocean sites (Bohaty and
Zachos, 2003; Bohaty et al., 2009; Dawber and
Tripati, 2011; Edgar et al., 2020). Warming also
occurred in surface waters of the Atlantic Ocean
(Edgar et al., 2010; Boscolo Galazzo et al., 2014;
Cramwinckel et al., 2018, 2020a; Arimoto et al.,
2020; Henehan et al., 2020), Pacific Ocean (Bijl
et al., 2010; Cramwinckel et al., 2020b; Henehan
et al., 2020), and Tethys Ocean (Spofforth et al.,
2010; Giorgioni et al., 2019). Reconstructed
warming at these sites is on the order of 3-6
°C. Middle Eocene climatic optimum warm-
ing was likely driven by increasing atmospheric
CO, concentrations, as indicated by reconstruc-
tions based on stable carbon isotope ratios of
alkenones (Bijl et al., 2010) and boron isotope
ratios (8!'B) of foraminiferal calcite (Henehan
et al., 2020). Global stable carbon isotope ratios
(813C) of sedimentary carbonate lack a dis-
tinct coherent signature during middle Eocene
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climatic optimum warming, indicating that the
source of excess carbon had a similar isotopic
signature as that of surficial carbon reservoirs
(Bohaty et al., 2009). This points to volcanic
degassing (§'3C of ~—5%o) rather than a more
13C-depleted organic-derived carbon source,
such as sedimentary organic carbon (C,,;
S13C of ~—20%o0 to ~—30%o0) or methane (6!'3C
~=30%0 to —60%0; Kump and Arthur, 1999;
Dickens, 2001). Although there is no evidence
for large igneous province emplacement during
the middle Eocene, enhanced volcanism from
mid-ocean-ridge or continental arc sources has
been proposed as the cause of the middle Eocene
climatic optimum CO, rise (outlined in Bohaty
et al., 2009; van der Ploeg et al., 2018). Simple
carbon cycle model simulations constrained by
available proxy data indicate a carbon cycle
imbalance on the order of 2000-4000 Pg C
(Sluijs et al., 2013; van der Ploeg et al., 2018;
Henehan et al., 2020). Several tectonics-related
carbon release events of roughly middle Eocene
age have been identified, including increased
Pacific Rim arc volcanism, metamorphic decar-
bonation associated with Himalayan uplift (Ker-
rick and Caldeira, 1999), and mid-ocean-ridge
volcanism related to East African (Bailey, 1992)
or North Atlantic rifting (Mjelde et al., 2008).
However, none of these has a well-resolved tem-
poral link to middle Eocene climatic optimum
warming. Recently, a continental arc flare-up in
Iran related to Arabia-Eurasia convergence has
been proposed as a potential source (Kargaran-
bafghi and Neubauer, 2018; van der Boon et al.,
2021), since compilation of radiometric ages
of volcanic rocks in the Iran-Azerbaijan region
yields a distinct peak in eruption rates around
40 Ma. There is large uncertainty (300-12,500
Pg C) on the amount of carbon released by this
middle Eocene volcanism in the Iran region due
to the uncertain extent of the volcanic deposits,
and the potential for greatly enhanced C release
due to interaction with carbonate-rich sediments
(van der Boon et al., 2021). Nevertheless, the
temporal correlation could indicate a causal
connection between Neotethys arc volcanism
and the middle Eocene climatic optimum.

The mechanism(s) responsible for subse-
quent climatic recovery, in the aftermath of
the middle Eocene climatic optimum, presum-
ably through atmospheric CO, drawdown (Bijl
et al., 2010; Sluijs et al., 2013; Henehan et al.,
2020), remain(s) similarly enigmatic. Remark-
ably, the termination of the middle Eocene cli-
matic optimum occurred on a time scale similar
to that seen at the Paleocene-Eocene thermal
maximum, for which silicate weathering and
organic carbon burial were likely important
(Ravizza et al., 2001; Pogge von Strandmann,
2021; Papadomanolaki et al., 2022). Osmium
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isotope compositions of marine sediments
(van der Ploeg et al., 2018) and carbon cycle
simulations coupled to CO, reconstructions
(Caves et al., 2016) indicate a weakened silicate
weathering feedback during the middle Eocene
compared to, e.g., the Neogene and Paleocene.
Therefore, it seems difficult to conceive that sili-
cate weathering suddenly increased in strength
during the middle Eocene climatic optimum
when long-term weatherability of continental
rocks was low (Caves et al., 2016; van der Ploeg
et al., 2018). Interestingly, the middle Eocene
climatic optimum recovery interval at the Alano
di Piave section in Italy (central-western Tethys;
Luciani et al., 2010; Agnini et al., 2011) records
elevated C,,, content, indicating a potential role
for C,, burial (Spofforth et al., 2010), although
the lack of well-constrained C,,, accumulation
rates, particularly from continental margin sites,
hinders quantification of this process on a global
scale. Conspicuously, earlier studies also postu-
lated a link between global cooling during the
middle-late Eocene (Beniamovski et al., 2003)
and Eocene-Oligocene transition (Allen and
Armstrong, 2008) and deposition of organic-rich
deposits in the epicontinental Peri-Tethys basin
to the north of the Tethys Ocean (Sachsenhofer
et al., 2018). Of these organic-rich deposits,
the regionally widespread middle-late Eocene
Kuma Formation can be traced laterally (Fig. 1)
to the Aral Sea in the east (Beniamovski et al.,
2003), Bulgaria in the west (Krasheninnikov,
1986; Sachsenhofer et al., 2018), and potentially
even across the Black Sea to time-equivalent
organic-rich sediments in the Ukrainian Car-
pathians (Hnylko and Hnylko, 2019).
Collectively, several outstanding questions
related to the middle Eocene climatic opti-
mum warrant further investigation within the
Peri-Tethys region: (1) Was there a causal link
between volcanism in the Iran region and middle
Eocene climatic optimum greenhouse warming?
(2) How were middle Eocene climatic optimum
temperature change, ocean deoxygenation,
and C,,, burial temporally and mechanistically
related? (3) Did regional enhanced C,,, burial
in the Peri-Tethys contribute to post-middle
Eocene climatic optimum carbon drawdown?
To address these questions, we investigated the
Peri-Tethyan response to the climatic changes of
the middle Eocene climatic optimum in terms
of regional temperature, depositional environ-
ment, and carbon drawdown. We targeted the
organic-rich middle Eocene Kuma Formation in
the Belaya River section (Fig. 1; van der Boon
et al., 2019; Popov et al., 2019b), located on
the edge of the Scythian Platform in the North
Caucasus, Russia, and performed a suite of inte-
grated organic and inorganic geochemical, nan-
nofossil, and marine palynological analyses. To

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/135/5-6/1280/5826704/b36280.1.pdf
bv Utrecht Universitv | ibrarv user

explore the potential relation between continen-
tal arc volcanism in the Iran-Azerbaijan region
and the middle Eocene climatic optimum (van
der Boon et al., 2021), we generated sedimentary
mercury (Hg) content data—a relatively novel
proxy for assessing volcanism in the geologic
record that has hitherto been primarily applied
to reconstruct large igneous province volcanism
(Sanei etal., 2012; Jones et al., 2019), but not yet
applied to relatively smaller-scale arc volcanism.
To assess climate change and ocean anoxia, we
employed lipid biomarker paleothermometry
and redox-sensitive trace elements and iron spe-
ciation. Finally, to investigate potential carbon
burial, we constructed a chronobiostratigraphic
age model and integrated lithologic, carbonate,
and C,,, contents, and stable isotope data. We
extrapolated our findings for approximate quan-
tification of carbon drawdown throughout the
Kuma Formation by using the extensive map-
ping of this formation in the Peri-Tethys area
(Sachsenhofer et al., 2018).

