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The Eurasian epicontinental sea was an important
carbon sink during the Palaeocene-Eocene thermal
maximum
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Alexander Rohrmann®, Sevinc Ozkan Altiner® 7, Ezgi Vardar’, Hakan Tanyas®, Mehmut Mamtimin3 &
Guo Zhaojie3

The Palaeocene-Eocene Thermal Maximum (ca. 56 million years ago) offers a primary
analogue for future global warming and carbon cycle recovery. Yet, where and how massive
carbon emissions were mitigated during this climate warming event remains largely
unknown. Here we show that organic carbon burial in the vast epicontinental seaways that
extended over Eurasia provided a major carbon sink during the Palaeocene-Eocene Thermal
Maximum. We coupled new and existing stratigraphic analyses to a detailed paleogeographic
framework and using spatiotemporal interpolation calculated ca. 720-1300 Gt organic carbon
excess burial, focused in the eastern parts of the Eurasian epicontinental seaways. A much
larger amount (2160-3900 Gt C, and when accounting for the increase in inundated shelf
area 7400-10300 Gt C) could have been sequestered in similar environments globally. With
the disappearance of most epicontinental seas since the Oligocene-Miocene, an effective
negative carbon cycle feedback also disappeared making the modern carbon cycle critically
dependent on the slower silicate weathering feedback.
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global warming event ca. 56 million years ago (Ma), was

associated with geologically rapid release (<<10 kyr) of
thousands of gigatons (Gt) of 13C-depleted carbon into the
ocean-atmosphere system!=3. The characteristic global negative
Carbon Isotope Excursion (CIE) shows a rapid “onset” lasting a
few kyrs, low and stable 8!3C values constituting the “body” of
the CIE for about 70-80 kyrs, and ending by a gradual (ca. 100
kyr) “recovery”®. The event is marked by strongly elevated
atmospheric pCO,, substantial shoaling of the calcite compen-
sation depth (CCD), as well as surface ocean acidification, and
accelerated hydrologic cycle and weathering®~”.

The PETM has provided broad insight into the carbon cycle,
climate system, and biotic responses to environmental change
that are relevant to long-term Earth climate evolution as well as
future global changes3. However, the mechanisms responsible for
the carbon release and its storage remain elusive. Distinguishing
between potential processes requires assessing the timing and
amount of carbon release and storage that are linked through
biogeochemical feedback processes. In particular, potential car-
bon sinks remain to be identified and quantified in the sedi-
mentary record®. Previous studies have provided evidence for
carbon removal through continental weathering as evidenced by
osmium (Os)? and lithium (Li) isotopes!?, post-event biogenic
silica and carbonate (C,y,) accumulation in the deep ocean!! and
burial of organic carbon (C,g) in terrestrial and marine
sediments!213, Thorough analyses of sedimentary records can
help constrain the timing, processes and amounts of carbon
removed, and the role these processes played in the mitigation of
past carbon emissions.

Importantly, organic carbon accumulation in shallow marine
settings (epicontinental seas and continental shelves) has been
suggested to provide a significant carbon sink for the PETM and
Mesozoic Oceanic Anoxic Events (OAEs)!3-16, We focus on the
vast Eurasian Epicontinental Sea (EES) that extended from the
Mediterranean Tethys to the margin of the Tibetan Plateau
through the proto-Paratethys Sea and up to the Arctic through
the West Siberian sea!” (Fig. 1). Organic carbon-rich facies widely
developed in the EES during the PETM!8 (Table S1). Here we
estimate the amount and timing of organic carbon sequestered in
the EES during the PETM using previously studied PETM
records!8-2. In addition, we generate new multi-proxy data for a
recently identified section from the easternmost EES!7. The
results allow a more comprehensive view of the carbon cycle
behaviour, and its implications for Cenozoic climatic events and
future carbon cycle recovery.

