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Supplementary Text
1. Regional geology

The Kuzigongsu section (39°45'10" N, 75°17"29" E) lies in the Tarim basin (37°10'-
42°00' N, 75°00'-93°00' E), a northwestward rhombic-shaped depression (563,000 km?) that is
bordered by the Tianshan Mountains to the north and the West Kunlun Mountains to the west,
and the Altyn Tagh Mountains to the southeast' (Fig. 1). The pre-Sinian basement of the Tarim
basin is composed of highly metamorphosed Archean and Proterozoic crystalline rocks, which
mostly crop out around the edge of the basin; and the sedimentary infill mainly consists of late

1.2,3.4,5.6 The Paleozoic

Proterozoic through Cenozoic marine and terrestrial sediments
sediments are widespread and primarily consist of platform carbonates and fine-grained clastics’,
whereas coarse-grained fluvial and lacustrine sequences are dominant during the Mesozoic and
Cenozoic™ 8, with multiple episodes of conglomerate deposition reflecting contraction and uplift
of the basin margins’.

Marine deposition in the Tarim Basin initiated in the Late Cretaceous and occurred
intermittently through the Paleogene!® !!- 1213, During these periods, the Tarim Basin was a
shallow epicontinental sea connecting the central Eurasia (i.e., the eastern Tethys) with the
western Mediterranean Tethys!% 1415 and is believed to have acted as the major source of
moisture and the driver of land-sea thermal exchange in the Asian interior and Asian monsoon

16.17.18 ‘The sea retreated westward after five successive eastward marine transgressions

system
through the present-day Alai Valley, eventually separated from the western Tethys and the Arctic
Sea during latest Eocene to early Oligocene (Figs. 1 and S1) and became a remnant sea called

Paratethys!'® !: 1% The largest transgression occurred near the Paleocene-Eocene boundary when

the eastern Tethys was a restricted shallow water carbonate platform?°, which is well documented



in the Qimugen Formation in the southwestern Tarim Basin. The Kuzigongsu section was
originally deposited along an east-facing terrigenous-rich foreland basin referred to as the “Tarim
Sea” gulf in the eastern Tethys, which was connected to the Siberian Sea to the north?!: 22,

The study section is 47.6 m thick and spans the lower part of the Qimugen Formation,
which is primarily composed of limestone, marlstone (or calcareous mudstone), and bivalve-rich
limestone (Fig. 1). The base of the section is a 4 m-thick grey massive limestone, which is
overlain by alternate grayish-green calcareous mudstones and grey marlstones with a distinct
oyster limestone in the middle and massive limestone on the top (Figs. S1). During sampling, the

top >1 m of surface weathered rock was removed, and fresh rock chips were carefully picked to

avoid weathering contamination.



Figure S1. Oyster fossil (A, B—Crassostrea spp.) from 29.8 m depth used for clumped isotopes.

2. Assessment of diagenetic effects on 8'*Ocarb
The strong correlation between 8'30carb and §'3Ceary during the POE and the PETM (R? =

0.69 and 0.87, respectively; Fig. S2) suggests that '8 Ocar, cannot be used to faithfully



reconstruct the sea surface temperature at the study site. However, diagenetic alteration of
8'"80carb outside of the POE and PETM interval is considered to be limited based on the
following: (1) micrites dominate the matrix of all mudstone and wackestone samples with few
visible secondary minerals such as calcite, dolomite, and siderite?”; (2) weak correlation between
8"3Cearb and 8'3Ocarp for samples outside the PETM and POE intervals (R? = 0.03, n = 332; Fig.
S2); (3) the low to moderate Mn/Sr values (ranging from 0.04 to 5.4 with an average of 2.44) and
weak correlation between Mn/Sr and 8'®Ocar, (R? = 0.04, Fig. S2); and (4) most samples fall
within the Cenozoic carbonate “lithification” zone (Fig. S2)*, suggesting limited post-

depositional alteration (Fig. S2).
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Figure S2. Assessment of diagenetic impact on samples used in this study. Cross plot of bulk
carbonate 8'*Cearb vs. 8'3Corg (2) and Mn/Sr (b), and 8"3Cearp vs. 8'8Ocar (¢) for all samples, non-
POE and -PETM samples (black circles), POE samples (blue filled squares), and PETM samples
(red squares). Note the poor correlation for those samples outside the POE and PETM intervals,
and the strong correlation for the POE and PETM samples. (d) projection of all samples (black
circles) on Cenozoic primary limestones/dolostones?. Blue area is dominantly marine pore
fluids, red area contains significant meteoric water component, and both areas define the
‘lithification’ zone. Post-depositional deep burial and/or metamorphic alteration yield data to the

left of the lithification domain (red arrows).