MATERIAL AND METHODS
Geological Setting and Stratigraphy

Our study area was located along the Belaya
River in the North Caucasus region of Russia
(44.3665°N, 40.1970°E; paleolatitude ~42°N at
40 Ma according to Paleolatitude.org; van Hins-
bergen et al., 2015), ~25 km south of the town
of Maikop (Fig. 1). The studied section contains
a succession of middle-late Eocene sediments
divided into the Cherkessk, Keresta, Kuma, and
Belaya Glina Formations (Zakrevskaya et al.,
2011; Beniamovski, 2012), which were depos-
ited in a continental shelf setting (van der Boon
et al., 2019). Here, we defined the base of the
section (0 m) as the sharp transition from the
green clays of the Cherkessk Formation to the
white marls of the Keresta Formation (Fig. 2).
The overlying Kuma Formation (~6.8-52 m) is
represented by brown organic-rich marls, while
the Belaya Glina Formation (~52-112.5 m)
is again characterized by white marls. Further
upward, the succession continues into the Mai-
kop Series. The Kuma Formation at the Belaya
River has been dated as Bartonian in age based
on biostratigraphy of planktonic foraminifera
(regional Crimea-Caucasus zones PF13-PF14;
Beniamovski, 2012) and calcareous nannofos-
sils (zones NP16-NP17/CP14; Martini, 1971;
Okada and Bukry, 1980; van der Boon et al.,
2019; Popov et al., 2019b), in line with the age
range inferred for the Kuma Formation within
the broader region (ca. 44-36.5 Ma; Benia-
movski et al., 2003). The Kuma Formation is
generally inferred to have been deposited under
low-oxygen conditions (Beniamovski et al.,
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2003), as the Peri-Tethys was progressively los-
ing its connectivity to the global ocean (Palcu
and Krijgsman, 2022), evolving toward the
very restricted Oligocene Paratethys and asso-
ciated deposition of the organic-rich Maikop
Group (Sachsenhofer et al., 2017; Popov et al.,
2019a). We targeted the Kuma Formation at the
Belaya River section for analysis and the inter-
val between 26 and 37 m in particular, in which
the middle Eocene climatic optimum should
be expressed under the assumption of continu-
ous sediment accumulation. This interval also
contained the darkest-colored and therefore pre-
sumably most C,y,-rich sediments.
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Sample Collection

In total, 237 samples (sample codes BX14—
BX250) were collected from the Kuma For-
mation (~6.8-52 m) using a gasoline-powered
hand drill during field work in the summer of
2017. The average sampling resolution was
chosen at ~10 cm for the interval between 26
and 37 m (suspected middle Eocene climatic
optimum interval) and ~30 cm for the rest
of the succession. The sample set spanning
20.85-49.55 m (156 samples; BX90-BX245)
was selected for subsequent analyses, with
the resolution per method chosen depending
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on the desired scope and available material.
To ensure sufficient age-depth constraints, a
wider interval (6.86-57.20 m; BX15-BX260)
was selected for calcareous nannofossil analy-
sis, encompassing the full Kuma Formation
and the lowermost part of the Belaya Glina
Formation.

Palynology

For palynological analysis, 40 samples
were processed. Between 3 and 10 g (depend-
ing on C,, content, see section “Organic
Carbon, Carbonate, and Nitrogen Contents,

Geological Society of America Bulletin, v. 135, no. 5/6
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Figure 2. Lithologic log of
the Belaya River section
(44.3665°N, 40.1970°E), indi-
cating lithology, formations, fa-
cies, and samples taken during
the summer 2017 expedition.
The highlighted studied inter-
val within the Kuma Formation
is that studied for geochemis-
try. Abbreviations: Vf—very
fine; F—fine; M—medium.
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and Organic Carbon Isotopes”) aliquots of
freeze-dried, lightly crushed sediment were
treated with 30% HCI and ~38%—-40% HF to
dissolve carbonates and silicates, respectively.
The residue was sieved using 15 and 250 pm
nylon mesh sieves, with ultrasonic bath steps
to break up agglutinated organic matter. The
resulting 15-250 pm palynomorph fraction
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was mounted on glass microscope slides. A
general characterization of palynofacies, as
well as a scan for stratigraphic marker spe-
cies of dinoflagellate cysts (dinocysts), was
performed with light microscopy, using the
taxonomical classification of Williams et al.
(2017), with the exception of wetzelielloid
taxa (Bijl et al., 2017).
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Calcareous Nannofossil Micropaleontology

Calcareous nannofossil analysis was carried
out on 43 samples. Samples were prepared as
smear slides with standard methods (Bown
and Young, 1998) and investigated with light
microscopy at a magnification of 1250x. A
preliminary qualitative estimation of the abun-
dance and preservation state was performed for
all the study samples. The assemblage counts
were executed on a minimum of 300 speci-
mens (modified after Thierstein et al., 1977),
while for biostratigraphic aims, we counted the
number of specimens of the considered taxon
present in an area of 1 or 2 mm?, in the lat-
ter case normalized to 1 mm? (modified after
Backman and Shackleton, 1983). This exten-
sion of the counting allowed us to better define
the abundance pattern of biostratigraphically
important taxa with rare and/or sporadic occur-
rences that are often not found in standard
assemblage counts. The biostratigraphic zona-
tions were adopted from Martini (1971), Okada
and Bukry (1980), Fornaciari et al. (2010), and
Agnini et al. (2014). The types of biohorizons
used were base (B), base common (Bc), top (T),
and top common (Tc), as described in Agnini
etal. (2014). The taxonomic concepts followed
Aubry (1984, 1988, 1989, 1990) and Perch-
Nielsen (1985), except for Dictyococcites and
Cribrocentrum, for which we followed Agnini
et al. (2014).

Biomarker Geochemistry

Glycerol dialkyl glycerol tetraether (GDGT)
lipids were extracted from ~10 g aliquots of
powdered, freeze-dried sediment (47 samples)
with a Dionex accelerated solvent extractor (ASE
350), using dichloromethane (DCM):methanol
(MeOH) (9:1 volume mixture) as solvent. The
extracts were separated into apolar, ketone, and
polar fractions over an Al,O; column with elu-
tion using hexane:DCM (9:1), hexane:DCM
(1:1), and DCM:MeOH (1:1), respectively. A
known amount of synthetic C4 glycerol trialkyl
glycerol tetraether (GTGT) standard was added
to the polar fraction, which was subsequently
dried, redissolved in hexane:isopropanol (99:1),
and filtered over a 0.45 um polytetrafluoroeth-
ylene filter to a concentration of ~3 mg mL"".
The GDGT-containing filtrate was analyzed
using ultrahigh-performance liquid chromatog-
raphy—mass spectrometry (UHPLC-MS) on an
Agilent 1260 Infinity series high-performance
liquid chromatography system coupled to an
Agilent 6130 single-quadrupole mass spec-
trometer in selected ion monitoring mode at
Utrecht University, Utrecht, Netherlands. Chro-
matographic separation of target compounds
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was achieved on two Waters BEH HILIC silica
columns (2.1 x 150 mm, 1.7 um) preceded by
a guard column (2.1 x 5 mm, Waters) packed
with the same material. Solvents, elution
scheme, and instrument settings were con-
ducted according to Hopmans et al. (2016). We
scanned the resulting chromatograms for pres-
ence of isoprenoid GDGTs (isoGDGTs) and
branched GDGTs (brGDGTs) (Schouten et al.,
2013), but also the more recently recognized
branched glycerol monoalkyl glycerol tetraeth-
ers (brGMGTs, or H-shaped brGDGTs; Liu
et al., 2012; Naafs et al., 2018; Baxter et al.,
2019). Tetraether index of tetraethers consisting
of 86 carbons (TEXg,) values were calculated
from isoGDGT abundances following Schouten
et al. (2002) and converted to sea-surface tem-
perature (SST) using both an exponential (Kim
etal., 2010; ) and a linear (O’Brien et al., 2017)
calibration. Based on long-term observation
of the in-house standard, the analytical preci-
sion for TEXgq is 0.3 °C. GDGT abundances
(peak areas) are provided in the Supplemental
Material!, in order to facilitate recalculation of
SSTs from our GDGT data using any different
calibration.

Bulk Carbonate Stable Isotopic
Composition

For measurements of the bulk carbonate oxy-
gen and stable carbon isotope ratios (6'%0_,,, and
O13C,,.), powdered freeze-dried sediments were
analyzed using a Thermo Finnigan GasBench-
II carbonate preparation device coupled to a
Thermo Finnigan Delta-V isotope ratio mass
spectrometer (IRMS) at Utrecht University,
aiming for 50-100 pg of carbonate per mea-
surement. Analytical errors were £0.1%o for
813C and 6'80 based on long-term reproducibil-
ity of in-house carbonate standards. Values are
reported relative to the Vienna Peedee belemnite
(VPDB) standard.

ISupplemental Material. Figure S1: Abundances
of key calcareous nannofossil index taxa throughout
the studied interval at the Belaya River section.
Figure S2: Mercury (Hg) contents of middle Eocene
Belaya River section sediments, plotted together
with data sets with comparable C,,, content. Figure
S3: Frequency (number of samples) histogram of
binned Hg (ppb)/C,,, (Wt%) values. Table S1: GDGT
distributions (peak areas) from the middle Eocene
Kuma Formation, Belaya River section. Table
S2: Geochemical proxy records from the middle
Eocene Kuma Formation, Belaya River section.
Table S3: Calcareous nannofossil biostratigraphic
data for selected taxa from the middle Eocene
Kuma Formation, Belaya River section. Please visit
https://doi.org/10.1130/GSAB.S.20371764 to access
the supplemental material, and contact editing@
geosociety.org with any questions.
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TABLE 1. SEQUENTIAL IRON EXTRACTION SCHEME APPLIED IN THIS
STUDY, FOLLOWING POULTON AND CANFIELD (2005)

Extraction step Target phase Fraction
(minerals)
1 mol L-' Na-acetate/acetic acid, pH 4.5 124 h Carbonate-associated Fe Fecarn
(e.g. siderite, ankerite)

1 mol L' hydroxylamine—HCI solution 25% v/v acetic acid | Easily reducible Fe-oxide minerals Feo
48 h (e.g. ferrihydrite, lepidocrocite)

0.35 mol L~ acetic acid/0.2 mol L~ Nag-citrate/50 g L™ Crystalline Fe-oxide minerals Feoo
Na-dithionite, pH 4.8 12 h (e.g. goethite, hematite)

0.17 mol L' NH,, oxalate/0.2 mol L~ oxalic acid, pH 3.2 16 h Recalcitrant Fe-oxide minerals Femag

(e.g. magnetite)

Organic Carbon, Carbonate, and Nitrogen
Contents, and Organic Carbon Isotopes

In order to analyze the elemental composition
and carbon isotopes of organic matter (6'3C,,),
0.2-0.3 g aliquots of powdered freeze-dried
weighted sediment were decalcified using 1 M
HCI. Residues were oven-dried at 60 °C and
weighed again to obtain approximate CaCOj;
weight percentages. Total nitrogen (N) and
C,, contents, as well as stable carbon isotopic
ratios of C,, (613C0rg), were determined using a
Thermo Scientific Flask 2000 elemental analyzer
coupled to a Thermo Scientific Delta V Advan-
tage via a Conflo IV elemental analyzer—isotope
ratio mass spectrometer (EA-IRMS). Analytical
errors were <0.1 wt% for C,,, <0.02 wt% for
N, and ~0.1%o for §*C,, based on long-term
reproducibility of in-house standards. Values are
reported relative to the VPDB standard.