The Palaeocene-Eocene Thermal Maximum (PETM), a

Results

PETM record from the EES. We previously identified a
Palaeocene-Eocene record from the EES (Mine section) based on
biostratigraphy of dinocysts (Table S3), calcareous nannofossils
(Table S4) and foraminifera (Table S5) in NW Tarim Basin, in
West Chinal” (Fig. 2, Fig. S1). Here, we use stable carbon isotope
analyses of bulk organic matter (813C0rg) and carbonate
(813Ccarp), to locate the characteristic PETM CIE (Fig. 2). The
PETM onset is broadly expanded over ca. 2m thickness indi-
cating exceptionally high accumulation rates (~50 cm kyr—1)
given its short duration®2°. The overlying interval represents the
CIE body (813C0rg values ca.—30%o) and is characterized by
organic carbon-rich “sapropel” beds (Fig. 2). The onset of the
recovery period is placed at ca. 11.3m height when the bulk
813Ccup and 8180, values start to increase although 813C,,,
remains low (Fig. 2, see Supplementary Note 1, 2 and 4 for further
geochemical and stratigraphic data presentation). The nannofossil
and benthic foraminifera assemblages and reappearance of

bivalves also indicate a recovery phase for this interval lacking
characteristic PETM species (Samples B26, B27, Fig. 2; Fig. S3).

The expression of the PETM in the Tarim Basin is similar to
most other shallow marine sections on the southern fringes of the
Tethys2” and elsewhere in the EES basin!8. The most remarkable
common feature is a dramatic increase in Total Organic Carbon
(TOC) content (Fig. S2) during the sapropel deposition roughly
coincident with a drop in carbonate (CaCO;) content during the
CIE body. Biomarker distributions, §D n-alkanes showing a drop
from —143%o to —164%o in Cy9 and from —139%o to —154%o in
C;; (Supplementary note 3; Table S2), and microfossil data across
the onset signal higher siliciclastic, nutrient and fresh-water
input, suggesting the drop in carbonate content is related to
dilution and potentially reduced calcification (Supplementary
Note 5; Fig. 2). Biomarker samples (Supplementary note 3;
Table S2) also suggest a terrestrial contribution for the source of
the organic matter. Similar conditions for the high-TOC sapropel
beds representing the CIE body in the EES have been interpreted
by previous studies using a small set of geochemical methods??
and limited microfossil evidence showing a bloom of Thoraco-
sphaera and Braarudosphaeral®.

The observed increase in freshwater and terrestrial input would
likely have resulted in an increase in nutrient input instigating a
stronger productivity and subsequently larger carbon export to the
seafloor. The combination of increased export productivity and
oxygen consumption during organic matter break-down ultimately
led to extensive sapropel deposition. Sapropel deposition was
further enhanced by the formation of a freshwater lid and sea-wide
expansion of anoxic conditions?2. Stratification due to freshwater
lid in these shallow epicontinental seas allows development and
persistence of oxygen-depleted waters. The terrestrial organic
matter might have also partially recycled and redeposited in the
EES basin enriching the TOC values!®. Enhanced preservation of
fish debris in sapropel layers suggests a shift in the reactive
phosphorus (P) sink in sediments during oxygen-depleted periods,
when burial of other forms of reactive P is limited?®?°. Such
conditions have been also described in other anoxic PETM EES
sections (Kheu River and Guru-Fatima), where high C.,/P ratios
indicate preferential phosphorus regeneration?2.

The extensive EES organic carbon burial appears to be
concentrated in the body of the CIE. In the Mine section, the
sapropel beds deposited at the base of the CIE body show the
highest TOC values (max. 5%), whereas two thinner black
organic-rich layers near the top of the CIE have relatively lower
TOC values of ca. 1.2%.

During the recovery phase, microfossil assemblages are still
dominated by low-salinity and high-nutrient taxa. Intriguingly,
across this phase, there is an increase in CaCOj3, but not TOC, in
the EES, suggesting persistent elevated carbonate precipitation in
shallow seas!3 which was also observed elsewhere in deep ocean
records®0.

Corg burial in the EES during the PETM. We estimate the
amount of total organic carbon burial in the central and eastern
EES based on the following equation3!.

M = Area * Thickness * Density * TOC. (1)