3. Age model option 2 and sedimentation rate

The PETM interval at the study section is associated with abrupt changes in lithologic
facies from tidal flat to basin and in sedimentation rates based on microfacies and
biostratigraphic analyses?* 24, To account for a possible depositional hiatus at about 30-m depth
reflected by lithological changes, two age model options are provided. Age model option 1
assumes a relatively complete PETM record and age model option 2 considers possible
truncation at ~30 m depth where a change in lithology from mudstone to bioclastic limestone
coincides with an abrupt increase in 8'3Cearp and wt.% CaCOs is observed (Fig. 2). Under this
assumption, the 610 m cycles shown by spectral analysis are interpreted as ~20 kyr precessional
cycles (Fig. S3). The filtered MS data suggest that the Kuzigongsu section only contains ~3
precession cycles (a total duration of ~60 kyr) of the PETM record, which indicate that the
recovery phase of the PETM at the Kuzigongsu section may be truncated at ~30 m. The
estimated sedimentation rate based on age model option 2 is 4-30 cm kyr.

A range of feasible sedimentation rates is required to construct astronomically-tuned age
model. The duration of the CIE during PETM was estimated to be 100200 kyr based on
astrochronology?* 26-27-28 and *He age models®®-3°. Using a CIE duration of 100-200 kyr and a
PETM thickness of 10.6 m at the study site, the calculated sedimentation rate ranges from 5.3 to
10.6 cm kyr'!, therefore, 4 to 12 cm kyr'! was set as the range of reasonable sedimentation rates
for time scale optimization (TimeOpt; Meyers®!") and correlation coefficient (COCO; Li et al.??)

analyses (Figs. S3 to S5).
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Figure S3. Cyclostratigraphy of the Kuzigongsu section. a. Detrended magnetic susceptibility
(MS) showing dynamic filtered 1.2 m & 1.9 m cycles. b. Multi-Taper Method (MTM) Spectra
(2m tapers) and evolutionary power spectra. 2t MTM (top) are shown with mean, 90%, 95% and
99% confidence level. Evolutionary power spectra (bottom, color areas) are calculated using a 10
m window. c-e. TimeOpt analysis and evolutionary TimeOpt (eTimeOpt) sedimentation rate map
of the MS series. The TimeOpt (rPenviop, Mpower, opt, top) are shown with 90%, 95%, 99% and 99.9%
confidence level (2,000 Monte Carlo simulations). The eTimeOpt (bottom, color areas) are
calculated using a 10 m window. f. COCO analysis and evolutionary COCO (eCOCO)
sedimentation rate map of the MS series. The COCO (top) are shown with 90% and 95%
confidence level (2,000 Monte Carlo simulations). The eCOCO (bottom, color areas) are
calculated using a 10 m window. For both the (¢)TimeOpt and (¢)COCO analyses, tested
sedimentation rates range from 4 to 12 cm kyr! with a step of 0.1 cm kyr'!. g. Spectral Moments
analysis for the MS series. The bandwidth (B), mean frequency (ur) and the estimated

sedimentation rates using the mean sedimentation rate of 7 cm kyr!.
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Figure S4. Sedimentation rate estimated based on four independent methods. These include the
tuning of filtered cycles to match the precession period of 20.7 kyr (red line), evolutionary

purple line), and spectral moments (blue line). Our age model option 1 is associated with the
sedimentation rate estimated based on the 20.7 kyr precession cycle tuning.

TimeOpt method (eTimeOpt; black line), evolutionary correlation coefficient method (eCOCO;
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Figure S5. Detrended magnetic susceptibility (MS) values and evolutive harmonic analysis
(EHA). (a) Detrended MS values to avoid possible/potential influence of eccentricity cycles. (b)
EHA spectrogram of the detrended MS series. Sliding window is 8 m with a step of 0.1 m.