Total Elemental Composition

To determine elemental composition, for each
sample, ~125 mg aliquots of powdered freeze-
dried sediment were weighed in Teflon vessels,
after which 2.5 mL of 40% HF and 2.5 mL of
mixed acid (HC10,:HNO;, 3:2) were added. Sub-
sequently, the vessels were closed and left over-
night on a hotplate at 90 °C. The next day, the lids
were removed, and the temperature of the hotplate
was increased to 140 °C to fume off the acids.
After ~4 h, the remaining residues were dis-
solved in 25 mL of 4.5% HNOj; and left overnight
on the hotplate at 90 °C. The next day, the vessels
were left to cool down to room temperature (~20
°C), after which they were weighed to determine
the dilution. The extracts were analyzed by induc-
tively coupled plasma—optical emission spectrom-
etry (ICP-OES; SPECTRO ARCOS). Accuracy
(recovery) was at least 95%, and average analyti-
cal uncertainty was at most 5% for the elements
studied here, based on duplicates and laboratory
reference material (ISE-921).

Sequential Extraction of Iron

Subsamples for sedimentary Fe speciation
analysis were taken during the Belaya River field
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campaign and stored under an oxygen-free atmo-
sphere. In the laboratory at Utrecht University,
these subsamples were freeze-dried and then pow-
dered in an argon gas—filled glovebox. Between
50 and 80 mg aliquots of powdered sample mate-
rial were weighed in centrifuge tubes and sequen-
tially extracted (Table 1) following the method
presented by Poulton and Canfield (2005). The
entire extraction procedure (freeze-drying, pow-
dering, extraction) was conducted under oxygen-
free conditions. The Fe content in all extracts was
determined colorimetrically using the 1,10-phen-
anthroline method (APHA, 2005). Average ana-
lytical uncertainty, based on duplicates, was <1
pmol/g for Fe,4, Fe,y, and Fe,,,, and 6 pumol/g
for Fe,,, (Table 1). To determine the amount of
Fe present in pyrite, the diffusion method given
by Burton et al. (2008) was used. Between 250
and 400 mg aliquots of the anoxic, powdered and
freeze-dried sediment were weighed in centrifuge
tubes in an argon gas—filled glovebox. Subse-
quently, 10 mL of acidic chromium(II) chloride
was added, while at the same time, a smaller
centrifuge tube, containing 7 mL of alkaline zinc
acetate solution, was placed in the centrifuge
tube holding the sediment sample. The produced
sulfide gas was then trapped in the alkaline zinc
acetate solution, forming a precipitate of zinc
sulfide. The amount of sulfur in the precipitates,
i.e., chromium-reducible sulfur (CRS; gener-
ally assumed to represent pyrite, i.e., FeS,), was
then determined by iodometric titration (APHA,
2005). Average analytical uncertainty, based on
duplicates, was ~20 pmol/g. The highly reactive
Fe fraction (FeyR) was determined by summing
the different fractions of the sequential Fe extrac-
tion (i.€., Fey, Feqy1, Feoco, and Fe,,,), and the Fe
associated with CRS, i.e., Fe,,, was determined
by dividing the amount of CRS by two.

Mercury Contents

For analysis of Hg contents, samples were pre-
pared following the protocol described in Percival
etal. (2017). Hg contents were measured using a
Lumex RA-915 portable mercury analyzer paired
with a PYRO-915 pyrolysis unit at the University
of Oxford. Hg is reported both as concentrations

and normalized to our measured C,, contents,
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Figure 3. Calcareous nannofossil-based age-depth model of the middle Eocene of the Belaya

River section. Age-depth plot shows calcareo

us nannofossil tie points as presented in Ta-

ble 2. B, Bc, T, and Tc—base, base common, top, and top common, respectively. GPTS12—
Geomagnetic Polarity Time Scale 2012 (Gradstein et al., 2012).

as organic matter is generally assumed to be the
most common Hg-binding sedimentary com-
ponent (Sanei et al., 2012). Comparison with a
high-mercury (290 ppb) paint-contaminated soil
standard (National Institute of Standards and
Technology NIST 2587) showed that typical
analytical uncertainty was below 10%.

RESULTS

Palynofacies and Palynological
Assemblages

The palynofacies of all samples is dominated
by poorly preserved, dark-colored, amorphous

organic matter and algal- and plant-derived
debris. Sparse palynomorphs include prasino-
phytes (e.g., Tasmanites and Cymatiosphaera),
organic-walled dinoflagellate cysts (or dino-
cysts), and sporomorphs. Unfortunately, poor
preservation of the material in combination with
huge dilution by amorphous organic material
hampered determination to the species level, and
hence limited use for biostratigraphy. Because
of this, we did not perform full quantitative
palynological counts, but rather we performed
a qualitative characterization of the assemblage.
Dominant dinocyst taxa comprising a large part
of the assemblages were Enneadocysta spp.,
Spiniferites spp., Cordosphaeridium spp., Cleis-

tosphaeridium spp., Batiacasphaera spp., Hys-
trichokolpoma spp., and some Protoperidinioids
and wetzelielloids. Peridinioid dinocysts were
overall low in abundance relative to gonyaulac-
oid. The observed combination of taxa is indica-
tive of a middle-shelf, middle Eocene setting
(Pross and Brinkhuis, 2005; Sluijs et al., 2005;
Frieling and Sluijs, 2018).

Calcareous Nannofossil-Based
Biostratigraphy

Since calcareous nannofossils are generally
abundant throughout the studied section, show-
ing high diversity and mostly good preservation,
they formed the primary basis for our age model
(Fig. 3; Table 2). Abundance patterns of index
species are provided in Supplemental Figure S1
(see footnote 1). We used the biohorizons from
the standard calcareous nannofossil biozona-
tions of Martini (1971) and Okada and Bukry
(1980) where possible. However, due to the low
reproducibility and reliability of some of these
biozonations when applied to the Belaya River
section, we integrated the standard framework
with the biozonation schemes of Fornaciari et al.
(2010; Mediterranean Nannoplankton Paleogene
[MNP] zones) and Agnini et al. (2014; Calcare-
ous Nannofossil Eocene [CNE] zones), as listed
below from old to young.

Calcareous Nannofossil Biozonation
According to Backman (1987), the top of
Nannotetrina spp. is marked by the top of Nan-
notetrina cristata and lies in the lowermost
part of zone NP16 or subzone CP14a, close
to the Bc (base common) of Reticulofenestra
umbilicus (Agnini et al., 2014). In the Belaya
River section, two specimens of Nannotetrina
alata group (gr.) were observed in the lower
part of the succession, but no forms ascribable
to N. cristata were observed. The presence of
very sporadic N. alata gr. and the absence of
N. cristata suggest that the specimens observed
have been reworked. This idea is also sup-
ported by the presence of other reworked taxa,
and therefore we did not use this biohorizon
in our age-depth model. The Bc of Cribro-
centrum reticulatum is used to define the base
of zone CNE14 and usually lies within chron

TABLE 2. NANNOFOSSIL-BASED DATUMS USED AS AGE-DEPTH TIE POINTS FOR THE MIDDLE EOCENE BELAYA RIVER SECTION IN THIS STUDY

Event Species Biozone Top Base Mid Sampletop  Sample base  Age GTS12 Reference
(base) (m) (m) (m) (Ma)

T Sphenolithus spiniger 5720 54.45 55.83 BX 260 BX 255 39.72 Fornaciari et al. (2010)

Bc Sphenolithus obtusus MNP17A 41.35 39.76 40.56 BX 225 BX 220 39.72 Fornaciari et al. (2010)

Tc Sphenolithus spiniger MNP16Bc 41.35 39.76 40.56 BX 225 BX 220 40.12 Fornaciari et al. (2010)