In its simplest application, average values were used for input
parameters (i.e. average thickness and TOC) for the estimation of
the total amount of organic carbon burial3!. Here, we refine this
approach by including spatial variation of organic carbon burial
throughout the central and eastern EES during the PETM CIE.
We applied an Inverse Distance Weighted method3? and
interpolated the spatial distribution of both thickness (Fig. 3a)
and TOC (Fig. 3b) based on new and previously analyzed sections
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Fig. 1 Palaeogeography during the PETM (modified from ref. 34). Until the Late Eocene isolation, the Eurasian Epicontinental Sea (EES) extended across
Eurasia from the Mediterranean Tethys to the Tarim Basin in western China!”. This study focuses on the central and eastern EES (delineated by black
dashed line) consisting mostly of the West Siberian Sea (WSS) and the proto-Paratethys (PPS) that were connected via the Turgai Strait. Red circles show
locations of the areas with enhanced organic carbon burial during the PETM (California and New Jersey'3; Gulf Coast’77; Bay of Biscay80:8'; North
Sea82:83; Eastern Tropical Atlantic87; Southern Tethys margin?’; Arctic Sea??; see also Table 2). Black dashed line indicates the study area with enhanced
organic carbon burial in EES. The inset shows the modern day epicontinental seas (red triangles; Hudson Bay, Baltic Sea and Gulf of Carpentaria) and
regions with high organic carbon concentrations (ca. 1.5% or more) in marine sediments (orange shaded regions, modified from ref. ).
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Fig. 2 The PETM record from the Mine section in the Tarim Basin. Timescale88 indicates biostratigraphic zonations of planktonic foraminifera (P5, E1, E2
and E3) and calcareous nannofossils (NP9 and NP10). Stratigraphic log of the section shows lithologic distribution (c:clay, s:silt, fS:fine sand, sapropels in
dark grey shading) with occurrences of bivalve and fish bone, biostratigraphic samples, and schematic relative sea level (blue line) interpreted from
sequence stratigraphy (MFS: maximum flooding surface, TST: Transgressive systems tract, HST: Highstand systems tract). Isotopic values of 613C0rg
record the onset but not the recovery of the CIE. The recovery of the CIE starts with the increase in the bulk isotopic values of 8'3C.., and 880 at ca.
11.3 m height. Total Organic Carbon (TOC) values peak just after the onset and are linked to sapropel deposition. Wt%CaCOs decreases at the onset,
fluctuates during CIE body, and increases at the recovery. Relative abundances (%) of dinocyst and nannofossil assemblages are indicative of
paleoenvironmental conditions. The Senegalinium group is often interpreted to have been low-salinity tolerant, and likely had a preference for relatively high
nutrients levels. Apectodinium and Florentinia reichartii are thermophilic dinocyst taxa and abundant Spiniferites indicate influence of open marine
conditions89. Nannofossil Neochiastozygus junctus is an opportunist species indicative of high-productivity conditions®C. Braarudosphaera bigelowii and
Micrantholithus are indicative of nutrient-rich or low-salinity waters62°1,
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Fig. 3 Distribution of observed organic-rich sediment thickness, total organic carbon and calculated organic carbon burial in the EES. Spatial
distribution of a organic-rich sediment thickness, b TOC values and ¢ estimated total organic carbon burial (using 2.4 x 1012 kg km-3 density) in the proto-
Paratethys and West Siberian basins during the PETM CIE. Black dots show the locations of the studied sections/wells (Mine section, this study; Well 1025;
Kheu, Baksan, Medani, Torangly, Aktumsuk, Guru-Fatima and Kurpai sections'®1%: Dzhengutay section?0). Constructed Thiessen polygons indicate sub-
sections with a reference section/well. d Box-and-whisker plots showing estimated total organic carbon burial for each sub-section and entire area. Lower
and upper limits of the boxplots indicate 1st and 3rd quartiles, respectively. Red dots and blue lines inside the boxes show the mean and median values,
respectively. A broad range of bulk density values (from 2.1x10'2 to 2.7 x 102 kg km-3) proposed for organic shales3°> was used for the estimation.

and wells (Table S1). We here use only sections and wells for
which solid correlations can be made based on carbon isotope
stratigraphy and that have sufficient quantitative data on
sedimentary TOC content. Interpolation from these data is
warranted: in the West Siberian Sea and also the wider proto-
Paratethys area, there is strong supporting evidence from a much
wider range of sections where biostratigraphic evidence shows
coeval occurrence of organic-rich layers®3. The organic carbon
content of organic-rich successions over the PETM CIE body was
estimated at each section based on integrating TOC values over
their thicknesses that range from 0.2 m to 2.3 m in thickness and
from 0.12 to 17% in TOC values (Table S1). All the samples used
to estimate the organic carbon burial are taken exclusively from
the CIE body of the PETM. The central and eastern EES extent
and area (ca. 8.5 x 10 km?; Fig. 3a, b) were determined from a

review of land-sea distribution datal” over a 60 Ma paleogeo-
graphic reconstruction®*. We used a broad range of well-
established bulk density values (from 2.1 x 10'2 to 2.7 x 1012 kg
km-3) proposed for organic shales3>.