Bc Dictyoccocites bisectus CNE15-MNP16Bb 30.35 29.88 30.12 BX 145 BX 140 40.35 Agnini et al. (2014)

T Sphenolithus furcatolithoides MNP16Ba 29.22 28.65 28.935 BX 135 BX 130 40.48 Agnini et al. (2014)

B Sphenolithus predistentus 26.15 24.83 25.49 BX 110 BX 105

Bc Cribrocentrum reticulatum CNE14 12.75 10.47 11.61 BX 50 BX 40 42.15 Agnini et al. (2014)

T Nannotetrina spp. - - - - - 42.69 Agnini et al. (2014)

Note: Ages of the tie points were recalibrated to Geologic Time Scale 2012 (GTS2012; Gradstein et al., 2012). T—top; B—base; Tc—top common; Bc—base common.
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C19r (Agnini et al., 2014). In the studied suc-
cession, C. reticulatum appears (base) from
sample BX 50 (stratigraphic position 12.75 m)
and increases upward in abundance (Fig.
S1). The base of Sphenolithus predistentus is
reported in the upper part of zone CNE14, and
the abundance pattern in the study succession
from sample BX 110 (stratigraphic position
26.15 m) precedes the base of D. bisectus, as
previously observed in other publications (For-
naciari et al., 2010; Toffanin et al., 2011; Agnini
et al., 2014). Unfortunately, the precise posi-
tioning of this biohorizon is difficult to define
because of the scattered abundance of the taxon
close to its appearance and the presence of tran-
sitional forms. At low to midlatitudes, the top of
Sphenolithus furcatolithoides is used to define
the base of subzone MNP16Ba and is consis-
tently found in the upper part of zone CNE14
(Agnini et al., 2014) and the middle-upper part
of chron C18r (Fornaciari et al., 2010). In the
Belaya River section, S. furcatolithoides shows
a continuous abundance pattern up to sample
BX 135 (stratigraphic position 29.22 m), where
it disappears (Fig. S1). The Bc of Dictyoccoc-
ites bisectus has been used as base of zone
CNEIS5 and of subzone MNP16Bb. This taxon
has been characterized by an ambiguous tax-
onomy (Wei and Wise, 1989); however, recent
clarification (long axis >10 pm) has pointed out
quite a consistent and reliable position (upper
part of chron C18r) for its first occurrence (For-
naciari et al., 2010; Agnini et al., 2014). In the
Belaya River section, the base of D. bisectus
has been observed at sample BX 145 (strati-
graphic position 30.35 m; Fig. S1). The Tc
(top common) of Sphenolithus spiniger marks
the base of subzone MNP16Bc¢ (Fornaciari
et al., 2010). In the study section, S. spiniger
displays a continuous pattern and relatively
high abundance up to sample BX 225 (strati-
graphic position 41.35 m), where it decreases
significantly (Tc), but the final extinction does
not occur before the last investigated sample
(BX 260, stratigraphic position 57.20 m; Fig.
S1). The base of S. obtusus serves to define
the base of subzone MNP17A, although this
event is not always found to be synchronous
(Fornaciari et al., 2010), possibly due to spo-
radic occurrences close to its first appearance
(e.g., Toffanin et al., 2013). In the Belaya River
section, S. obtusus is sporadic from BX 150
up to sample BX 225 (stratigraphic position
41.35 m), where it increases in abundance and
is continuously present (Bc; Fig. S1). The rec-
ognition of the Bc of S. obtusus and the Tc of
S. spiniger invalidates the subzone MNP17A.
In order to use the biozonation of Fornaciari
et al. (2010), we decided to merge subzones
MNP17A and MNP16Bc.
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Age-Depth Model

An earlier study indicated that the Kuma For-
mation sediments at the Belaya River section
have a very weak magnetic signal, prohibiting
reliable polarity determination and thus mag-
netostratigraphy (van der Boon et al., 2019). As
dinocyst identification was generally not possi-
ble to the species level, our age model was based
primarily on calcareous nannofossil biostratig-
raphy and biochronology. Based on the above
discussion of nannofossil datums, the tie points
that constrained our age model were: the Bc of
C. reticulatum, the top of S. furcatolithoides, the
base of D. bisectus, and the top and Tc of S. spi-
niger (Fig. 3; Table 2). The base of S. obtusus
was not used because of the previously discussed
low reliability of this biohorizon. Biochrono-
logical estimates were recalibrated against the
Geologic Time Scale 2012 (GTS12; Gradstein
et al., 2012). The age of the base (42.7 Ma) and
the top (39.7 Ma) of the section were extrapo-
lated assuming linear sedimentation rates. This
implies that the section encompasses ~3 m.y.,
partially covering the Lutetian and Bartonian
and including the middle Eocene climatic opti-
mum, which is in line with earlier work based
on multiple groups of microfossils (Popov
et al., 2019b). Our chronology indicates that the
middle Eocene climatic optimum at the Belaya
River section is complete, within the limits of
the biozones. Based on average sedimentation
rates in between age-depth tie points, this section
is characterized by lower sedimentation rates in
the older interval (6.86-30.12 m), with values of
9.3-10.3 m/m.y. Sedimentation rates are much
higher in the upper part of the section, increas-
ing almost fivefold to 45.7 m/m.y. from Bc D.
bisectus (40.35 Ma) upward. In the uppermost
part of the section (40.56-57.2 m), the average
sedimentation rate remains high but slightly
decreases to 38.4 m/m.y. This results in an aver-
age sampling resolution of ~6 k.y. for the sus-
pected middle Eocene climatic optimum interval
(sample spacing ~10 cm) and ~15 k.y. for the
surrounding interval (sample spacing ~30 cm).
Dinocysts present in our palynological slides
support the nannofossil-based Lutetian—Barto-
nian age constraints, but they do not provide any
additional precise age-depth information.

Biomarker Geochemistry: Glycerol Dialkyl
Glycerol Tetraethers

GDGT fractions of the Kuma Formation
consist almost entirely of isoGDGTs, with brG-
DGTs being fully absent and brGMGTSs being
present in low amounts. Several indicator ratios
were calculated to appraise isoGDGT sourcing.
The methane index (MI; Zhang et al., 2011),
GDGT-2/crenarchaeol (Weijers et al., 2011),
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and GDGT-0/crenarchaeol (Blaga et al., 2009),
used to investigate contributions by methano-
trophic and methanogenic isoGDGT producers,
were all within the ordinary range for produc-
tion by marine Thaumarchaeota (Supplemental
Material), supporting the use of TEXy, as SST
proxy. Next to this, the relative abundance of cre-
narchaeol regio-isomer (feen.cren’( crens O’ Brien
etal., 2017) and the ring index (RI; Zhang et al.,
2016) were assessed to identify anomalous
GDGT distributions. Two samples were dis-
carded, as ARI was higher than 0.3 (Supplemen-
tal Material). Because brGDGTSs were entirely
below detection limit, resulting branched versus
isoprenoid tetraether (BIT) index values, a mea-
sure for terrestrially derived GDGTs relative
to marine-produced GDGTs (Hopmans et al.,
2004; Zell et al., 2013), were 0. Notably, ratios
between GDGT-2/GDGT-3 ([2)/[3]; Taylor et al.,
2013) were high throughout the record, fluctuat-
ing above (12 samples) and below the threshold
value of 5.0 that was suggested to indicate isoG-
DGT contributions by deeper-dwelling marine
Archaea. TEXgq values ranged between 0.76
and 0.86, recording gradual warming followed
by more rapid cooling (Fig. 4). This resulted
in a range of reconstructed SSTs between 30.6
°C and 34.2 °C using an exponential calibration
(Kim et al., 2010; calibration standard error 2.5
°C), and a much higher range of 33.8-39.5 °C
using a linear calibration (O’Brien et al., 2017;
calibration standard error £2.0 °C).

Despite the absence of brGDGTs, structurally
related brGMGTs were detected in the Belaya
River section, at around 1%—2% of total GDGTs.
BrGMGTs are characterized by an additional
covalent bond between the alkyl chains that is
thought to be an adaptation to maintain mem-
brane stability under heat stress (Morii et al.,
1998). Indeed, the abundance of brGMGTSs
relative to that of brGDGTs increases with
temperature in peats and lake sediments (Naafs
et al., 2018; Baxter et al., 2019, 2021). In the
Kuma Formation, two isomers, i.e., H1020a and
H1020b (nomenclature following Baxter et al.,
2019), of the brGMGT labeled as H-1020 in Liu
etal. (2012) and Naafs et al. (2018) were reliably
detected in all samples, without a clear strati-
graphic trend in the ratio between the samples.

Paleoclimate Regimes

In order to facilitate a chronological descrip-
tion and discussion of the results, we subdivided
our record into paleoclimate regimes, primar-
ily based on the TEX, temperature record and
overall lithological changes (Figs. 4 and 5).
The TEX, record was characterized by stable
background temperatures in regime I transition-
ing to gradual warming in regime II, which we
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Figure 4. Geochemical proxy records across the middle Eocene climatic optimum interval in the Kuma Formation, Belaya River section,
part L. (A) Tetraether index of 86 carbon atoms (TEXj) ratios, converted to sea-surface temperature (SST; in °C) using the linear calibra-
tion of O’Brien et al. (2017). (B) Total organic carbon content (C,,,, in wt%). (C) Total calcium carbonate content (CaCO;, in wt%). Closed
symbols are based on weight loss during decalcification. Open symbols were calculated based on Ca from inductively coupled plasma—opti-
cal emission spectrometry (ICP-OES), assuming all Ca was in the form of CaCOj;. (D) Bulk carbonate §80 (5'30,,,,, in %o relative to Vienna
Peedee belemnite [VPDB]). (E) Bulk carbonate §*C (8°C,,,, in %0 VPDB). (F) Organic carbon 8'*C (8"3C,,,, in %o VPDB). (G) C,,,/N,
ratios (in mol/mol). (H) C,,,/Py, ratios (in mol/mol), with Redfield ratio (C/P = 106) as vertical dashed line. All records are plotted against
age in Geologic Time Scale 2012 (GTS2012; Gradstein et al., 2012) according to the age model presented herein. Horizontal shading was
added to represent the different paleoclimate regimes (see ‘“Paleoclimate Regimes” section of the ‘“Results” section), where red and blue

colors represent warming and cooling phases, respectively. MECO—middle Eocene climatic optimum.

associate with the onset of the middle Eocene
climatic optimum. The interval of subsequent
cooling was subdivided into regimes III and IV,
in which regime IV was furthermore charac-
terized by a shift in lithology, namely, a sharp
drop in carbonate content (Fig. 4). Regime
V represents a return to “background” condi-
tions, characterized by more variable tempera-
tures. We note that there is an offset between
middle Eocene climatic optimum warming in
the Belaya River record as inferred from TEX,
(ca. 40.7-40.3 Ma) and the global deep-ocean
warming trend (ca. 40.5-40.1 Ma). However, we
argue that an ~100-200 k.y. offset is perhaps

Geological Society of America Bulletin, v. 135, no. 5/6

expected from the current uncertainty in the bio-
stratigraphic reference calibration (see “Calcare-
ous Nannofossil Biozonation” subsection of the
“Results” section), combined with our sampling
resolution.

Sediment Composition and Geochemistry

General Lithology

Lithology is relatively stable across the stud-
ied interval, consisting of bioturbated marls
with high carbonate contents (~50%-80%)
and relatively high C,, contents (~2%-4%;
Figs. 4B—4C). The exception to this is regime
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IV, corresponding approximately to the darkest
sedimentary facies, in which CaCO; drops to
~30% and C,,, rises to ~6%.
Carbonate Stable Isotope Ratios

Recorded $'%0,,,, values (Fig. 4D; Table 3)
were overall rather low (-3%o to —6%o;
Fig. 4C; Table 3) compared to contemporane-
ous open-ocean records (Bohaty et al., 2009).
Such values may suggest contributions of
diagenetic calcite. However, the preservation
of the calcareous nannofossils is remarkably
good. These depleted values might also sug-
gest a consistent diagenetic overprint by mete-
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Figure 5. Geochemical proxy records across the middle Eocene climatic optimum interval, Kuma Formation, Belaya River section, part II.
(A) Tetraether index of tetraethers consisting of 86 carbons (TEXj,) ratios, increasing with increasing sea-surface temperature (SST). (B)
Aluminum contents (Al, in %). (C) Manganese (Mn) contents in ppm (dark green, open symbols) and normalized to Al (light green, closed
symbols). (D) Molybdenum (Mo) contents in ppm (light turquoise, open symbols) and normalized to Al (dark turquoise, closed symbols).
(E) Nickel (Ni) contents in ppm (light blue, open symbols) and normalized to Al (dark blue, closed symbols). (F) Proportion of highly reac-
tive iron (Feyg) relative to total iron (Feqy). (G) Proportion of iron in pyrite (Fepy) relative to total highly reactive iron (Feyy). (H) Mercury
(Hg) contents in ppb. (I) Hg/C,,, ratios (in ppb Hg/% C,,,,). Uncertainties plotted are estimated maximum combined analytical uncertainties
of Hg/ C,,,. Darker purple shading is based on Hg — 1 sd and C,,, + 1 sd (lower end) and Hg + 1 sd and C,,, — 1 sd (higher end), where sd
is standard deviation. Lighter purple shading is based on Hg - 2 sd and C,,, + 2 sd (lower end) and Hg + 2 sd and C,,, - 2 sd (higher end).
All records are plotted against age in the Geologic Time Scale 2012 (GTS2012; Gradstein et al., 2012) according to the age model presented
herein. Horizontal shading was added to represent the different paleoclimate regimes (see “Paleoclimate Regimes” section of the “Results”
section). MECO—middle Eocene climatic optimum.

TABLE 3. AVERAGE VALUES FOR SELECTED GEOCHEMICAL PROXIES OVER REGIMES |-V, MIDDLE EOCENE BELAYA RIVER SECTION

41.26-40.69 (Ma) 40.69-40.31 (Ma) 40.31-40.26 (Ma) 40.26-40.21 (Ma) 40.21-39.80 (Ma)
Pre-MECO background MECO-related warming MECO-related cooling MECO cooling & TOC-rich Post-MECO background
Regime | Regime Il Regime IlI Regime IV Regime V
TEXgs 0.81 0.83 0.81 0.80
Corg (%) 3.1 2.9 3.1 3.4
Cato, (%) 59 59 40
51804, (%o VPDB) —4.3 -5.4
8%Cogry (%o VPDB) 13 13 13 20 16
§%C, (%0 VPDB) -26.9 -27 -271 -27 . 268
Hg (ppb) 23 24 28 L - 25
Hg/Coyq 76 8.3 . 88 6.8 73
Corg/Niot 18 16 18 21
Corg/Piot 203 187 162
Fepn/Fero . 088 0.37 0.32 0.35 0.35
Fepy/Feun 0.72 0.66 0.75 0.84 0.70

Note: Cells are shaded per row (variable), with a darker gray representing a higher cell value. MECO—middle Eocene climatic optimum; TOC—total organic carbon;
TEXgs—tetraether index of tetraethers consisting of 86 carbons; VPDB—Vienna Peedee belemnite; Fe;z—highly reactive iron species; Fepy—iron in pyrite; org—organic;
carb—carbonate; Tot—total.
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TABLE 4. AVERAGE VALUES FOR SELECTED REDOX-SENSITIVE TRACE ELEMENTS MEASURED IN THIS STUDY FROM THE BELAYA RIVER SECTION

41.26-40.69 (Ma)

Pre-MECO MECO-related
background warming
Regime | Regime Il

40.69-40.31 (Ma)

40.31-40.26 (Ma) 40.26-40.21 (Ma) 40.21-39.80 (Ma) Average Post-Archean  Average
MECO-related MECO cooling and Post-MECO upper crust average shale®
cooling TOC-rich background abundance’ Australian

Regime I Regime IV

Regime V

shale?

Note: The leftmost five columns give average values over regimes |-V of this study of the middle Eocene Belaya River section. The rightmost three columns give
average values for the upper crust, post-Archean Australian shale, and average shale, from their respective references as compiled in Tribovillard et al. (2006): 1—
McLennan (2001); 2—Taylor and McLennan (1985); 3—Wedepohl (1971, 1991). Cells are shaded per row (variable), with a darker gray representing a higher cell value.
MECO—middle Eocene climatic optimum; TOC—total organic carbon.

oric water (e.g., Gat, 1996), but we consider
trends and variability to reflect a primary sig-
nal, modulated by changes in lithology. Values
decrease from —3.3%o to —4.0%o in regime 11,
followed by a transient shift to very low values
of ~—5.5%o at ca. 40.25 Ma (regime IV). The
8180,,,, values subsequently return to —4.0%o
and gradually increase to —3.2%o toward the
top of the studied interval (regime V). By
comparison, 6'3C,,,, values vary from ~1.0%o
to ~1.5%o in regimes I-11I (Fig. 4E; Table 3),
followed by a transient shift to ~2.0%0—2.5%o
in regime IV. The youngest interval (regime
V) is characterized by a gradual increase from
~1.5%0 to ~2.0%o. The most prominent shifts,
negative in 6'%0_,,, and positive in 63C_,,,
occur in regime IV, synchronous with the
CaCO; decrease, pointing to a link with this
lithological change.