We applied Eq. (1) for each grid cell (1 km x 1 km) throughout
the study area using interpolated thickness and TOC with range
of densities and area (i.e, area of grid cell). For a mean density
value of 2.4 x 1012 kg km-3 the amount of organic carbon burial
varies from 3.1x107% to 3.4x 104Gt km-2 (Fig. 3c). The
cumulative amount of organic carbon burial for the entire
analyzed area of the EES ranges between 891 Gt and 1147 Gt. The
southeastern sector, represented by the Guru-Fatima and Kurpai
sections in the Tajik Basin, and the Mine section in the Tarim
Basin yields the highest organic carbon burial per km?2. The high
burial in this sector may be related to the proximity of Pamir/

4 COMMUNICATIONS EARTH & ENVIRONMENT | (2022)3:124 | https://doi.org/10.1038/543247-022-00451-4 | www.nature.com/commsenv


www.nature.com/commsenv

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00451-4

ARTICLE

Tibetan Plateau orogenies, providing high siliciclastic and
nutrient fluxes leading to increased productivity and sediment
accumulation rates.

The substantial regional differences highlight the need for good
geographical coverage and spatial interpolation techniques. To
this end, the study area was divided into sub-sections (Thiessen
polygons)3¢ and the amount of total organic carbon burial per
sub-section was examined separately. These sub-sections, the
areas over which the organic carbon data from a single locality are
extrapolated, were identified in such a way that all the points
located inside each sub-section are closer to the associated
reference point (i.e. section/well) than to any other. Firstly, the
interpolated thickness and TOC values as ranges of values, which
are most likely to be observed within each polygon, were
obtained. We then applied Eq. (1) for each polygon accounting
for variations in thickness, TOC and density. The range of total
organic carbon burial for the entire area was summed for each
sub-section and its associated range. This results in a total
amount of organic carbon burial ranging between 720 Gt (1st
quartile) and 1376 Gt (3rd quartile) with a mean value of 891 Gt
in the central and eastern parts of the EES during the body of the
PETM CIE (Fig. 3d).

We also used average C,,, mass accumulation rates (C, MAR;
g cm-2 kyr-1, Table 1) to calculate the Cq.g burial in the EES. We
first calculated mean sedimentation rates over the PETM CIE
body by using the sediment thickness and an estimated CIE body
duration of 75 kyr. Since we assume the same CIE body duration
for the calculation of the sedimentation rates and Coy MAR, any
variation in that estimate would not affect our result. We used a
constant bulk density (g/cm3) of 2.4. The average TOC, sediment
thickness, sedimentation rates and C,r; MAR for each polygon
can be found in Table 1. The C,,, buried for each polygon was
calculated by multiplying the area and the C,; MAR value for
that polygon. The total amount of organic carbon burial for the
entire analyzed area of the EES is ca. 775 Gt which is in the range
of total organic carbon burial estimated by the polygon method,
indicating the estimates are robust.

For all methods, the obtained ca. 720-1300 Gt range can be
almost entirely regarded as excess burial, as the pre-CIE C,,,
accumulation rate is very low with TOC values of ca. 0.1-0.2%
(cumulative < 40 Gt C for the same duration).

Discussion

Epicontinental seas as C,,; burial factories. The warm Paleo-
gene epicontinental seas were susceptible to widespread anoxia??
and as such provided ideal environments for the sequestration of
organic carbon. In the vicinity of an orogeny, C,, burial appears

to be further promoted by (1) weathering and/or erosion of ter-
restrial material supplying lithogenic sediments, nutrient influxes
and terrestrial (fossil/contemporaneous) carbon and (2) increased
runoff leading to stratification enhancing deoxygenation (Fig. 4a).

The shape and the bathymetry of the basin might have also
influenced the variability of the C,,g burial in (parts of) the EES.
For wide, shallow epicontinental seas, the seafloor is largely flat
except for the areas near shoreline. In an epicontinental sea
covering an area of a foredeep and a craton, the foredeep can act
as a clastic “trap” adjacent to an orogeny>” (Fig. S4) for the coarse
fraction of the delivered sediments to the epicontinental basin. In
such a setting, fine-grained sediments can travel more than
100 km’s from the shoreline over a largely flat epicontinental
basin floor mainly by wind or tidal induced bottom current
circulation?”. Having a similar paleogeographic configuration,
organic-rich mud/shale deposition might have occurred mainly
on cratonward side of the EES basin to the north in shallow water
depths, and less in the deep basins to the south (Fig. S4). This
would be mainly due to the dilution of the fine clastics in the deep
basins to the south. To the north on the craton, C,, burial might
be variable as well depending on the distance that organic matter
and the fine-grained sediments can be transported. As a result,
fine clastic sedimentation and organic matter concentration
would be more on the shallow proximal side of the craton (e.g.,
Mine, Kurpai, Guru-Fatima and Medani) with decreasing
concentrations and thickness in the distal side to the North
(e.g., Baksan). For localities more distal to the orogeny, redox
conditions influenced by the degree of restriction, water-mass
ventilation and oxygen consumption through organic matter
degradation are perhaps more likely drivers of organic matter
burial. The presence of persistent, low-oxygen surface and bottom
waters in the eastern EES (Guru-Fatima) before and during the
PETM?2 might suggest a higher degree of restriction for the
eastern part of the EES leading to increased C,,g burial.