Organic Matter Composition

In regimes I and II, molar C,/N,, ratios are
roughly ~15 to ~20 (Fig. 4G; Table 3). Subse-
quently, they gradually increase to values rang-
ing between ~20 and ~25 in regime V. The larg-
est increase in values occurs throughout regimes
III and IV, with a sudden step in-between the
regimes. Measured 6'°C,,, varies around a value
of —27.0%o in regimes I-1II (Fig. 4F; Table 3).
Within regime IV, we observed a minor §"*C,,
decrease to —27.5%o, followed by a rapid
increase to values of —26.5%oc. In the young-
est regime V, 8°C,,, values gradually return to
—27.5%0. C,/ Py ratios are generally well above
the Redfield ratio of 106 (Fig. 4H; Table 3). In
regimes I-111, C_,,/P,, ratios are relatively stable,
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averaging ~160-200. At the start of regime IV,
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we recorded a rapid step in C,,/P,, ratios from
~160 to ~270. Regime V retains higher values
(~270) of C,,,/P,,, compared to the older part of
the record.

org

Trace Elements and Iron Speciation

Concentrations of Mo are well above the
crustal average (1-2 ppm; Taylor and McLen-
nan, 1985) for the entire record (Fig. 5D;
Table 4). Concentrations average around
40 ppm at the base of the record, after which
they decrease to more stable average values of
~30 ppm throughout regimes I-II. A distinct
maximum in Mo with values up to 90 ppm
is recorded in regime IV. In regime V, values
stabilize to around ~40 ppm. Normalizing Mo
to Al (Mo/Al) dampens the peak in regime IV
but still reveals a similar trend of high values
at the base of the record and in regime IV.
Patterns of Mo/Al are generally mirrored by
other redox-sensitive trace elements such as Ni
and V (Fig. SE; Table 4; Supplemental Mate-
rial). Concentrations of Mn are stable and low
(generally <100 ppm) for the entire record
and always far below the crustal (600 ppm;
McLennan, 2001) and shale (850 ppm; Wede-
pohl, 1971, 1991) averages. Al-normalized Mn
values are higher at the base of the record and
toward the top of the record (Fig. 5C; Table 4).
Between 30% and 45% of the total Fe (Feyqr)
in the studied record is highly reactive (Feyg),
while between 50% and 90% of this Feyy
is Fe in pyrite (Fig. 5F; Table 3). Broadly,
Fe, /Feyg ratios are high (>0.8) in organic-
rich regime IV. Feygp/Feqp ratios are slightly
lower (~0.32) in regime III than in regime IV
(~0.35) (Fig. 5G; Table 3).
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Mercury Contents

Mercury (Hg) concentrations are between
10 and 50 ppb throughout the record (Fig. 5H;
Table 3) and are strongly and significantly cor-
related to the C,,, measured in the same sam-
ples. The Hg-C,,, relationship is roughly linear,
as often observed in modern sediments, all
else being equal (Fig. S2; Percival et al., 2021,
and references therein). The linear nature of
the Hg-C,,, relationship allows normalization
of Hg to C,,, to detect Hg-cycle perturbations
(Sanei et al., 2012) (Fig. 5I; Table 3). Hg/C,,,
ratios are low on average (6-9 ppb/%), with a
total range between 2 and 14 ppb/%. While the
record shows variability, Hg/C,,, values lack
distinctive positive anomalies or a systematic
change within the phase of gradual warming
(regime II).

DISCUSSION

Depositional Setting and Source of
Sedimentary Components

Sediments of the Kuma Formation at the
Belaya River are characterized by relatively
high C,, contents (background ~3%; this
study; Sachsenhofer et al., 2018), similar to
other studied localities on the Russian Plat-
form and Scythian Platform (e.g., Gavrilov
et al., 2000; Beniamovski et al., 2003), sug-
gesting high productivity and/or preservation
throughout the entire interval of Kuma Forma-
tion deposition. In the palynological residues,
the organic matter consists of a mix of marine
palynomorphs and large amounts of algal and
(higher) plant-derived debris. While fairly high
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ratios of C,/Ny, (~20) might suggest pro-
nounced contributions of terrestrial organic
matter (Meyers, 1994), sedimentary C,,/N,y
values might also be elevated due to preferential
loss of labile, nitrogen-rich components during
early sedimentary diagenesis, as has been pro-
posed for Cretaceous black shales (Junium and
Arthur, 2007). Notably, there are no indications
for high productivity in the dinocyst assem-
blage, as presumed heterotrophic peridinioid
dinocysts are low in abundance. Taken together,
high preservation is the most likely explanation
for the high C,,, observed here. BrGDGTs were
below the detection limit in all samples, indi-
cating a lack of erodible soils or soil mobiliza-
tion in the hinterland, as well as low riverine
and marine sedimentary brGDGT production
and/or an enigmatic preferential transport pro-
cess selecting against brGDGTs. The presence
of brGMGTs despite the absence of brGDGTs
suggests that these components were derived
from a different source. Although a modern
inventory of these components is required to
fully assess their sourcing and proxy potential,
H1020 was first identified in marine sediments
(Liu et al., 2012) and was later shown to be
abundant especially within the oxygen mini-
mum zone of the marine water column (Xie
et al., 2014). The latter study hypothesized
anaerobic planktonic microbes as their main
source, which might also be a possibility in our
setting (see “Basin Restriction and Deoxygen-
ation Associated with the Middle Eocene Cli-
matic Optimum” in the “Discussion” section),
analogous to the dominant marine source for
brGMGT occurrences in Upper Paleocene and
Lower Eocene sediments in the Arctic (Sluijs
et al., 2020) and southwest Pacific Oceans (Bijl
etal., 2021). In situ production in the sediments
might be another possible source, as brtGMGTs
occur preferentially in the anoxic parts of lake
sediments (Baxter et al., 2021).

High SSTs in the Middle Eocene Northern
Peri-Tethys

We reconstructed tropically high SSTs in
the Peri-Tethys throughout the middle Eocene,
with background and peak SSTs of around 32
°C and 34 °C, respectively, when using an expo-
nential (TEXg"; Kim et al., 2010) calibration,
and 35 °C and 39 °C, respectively, when using
a linear (Fig. 4; O’Brien et al., 2017) calibra-
tion. These temperatures are higher than coeval
TEXe-based temperatures from the equatorial
and subtropical South Atlantic Ocean (Boscolo
Galazzo et al., 2014; Cramwinckel et al., 2018).
The first-order explanation for this difference
is the context of the northern Peri-Tethys as
an epicontinental or epeiric sea, a depositional
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environment that is typically a few degrees
warmer than the mean ocean SST at the same
latitude (e.g., Judd et al., 2020). It should be
noted that, while our GDGT distributions point
to marine Thaumarchaeotal production of the
GDGTs comprising TEXg, values of GDGT-2/
GDGT-3 are high throughout and cross the
suggested threshold of 5 (Taylor et al., 2013)
in the lowermost and uppermost parts of the
section. Above this threshold, TEXy, might
additionally incorporate a signal that partially
derives from deeper (>200 m) waters, possibly
causing a bias in absolute reconstructed SST
values. We, however, do not consider it likely
that this affected our reconstructed temperature
trends, as there are no large shifts in [2]/[3] ([2]/
[3] values are <5 for most of the record), and
there is no correlation between TEXg4 and [2]/
[3] (Supplemental Material). Reconstructed
high temperatures might be supported by high
fractional abundance of brGMGTs relative to
brGDGTs (%9brGMGT), which can be used as a
temperature indicator in modern peats and lakes
(Naafs et al., 2018; Baxter et al., 2019). This
relationship has, however, not been constrained
for marine environments, and, in our record, it is
very much driven by total absence of brGDGTs.
Within the brGMGT distributions, the fact that
H1020 isomers are present, while H1034 and
H1048 are absent, would likewise point to high
temperatures, if the same relationship holds as
in peats (Naafs et al., 2018).

Unexpectedly, the gradual warming that pin-
points the middle Eocene climatic optimum
in the Belaya River section is not mirrored by
gradual changes in the other analyzed sedimen-
tary properties, such as lithology and redox-
sensitive trace elements. This indicates that
regionally in the Peri-Tethys, middle Eocene
climatic optimum warming was not linked to
strong changes in ocean chemistry or ecosys-
tems. Because very strong deoxygenation and
ecosystem change characterize Paleocene-
Eocene thermal maximum warming in this
region (Dickson et al., 2014; Shcherbinina
et al., 2016), we surmise that the lower rate
and/or amplitude of warming during the mid-
dle Eocene climatic optimum was insufficient
to result in similar regional effects. Based on
global compilations of records, middle Eocene
climatic optimum warming seems to have been
slightly smaller in amplitude than that dur-
ing the Paleocene-Eocene thermal maximum
(Dunkley Jones et al., 2013; Frieling et al.,
2017). More notably, the much longer duration
of the middle Eocene climatic optimum warm-
ing trend (several hundreds of thousands of
years) implies that the average rate of warming
was one or two orders of magnitude lower (e.g.,
Zeebe et al., 2016).
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Regional Arc Volcanism as a Driver
of Middle Eocene Climatic Optimum
Warming

Our Hg/C,,,, record from the Kuma Formation
does not contain major spikes that anomalously
stand out from the bulk of the values (Fig. 5I;
Fig. S3). Combined Hg and C,, values of the
Belaya River section overlap with those of other
sections that are characterized by relatively
stable and high (>2%) C,,,, but that are not
marked by large igneous province volcanism
(e.g., Grasby et al., 2019), such as the Jurassic
Kimmeridge Clay (Percival et al., 2015) and
sediments from the past ~160 k.y. in the Peru-
vian margin upwelling zone (Fig. S2; Shen et al.,
2020). Despite a suggestive temporal correla-
tion between middle Eocene climatic optimum
warming and a continental arc flare-up related
to Arabia-Eurasia collision (van der Boon et al.,
2021), our Hg record does not show evidence for
the increased local or regional volcanism that has
been hypothesized to have contributed to a car-
bon cycle imbalance on the order of 20004000
Pg C (Kargaranbafghi and Neubauer, 2018; van
der Boon et al., 2021).

The Belaya River is relatively close to the
region of proposed volcanism, which would
promote the use of the Hg proxy in this way.
On the other hand, it is not clear whether the
scale of the arc flare-up perturbation to the
Hg cycle would have been sufficient to regis-
ter in the Hg sedimentary record. Hg contents
have, over recent years, been regularly applied
to track large igneous province activity in the
geologic record (e.g., Sanei et al., 2012; Per-
cival et al., 2017; Jones et al., 2019). While
Hg emissions from arc volcanism are certainly
significant, it should be noted that a continental
arc flare-up might result in different local and
global Hg signatures compared to large igneous
provinces. Sedimentary Hg records spanning
periods with fluctuating or elevated volcanism,
but not related to large igneous provinces, are
very limited in number (e.g., Roos-Barraclough
et al., 2002). A recent data compilation of Hg
emissions encompassing active volcanoes sug-
gests that arc volcanoes emit more Hg per year
than non-arc volcanoes (Edwards et al., 2021).
However, as Hg emitted per volume of volcanic
gas is indistinguishable, this mainly results from
the higher overall fluxes from studied arc vol-
canoes (Edwards et al., 2021). Long-term mean
lava discharge rates over the approximately
million-year lifetimes of some studied large
igneous provinces are comparable to the long-
term global mean arc magma discharge rate
(Mather and Schmidt, 2021), suggesting that
large igneous provinces likely represent a more
significant perturbation to the Hg cycle than a
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Figure 6. Relationship between
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single regional arc flare-up. Inferring eruption
activity in volcanic arcs is further complicated
by the observations from ice cores, which show
far-field Hg spikes are not necessarily scaled to
the volume of individual eruptions, likely as a
result of heterogeneous dispersal and initial Hg
loading (Schuster et al., 2002).

As poorly constrained as the mechanisms
governing Hg emissions from volcanoes are,
if we assume the 2000-4000 Pg C perturbation
was entirely released from volcanism, with a
Hg/CO, mass ratio of 10~8 to 107 (Witt et al.,
2008), this would suggest associated Hg emis-
sions in the range of 10'! to 10'3 g. Even at the
top of this range, this is significantly lower than
estimates of Hg emissions from the Karoo-
Ferrar large igneous province, on of order 10
g (Percival et al., 2015), and would represent a
reduced impact on the Hg cycle, and smaller
likelihood of recording the perturbation, partic-
ularly given the shorter duration of the middle
Eocene climatic optimum compared to a large
igneous province event. Further work is required
to understand whether Hg might be useful for
constraining rates of non-large igneous prov-
ince volcanism in the geologic record. Regard-
ing the middle Eocene climatic optimum (and
potentially similar warming events of similar
duration and amplitude), we conclude that while
an imbalance between volcanism and silicate
weathering remains the most likely cause (e.g.,
van der Ploeg et al., 2018), pinpointing any exact
regions of excess volcanic emissions remains
challenging.

Basin Restriction and Deoxygenation
Associated with the Middle Eocene
Climatic Optimum

The largest changes in sediment composi-
tion (CaCO; decrease and C,, increase), the

concomitant shifts in %0, and 6"C_,,, and
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(Algeo and Lyons, 2006).

the most prominent changes in redox-sensi-
tive proxies all occur during the second half
of middle Eocene climatic optimum cooling,
in regime IV (Tables 3 and 4; Figs. 4 and 5).
The increased sedimentary C,,, content in this
interval may relate to high marine primary pro-
ductivity and/or high preservation, the latter of
which may have been affected by factors such
as bottom-water deoxygenation and sedimenta-
tion rate (e.g., Berner and Raiswell, 1983; Mid-
delburg and Levin, 2009). According to our age
model, sediment accumulation rates increased
from the middle Eocene climatic optimum
onward from ~10 to ~45 m/m.y. (Fig. 3),
likely facilitating enhanced C,,, preservation
(Canfield, 1994; Algeo et al., 2013; Schoepfer
et al., 2015). Moreover, the concentrations of
redox-sensitive elements and Fe-speciation
data indicate variable levels of oxygenation
throughout the studied section (Fig. 5; Table 4).
As brGMGTSs might be produced by anaerobic
planktonic microbes (Xie et al., 2014), their
high abundance relative to brGDGTs might
also be related to low-oxygen conditions. C,,,/
P, ratios average 221, i.e., significantly above
the Redfield ratio of 106 (Fig. 4), indicating
preferential regeneration of P from the sedi-
ments under anoxic bottom waters (Algeo and
Ingall, 2007). Besides C,,, and C,/P,, ratios,
some sedimentary (trace) metal concentrations
are sensitive to bottom-water redox conditions
(e.g., Calvert and Pedersen, 1993; Tribovil-
lard et al., 2006; van Helmond et al., 2018). In
particular, sedimentary Mo has been shown to
be an accurate, semiquantitative redox proxy,
as sedimentary enrichment of Mo increases
when sulfide concentrations in pore waters and
eventually bottom waters increase (e.g., Helz
et al., 1996; Algeo and Tribovillard, 2009). The
high Mo concentrations recorded in the Belaya
River section (Fig. 5; Table 4) are indicative of
intermittently euxinic bottom waters (i.e., free
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sulfide in the water column) and perhaps even
(more) permanently euxinic bottom waters dur-
ing phases of maximum enrichment, based on
comparison with the distribution of sedimen-
tary Mo in modern sulfidic marine systems
(Fig. 6; Scott and Lyons, 2012). In contrast to
Mo, Mn is mobilized under reducing condi-
tions; i.e., sediments deposited under anoxic
conditions are depleted in Mn (e.g., Thomson
et al., 1995; van Helmond et al., 2014). This is
also the case for the entire Belaya River record
(Fig. 5; Table 4), supportive of deoxygenated
bottom waters. This is furthermore in agreement
with the observation that benthic foraminifera
are absent throughout and in the middle-upper
part of the Kuma Formation at the Belaya River
(Popov et al., 2019b) and Kheu River sections
(Beniamovski et al., 2003), respectively, sug-
gesting anoxic conditions.

We used the speciation of Fe between dif-
ferent mineral phases to further investigate
the degree of deoxygenation throughout the
record. Under reducing conditions, a larger
fraction of the total sedimentary Fe pool is
highly reactive, thus leading to higher Feg/
Fe qp ratios. Based on values in both modern
and ancient sediments, a Feygr/Ferqr ratio of
0.38 was found to separate oxic-suboxic condi-
tions from anoxic-euxinic conditions (Poulton
and Canfield, 2011), although verification with
other proxies is recommended (Raiswell et al.,
2018, and references therein). In the studied
interval, Feyp/Ferqp are close to 0.38 for the
entire record (Fig. 5F), consistent with the pre-
viously discussed proxies indicating alternating
to persistent reducing conditions. Intensification
of reducing conditions during middle Eocene
climatic optimum cooling (regime 1V) is high-
lighted by increases in redox-sensitive trace
elements such as Mo and Ni, both in their con-
centrations in parts per million and when nor-
malized to Al (Fig. 5; Table 4). In addition to
Feyr/Ferqr ratios, the degree of Fe pyritization,
as expressed in the Fe,, /Feyy ratio, can be used
to reconstruct bottom-water redox conditions. In
regime IV, this ratio exceeds 0.8 (Fig. 5G), indi-
cating euxinic conditions were likely prevalent
in the bottom waters (Anderson and Raiswell,
2004). Increased preservation of organic matter
under low-oxygen conditions thus likely facili-
tated the sharp increase in C,, that is recorded
in the section, in addition to the high sedimenta-
tion rates previously mentioned.