A transgressive event at the onset of the PETM has been
considered as a controlling factor on nutrient and terrestrial
sediment delivery to the EES, since sea-level rise would have
flooded broad shelves and coastal areas!®1%. Despite the
increasing sea level, low-salinity tolerant dinocysts and nanno-
fossils remain persistent (Fig. 2), indicating low-salinity surface
waters persisted during the PETM as also observed in the
Arctic>38. This suggests an exceptionally strong runoff and
freshwater influx that lead to stratification.

A temporary lowered C,,; content (ca. 1.2%) in the Mine
section near the top of the CIE may indicate intermittent
ventilation of bottom waters. Remarkably dinocysts and nanno-
fossil assemblages for those intervals still indicate high nutrient
levels. The continued presence of oligotrophic taxa (Spiniferites)

Table 1 Thickness and average TOC data for each polygon in Fig. 3.

Section/well Thickness (m) Avg. TOC (%) Sedimentation Corg MAR (g Polygon area Corg burial during
rate (cm kyr-1) cm-2 kyr-1) (108km?2) the CIE body (Gt)

Kheu 0.58 6.09 0.77 0.116 0.001 8.99

Baksan 0.25 0.50 0.33 0.004 0.003 1.01

Aktumsuk-2 1.00 2.85 133 0.093 0.016 111.40

Torangly 1.20 1.06 1.60 0.042 0.007 21.60

Guru-Fatima 1.30 7.98 173 0.340 0.005 119.94

Kurpai 1.30 9.73 1.73 0.415 0.008 245.28

Medani 2.40 1.47 3.07 0.16 0.002 18.16

Well 10 0.20 424 0.27 0.028 0.033 67.90

Mine 4.50 157 6.00 0.232 0.009 164.99

Dzhengutay 0.76 210 1.01 0.052 0.004 16.27

TOTAL 775.53

See text for the calculation of the sedimentation rate and Co,s MAR. The amount of C,¢ burial was calculated by multiplying the area and the C,; MAR value for the polygon.
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Fig. 4 Schematic representation of palaeocological and paleoenvironmental changes in the EES during the PETM. a C,,, burial appears to be enhanced
by increased runoff leading to stratification enhancing deoxygenation and weathering and/or erosion of terrestrial material supplying lithogenic sediments,
nutrient influxes and terrestrial (fossil/contemporaneous) carbon. b Ventilation of bottom waters shuts off the C,,q burial factory and initiates Cearp
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could imply transport from nearby open marine conditions to the
restricted epicontinental areas. Variations in circulation may have
provided occasional ventilation (Fig. 4b) in line with previously
identified cyclic variations in trace metal enrichments and
lycopene concentrations?2.

Combined together, we identify four main factors governing
oxygenation and in turn burial efficiency of epicontinental seas;
basin geometry, nutrient levels, circulation and freshwater runoff.
Further positive feedbacks, including P-regeneration?2-2° are also
very likely and have been argued to significantly affect the global
carbon cycle!®39,

Contribution to the global PETM carbon budget. The total
global amount of carbon released during the PETM has been
estimated to range from 4500 Gt? to more than 10,000 Gt*0 based
on modelling of paleoenvironmental constraints (e.g. pH, CCD)
and 8'3C records.