As this interval of intensified deoxygenation
occurred during cooling following regional
peak middle Eocene climatic optimum warmth,
euxinia in the northern Peri-Tethys was not
directly caused by ocean warming or associ-
ated sea-level rise. Interestingly, the slope of

the Mo-C,,, relationship decreases during
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regime IV (Fig. 6). While most of the Belaya
River samples fall on the regression line of the
modern Saanich Inlet, the data from the C,,,-
rich interval overlap with the (more restricted)
Cariaco Basin. This change could relate to
reduced availability of aqueous Mo due to
increased hydrographic restriction of the deep
waters (Algeo and Lyons, 2006), pointing to a
transient increase in basin restriction as a pos-
sible cause for the transient changes in oxygen-
ation and sedimentary chemistry during middle
Eocene climatic optimum cooling. Part of the
sharp decline in 6'%0,,, in regime IV, coin-
cident with Mo/C,,-based restriction, might
therefore be explained by reduced surface-
water 830, i.e., reduced salinity, caused by
enhanced relative influence of freshwater input
over marine connections. The interval of eux-
inia might therefore not have been directly tied
to middle Eocene climatic optimum climate
change; instead, it was likely a consequence
of intensified ongoing tectonic restriction of
the Peri-Tethys (Palcu and Krijgsman, 2022).
Specifically, the intensified arc volcanism in the
Iran-Anatolian region around middle Eocene
climatic optimum times (Verdel et al., 2011;
van der Boon et al., 2021) might well repre-
sent a step change in restriction of the south-
ern gateways connecting the Peri-Tethys to the
Indian Ocean (Palcu and Krijgsman, 2022), as
regional mountain belts were uplifted (Keskin
et al., 2008). The Peri-Tethys—Siberian (Turgay
strait) and Siberian—Arctic (Kara strait) con-
nections likewise show increased restriction
around middle Eocene climatic optimum times
(Palcu and Krijgsman, 2022). Interestingly, a
shift to more arid conditions is recorded in dust
records from central China at 40 Ma (Bosboom
et al., 2014; Meijer et al., 2021), i.e., coinci-
dent with the middle Eocene climatic optimum,
which Meijer et al. (2021) related to a major
Peri-Tethys regression from the Tarim and Tajik
basins around 4140 Ma (Kaya et al., 2019).
We surmise that increased restriction and eux-
inia in the Kuma basin can be mechanistically
related to the observed middle Eocene climatic
optimum-associated cooling if boreal sur-
face inflow, e.g., from the North Sea, became
dominant over the southern gateways, thereby
suppressing middle Eocene climatic optimum
warmth (Palcu and Krijgsman, 2022). Model
simulations with sophisticated oceanography
and bathymetry would be necessary to assess
scenarios restricting different tropical and
boreal gateways in the middle Eocene and their
effects on Peri-Tethys SSTs and oxygenation.
Nevertheless, this study highlights the impor-
tance of the interplay between global climate
and regional gateway evolution in determining
local climate and oceanographic change.
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Quantification of Regional Excess Organic
Carbon Burial and its Potential Role

in Middle Eocene Climatic Optimum
Recovery

According to our age constraints, sedimenta-
tion rates at the Belaya River section increased
almost fivefold during the middle Eocene
climatic optimum, while C,, contents dur-
ing middle Eocene climatic optimum cooling
(regime IV) record an increase from ~3 wt% to
~5.5 wt% over an interval of ~55 k.y. (Fig. 4).
Using an estimated dry bulk sediment density
of 2.5 g cm™ together with the above values
results in C,,, mass accumulation rates of ~0.6 g
C cm? k.y.”! for this interval. The Eocene Peri-
Tethys was prone to developing (intensified)
low-oxygen conditions, as evidenced both by
the high organic content of the Kuma Forma-
tion in general (Beniamovski et al., 2003) and
also by a similar deoxygenation response to
Paleocene-Eocene thermal maximum warming
ca. 56 Ma (Dickson et al., 2014) and potentially
during later hyperthermal events (Radionova
et al., 2003), and during the Eocene-Oligocene
transition (Sachsenhofer et al., 2017). In order to
provide a ballpark figure of total C,,, burial in the
northern Peri-Tethys during middle Eocene cli-
matic optimum cooling, we estimated the areal
extent of the Kuma Formation to be ~1.5 x 10°
km?, based on the area maps of Sachsenhofer
et al. (2018). This is a conservative estimate,
as organic-rich lateral equivalents of the Kuma
Formation might extend further, such as past
the Black Sea to the west (Hnylko and Hnylko,
2019). Using our values at the Belaya River sec-
tion, we extrapolated the total C,,, burial dur-
ing middle Eocene climatic optimum cooling in
the northern Peri-Tethys to be ~9.2 Tg C yr!,
~3% of the modern global C,,, burial of ~300
Tg C yr! (Supplemental Material). This results
in ~500 Pg buried C total over the whole 55 k.y.
interval. Expressing this as excess burial relative
to pre—middle Eocene climatic optimum values,
and extrapolating from the Belaya River C,,, and
sedimentation rates, yields excess C,, burial of
~8.1 Tg C yr! and a total of ~450 Pg excess
Coy, buried. Such an amount might have played
a significant role in middle Eocene climatic opti-
mum CO, drawdown, but it was likely not of suf-
ficient magnitude to explain the full recovery to
apre-event background global climate state. Yet,
there are indications that middle Eocene climatic
optimum-associated enhanced C,,, burial might
not have been limited to the Peri-Tethys region.
A similar pattern of middle Eocene climatic opti-
mum warming followed by enhanced sedimen-
tary C,, content has been observed in sediments
from the Alano di Piave section in Italy, central
western Tethys (Fig. 1; Spofforth et al., 2010). At
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Alano, two 6"3C-enriched, C,-rich (~2 wt%)
layers with a thickness of several meters occur
in the post-middle Eocene climatic optimum
interval. These layers are concurrent with plank-
tic and benthic foraminiferal assemblages sug-
gesting eutrophic sea-surface conditions, high
export productivity, and oxygen-depleted bottom
waters right after the zenith of middle Eocene
climatic optimum warmth (Luciani et al., 2010;
Boscolo Galazzo et al., 2013). This suggests that
eutrophic and anoxic conditions facilitated pro-
duction, preservation, and ultimately burial of
C,- The Monte Cagnero section in Italy records
a similar §'3C-enriched post-middle Eocene cli-
matic optimum layer with increased magnetic
susceptibility, possibly likewise indicating C,,,
enrichment (Savian et al., 2014; Kochhann et al.,
2021). The middle Eocene climatic optimum has
also been recognized in other Tethyan sites, such
as the Contessa Highway section, Italy (Jovane
et al., 2007), the Elazig Basin, Turkey (Rodelli
et al., 2017; Rego et al., 2018; Giorgioni et al.,
2019), and the oil shales of Jordan (Hussein
etal., 2014), but well-constrained C,,, accumula-
tion rates from multiple sites within and outside
of the Tethys Ocean are lacking. For the present
study, we therefore refrained from extrapolating
C,, burial to outside of the Peri-Tethyan Kuma
Formation. Still, we note that a subtle positive
O13C trend and maximum after the peak §'%0
minimum in the global benthic stable isotope
compilation (Bohaty et al., 2009; Westerhold
etal., 2020) are consistent with a role for seques-
tration of relatively '2C-rich C,, from the exo-
genic carbon pool, resulting in atmospheric CO,
drawdown and climatic recovery following the
middle Eocene climatic optimum. Estimating
the amount of global C,,, burial during middle
Eocene climatic optimum recovery and mod-
eling its consequences for climate and carbon
cycling represent promising targets for future
studies in order to improve our understanding
of climate-carbon feedbacks during events on
similar timescales to the middle Eocene cli-
matic optimum.

CONCLUSION

The middle Eocene climatic optimum (ca.
40 Ma) was a period of transient global warm-
ing lasting ~400 k.y. that interrupted long-term
Eocene cooling. The controls on its initiation
and termination are poorly understood but
might offer key insights into Earth’s Eocene
climate system. In this study, we targeted the
organic-rich middle Eocene Kuma Formation
in the Belaya River section, North Caucasus, in
order to investigate the Peri-Tethyan response to
the climatic changes of the middle Eocene cli-
matic optimum in terms of regional temperature,
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depositional environment, and carbon draw-
down. We found that the middle Eocene Peri-
Tethys was characterized by high TEXg4-based
SSTs, on which middle Eocene climatic opti-
mum warming stands out as an additional 2-3
°C rise (Fig. 4). A nearby contemporaneous arc-
volcanism flare-up, evidenced by deposits left
in modern-day Iran and hypothesized to play a
role in driving environmental changes across the
middle Eocene climatic optimum, left no clear
trace in the sedimentary Hg record in the Belaya
River section. However, it is currently uncertain
whether volcanism on this scale is expected to
perturb the global Hg cycle sufficiently to be
recorded in the geologic record. Intriguingly, we
found that the most striking changes in sediment
lithology and geochemistry did not occur during
middle Eocene climatic optimum warming or
peak warmth, but were concomitant with subse-
quent cooling. Based on sedimentary trace-ele-
ment compositions and iron speciation (Fig. 5),
middle Eocene bottom waters in the study area
were consistently reducing, with an alternation
of suboxic, anoxic, and euxinic conditions. The
most reducing conditions, with presumably eux-
inic bottom waters, occurred during the middle
Eocene climatic optimum cooling phase, which
was furthermore characterized by enhanced C,,,
burial. Extrapolating from our record, excess
C,, burial might have been ~8.1 Tg C yr,
resulting in a total ~450 Pg of excess C,,, bur-
ied over middle Eocene climatic optimum cool-
ing in the northern Peri-Tethys. As indications
for enhanced C,,, burial also exist in the western
Tethys, this phenomenon might have played a
quantitatively significant role in middle Eocene
climatic optimum recovery. This illustrates that
the closing Tethys Ocean might have affected
global Paleogene climate by functioning as a
large organic carbon sink.
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