Our estimates over the central and eastern EES indicate ca.
720-1300 Gt C,g burial during the CIE body of the PETM. While
this is perhaps 5-25% of the total released carbon, the area of the
central and eastern EES (ca. 8.5 x 10 km?) is only about 30% of
the global late Palacocene epicontinental sea surface area (ca.
30 x 10° km?; Fig. 1). Epicontinental seaways and shelves that
have been analysed also show elevated C,., burial across this
period, warranting the extrapolation of our results (Fig. 1,
Table 2). As can be seen in Table 2, highest C,,, concentrations
are mainly from the epicontinental seas and the shelves, whereas
the lowest concentrations are from the bathyal/slope and outer
shelf sites. There are marginal locations where enhanced C,
burial during the PETM is not obvious in TOC content, or offset
by increased siliciclastic input such as the Svalbard (Arctic
Ocean). For Svalbard sections, TOC levels are higher before the
PETM (ca. 3%) and decrease (ca. 1.5%) before the onset of the
PETM, and remain at this relatively lower value throughout the
CIE body of the PETM*!. However, given the relatively high TOC
(ca. 1.5%) values and PETM sedimentation rates, these areas must

still be considered as significant, although perhaps not enhanced,
carbon sinks during the PETM*1.

On a global scale, the extrapolation of our results amounts to
ca. 2160-3900 Gt excess Corg burial in epicontinental seas. If
accurate, this implies the carbon burial in epicontinental seas
alone may have sequestered 20-85% of carbon emissions.
Crucially, that estimate is still without C,., burial in the Arctic
Ocean (estimated 770 Gt C)*2 and on continental shelves.

Continental shelves were previously recognized as potentially
important carbon sinks, and have been estimated to sequester
2200-2900 Gt Coyg during the PETM!3. However, these estimates
were based on present-day shelf areas, and high Palaeocene sea level
might have tripled the global shelf area3%. We estimate a total shelf
area of ca. 92 x 106 km? based on the paleogeographic reconstruc-
tion in Fig. 1, which when extrapolating the results of ref. 13, would
impose an upper bound of the shelf C,, sink of ca. 7400 to 10300
Gt. Supporting our higher C,y, burial estimate, authors of ref. 16
modelled an excess burial of ca. 13300 Gt C globally across the entire
PETM in their preferred model scenario simulating Cyg burial,
satisfactorily reproducing the trends and patterns of primary
productivity, deoxygenation and P recycling observed in data.

Extrapolation of our excess burial in the EES to gross global burial
carries uncertainties that are inherently linked to the heterogeneous
nature of the continental shelves and the epicontinental seas, as is
evident from our analyses and previous studies. Clearly, the flux of
organic carbon depends on a suite of local and regional factors, e.g.
sedimentation rates and burial redox conditions. The uncertainty is
larger in cases where there are few dedicated studies over large areas.
Despite remaining uncertainty in regional and global estimates due
to inherent variability, we point out that the sections where TOC
content increases far outnumber the sections that show constant or
declining C,,; burial during the PETM CIE. Therefore, the basic
pattern of a large increase in C,,, burial can be observed globally.
The magnitude of the C,., burial paired with the ubiquitous nature
of increased C, burial clearly shows that epicontinental seas
provided a proportionally and quantitatively major C sink.
Combined with epicontinental seas, continental shelves, which
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The paucity of modern analogues with the geographic extent of
the ancient epicontinental seas and reduced inundated continen-
tal shelf area as a result of much lower sea levels (Fig. 1 inset)
clearly limits the potential for organic carbon burial and
consequently the drawdown of atmospheric carbon dioxide. This
is amplified by an anticipated decrease in global carbon burial in
wetland dominated coastal systems and overall carbon preserva-
tion in the modern ocean due to anthropogenic forcing and
climate change®!-33. In addition, estimated Paleogene weath-
erability is comparatively low>* and recovery from these ancient
carbon cycle perturbations can be expected to considerably differ
mechanistically and temporally from similar perturbations
imposed on the modern carbon cycle. Specifically, the modern
carbon cycle recovery may be considered critically dependent on
slower negative feedbacks such as silicate weathering, perhaps
until rising sea levels eventually lead to the expansion of
epicontinental seas with efficient C,, burial factories.

Methods

Lithostratigraphy and sampling. A lithostratigraphic section was studied and
measured in the NW Tarim Basin, in West China (Fig. 2, Figs. S1, and S3). The
Mine section (39°50.860'N, 74°30.124'E) was chosen for excellent exposure of the
Thanetian-Ypresian lower member of the Qimugen Formation and organic-rich
sapropel bed unit. The lower member of the Qimugen Formation, representing the
1st Paleogene marine transgression in the Tarim Basin (Fig. S1), mainly consists of
grey-to-green mudstone and marls intercalated with thin-bedded shelly limestone
beds!”. The stratigraphic thickness of the observed units was measured to a cm-
level. Samples were collected with a sampling interval of 25 cm for geochemical
analysis and with a sampling interval of 1 m for biostratigraphic analysis. Dino-
flagellate cyst (dinocysts), calcareous nannofossils and foraminifera were used to
constrain the age of the studied interval.

Biostratigraphy

Dinoflagellate cysts. Samples were processed at Palynological Laboratory Services,
Holyhead, UK, using standard palynological treatment procedures. We used
approximately 50 g of dry sediment for each sample. Concentrated HCl and HF
were added to the sample material to remove carbonates and silicates, respectively.
Organic residues were pH-neutralized and sieved over a 10 um mesh to remove
small particles. Some samples required short ultrasonic treatment or mild oxidation
with HNO3. Residues were subsequently mounted on a microscope slide using
glycerine jelly and analysed at 400x magnification under a light-transmitting
microscope (Olympus CX41). Each slide was scanned entirely for rare species.
Dinoflagellate cyst taxonomy follows ref. °> and ref. > for Wetzellielloid species.

Calcareous nannofossils. Samples for calcareous nannofossils analyses were pro-
cessed following the standard smear-slide techniques®” and quantitative analyses
were performed using a Zeiss Axioskop 40 microscope under crossed-polarized
and plane-transmitted light at 1250x magnification, scanning at least three trans-
verses of each slide (~600 fields of view). Nannofossil specimens were identified
following the taxonomy given in refs. 9. The biostratigraphic attribution is based
on the scheme proposed by ref. °* and on the recognition of secondary nannofossil
bioevents?1,59,61-63,

Foraminifera. For the benthic foraminiferal taxonomy, we followed ref. %* at generic

level. Due to poor state of preservation and low abundance, identification at species
level was fairly limited. Whenever possible, benthic foraminifera species were iden-
tified mainly by following the species concepts of refs. ©5-68, The taxonomy and
biostratigraphic attribution of planktonic foraminifera were based on refs. 71,

Total Carbon (TC), Total Organic Carbon (TOC), Total Inorganic Carbon
(TIC), CaCO; content and bulk organic §'3C,,, analyses. For the TC determi-
nation, ca. 3 mg of sample material was loaded in tin capsules (5 x 9 mm) and
finally wrapped and measured.

The TOC content and 513C0,g values were determined on in-situ decalcified
samples. Around 6 mg of sample material was weighted into 5 x 9 mm Ag-capsules,
dropped with 20% HCI, heated for 3 h at 75 °C, and finally wrapped and measured.

Analyses of elemental content and isotopic composition were performed using
an elemental analyser (EA) (NC2500 CarloErba) coupled with a ConFlo III
interface on a DELTAplusXL isotopic ratio mass spectrometer (IRMS)
(ThermoFischer Scientific) at the GeoForschungsZentrum in Potsdam, Germany.

The isotopic composition is given in standard delta notation:

0(%0) = [(Rsample = Retandard)/Rstandard] X 1000. The ratio (R) and standard for carbon is
13C/12C and VPDB (Vienna PeeDee Belemnite). The TC and TOC contents were
calibrated using Urea and the results were verified with a soil reference sample
(Boden3, Hekatech). The calibration for isotopic ratios was performed using certified

isotope standards (USGS24, IAEA CH-7), and verified with Pepton and a soil
reference sample (Boden3, Hekatech). The reproducibility for replicate analyses is
0.2% for carbon content and 0.15 %o for 8!3C,, respectively.

The TIC content was calculated using the difference between TC and TOC.
With the TIC content we calculated the CaCOj; content using the factor 8.33.

Bulk carbonate 3'3C_,,, & 5'80,,,;, analyses. Bulk sedimentary carbonate isotope
analyses were performed at Utrecht University following standard procedures.
Briefly, ca. 0.5 g of freeze-dried sediments were homogenized and a sedimentary
weight yielding approximately 100 pg of pure carbonate was analysed. CO, was
generated from the carbonate by adding phosphoric acid (H3PO,4) at 70 °C using
continuous flow GC-IRMS. Both internal (Naxos) and external (IAEA-CO-1)
carbonate standards were run along samples to obtain absolute stable carbon and
oxygen isotope values. Reproducibility of the §'3C,,y, and 81804, were in the
order of 0.1%o or better, except for samples with very low carbonate content.
S13C . and 8180,y values are reported relative to the VPDB standard.

Biomarker analysis. Samples were crushed using dichloromethane (DCM)-cleaned
equipment and pulverized (ca. 40-60 um) in a shatterbox with agate grinding chamber.
Soluble organic matter was extracted from samples (ca. 100 g) at the GFZ Potsdam
using an accelerated solvent extractor (ASE350, Dionex Crop., Sunnyvale, USA) with a
dichloromethane/methanol mixture of 9:1 at 100 °C and 1500 psi. Total extracts of three
18-min cycles were captured in 250 ml bottles, concentrated to 4 ml in a Turbovap, and
then separated on silica gel using a solid phase extraction (SPE). SPE-columns pre-
paration included the use of 1.5 g of silica gel (0.040-0.063 mesh; Alfa Aesar, Ward Hill,
USA) filled into 6 ml glass columns (Macherey-Nagel, Diiren, Germany). Columns
were cleaned with three times the column volume of acetone and DCM and then dried
overnight at 60 °C. The column was again flushed with three times the column volume
of acetone, DCM, and hexane prior to transferal of the total lipid extract onto the
column. n-Alkanes and alcohols were eluted in 15 ml hexane and DCM, respectively,
and the remaining substances were flushed with 15 ml methanol. Two out of three
separated fractions were stored for later analysis. The remaining n-alkane fraction was
treated with 6 pg 5-androstane standard for gas chromatographic quantification. The
identification and quantification of individual compounds was performed using a gas
chromatograph with a coupled flame ionization and mass-selective detector (GC-FID/
MSD Agilent 7890 A GC, 5975 C MSD, Agilent Technologies, Palo Alto, USA) flushed
with helium carrier gas. Temperatures in the GC oven were programmed to increase at
a rate of 12 °C/min starting from 70 °C to 320 °C at which temperatures were held
constant for 21 min. The PTV injector had a split ratio of 5:1 at an initial temperature of
70 °C. The injector was heated up to 300 °C at a programmed rate of 7.2 °C/min and
held constant at this temperature for 2.5 min. The n-alkane FID-peak areas were
compared with the previously added 5-androstane standard from which n-alkane
concentrations were calculated. For all samples, §13Cwax were measured using a
coupled gas chromatography-isotope ratio mass spectrometer (GC-IRMS) Delta V
Advantage (ThermoFisher Bremen, Germany) at the University of Connecticut. The
n-alkane fractions were concentrated to 60 pg/ul in hexane for §13C measurements. The
n-alkane fraction was injected (1 pl) into an TRACE 1310 Gas Chromatograph
equipped with an Agilent DB-5 column, 30 m x 0.25 mm x 25 pm film. The injector
was operated in splitless mode at 300 °C and the oven was held at 70 °C for 2 min. The
oven was heated at 15 °C/min until 150 °C, and then heated with 5 °C/min to 320 °C.
The final temperature was held for 10 min. The column effluent was transferred via a
ConFlo IV interface (ThermoFisher, Bremen, Germany) into an isotope ratio mass
spectrometer after conversion to H, in a high-temperature oven at 960 °C. Duplicates
were measured for each sample and a CO2 gas with known isotopic composition was
used as reference gas. The same n-alkane standard mixtures (A3-5 and B2 standard)
were used as for 6D measurements with the same standard setup in the measured
sequence. Only duplicate analysis for each sample was performed. The standards were
used to correct the analysed samples to Vienna Standard Pee Dee Belemnite scale
(VPDB). A Linear regression was produced using the known vs. measured values of the
A4 and A5 standards and linear regression had a slope of 1+ 0.14 for all analysed
standards. The results are reported in delta notation in permil (%o). The analytical
precision of each single measurement had a typical standard deviation of +0.5%o. We
report all measured samples with a standard deviation of +1%o, which represents the
total variability in all measured n-alkane standard mixtures of the A3-5 standards and is
more than the analytical standard deviation of +0.5%o.

Relative sea level. Sedimentary facies and micropaleontologic assemblages have
been used to reconstruct water depths and recognize sea-level rise (or fall) generally
expressed by a shift to offshore (or inshore) characteristics’2. The distribution and
relative abundance of planktonic and benthic foraminifera have been used to
further identify relative sea level variations’>74. Relative abundance of terrestrially
derived palynomorphs and other organic material, along with grain size of the
deposited sediments, were inspected to assess coastal proximity’>.

Data availability

All relevant data are included in the manuscript and Supplementary Information files.
Supplementary data 1, the minimum dataset required to reproduce the findings, can also
be found from https://figshare.com/articles/dataset/Supplementary_data_1/19609722.
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