4. Sediment composition control on mercury (Hg) records at the study site

In order to explore the potential impact of sediment composition on Hg concentration at
the study site, we explore the relationship between Hg concentration, TOC and wt.% CaCOs
(Fig. S6). The slope of Hg concentrations vs. TOC is steeper for samples within the POE
intervals than those during the PETM and other intervals, which suggests excess Hg in these

samples, similar to those observed by Kender et al.** during the PETM (Fig. S6a). The weak

11



correlation between wt.% CaCOj3 and Hg concentrations (R? = 0.15, Fig. S6b) suggests that the
Hg concentrations are not sensitive to the factors controlling wt.% CaCQOj3, such as carbonate

production, dissolution, burial, and mixing of siliciclastic inputs (Fig. S6b).
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Figure S6. Relationship between mercury (Hg) and total organic carbon (TOC), carbonate
content (CaCO3 wt.%) and principal component analysis (PCA). Cross plot of Hg concentration
with TOC (a) and CaCO3 (wt.%) (b). PETM samples (red circles), POE (green circles), samples
outside of PETM and POE (black circles). (¢) Cross plot of Hg concentration (ppb) with TOC
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(%) (d) PCA results that show the relative associations of sedimentary Hg with C/N ratios,

8!3Core and other geochemical proxies.

5. ¢cGENIE Earth system modeling of the POE

5.1 Paired “pH- 6'*C” Forcings
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Figure S7. Paired “pH- 8!3C” forcings used in our “double inversion” experiments using four
independent age models. The §!3C data are from a global compilation (blue circles are from the
eastern Tethys (this study), green circles are from benthic foraminifera Subbotina at South Dover
Bridge**, red circles are from benthic foraminifera Cibicidoids alleni at South Dover Bridge**,
black cross represents bulk carbonate from South Dover Bridge**, yellow upsidedown trianbles
are from pedogenic carbonate from Wyoming Bighorn Basin®®, and blue triangles are bulk
carbonate from Forada, Italy®). The pH data are from benthic foraminifera Cibicidoids alleni at
South Dover Bridge**. The magnitude of pH change used here is a conservative estimate of ~0.1
unit decrease from the onset of the POE. (a-d) Observed 6'°C data and LOESS (local regression)
fit versus four independent age models. (e-h) Proxy-derived surface ocean pH and the pH forcing
used in our model simulations versus four independent age models.
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Figure S8. cGENIE model results of atmospheric pCO; and sea surface temperature (SST) for
the four independent age models. (a-d) Simulated atmospheric pCO,. (e-h) Simulated global SST
changes in response to thermogenic CO2 emissions during the POE. The red circles and vertical
bars represent sea surface temperature reconstructed from Mg/Ca ratios of foraminifera from the

Mid-Atlantic Coastal Plain3*.
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Figure S9. cGENIE model results of bioturbation sensitivity experiments for the POE using four
independent age models. a-d. Core-top 8!°C of carbonate for experiments with bioturbation on
(solid lines) and off (dashed lines) varying the experiment duration using four independent age
models. e-h. Core-top carbonate wt.% for experiments with bioturbation on (solid lines) and off

(dashed lines) varying the experiment duration using four independent age models.
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Table S1. Key results from individual model runs for the POE.

Experimental assumptions Peak Cumulative Mean flux-
Experiment Duration of d13C . - weighted | ApCO2 ASST
. Age emissions emissions 13 °
ID ApH the POE forcing ; Po C vr-! Po C 0" Csource | (natm) °0)
option | (PgCyr?) (Pg C) %
onset (years) (%0)

1 0.08 ~7,000 Age 1 0.4 1765 —43.9 383 1.3
2 0.08 ~1,600 Age 2 0.8 1238 —44.5 354 1.2
3 0.08 ~850 Age3 1.3 1105 -37.2 350 1.1
4 0.08 ~500 Age 4 2.0 1026 -30.8 349 1.1
Sensitivity 1 0.24 ~7,000 Global | Age! 0.6 3486 —24.4 810 2.5
Sensitivity 2 0.24 ~1,600 compilat | Age2 1.6 2372 —24.7 729 2.2
Sensitivity 3 0.24 ~850 ion Age 3 2.7 2137 —-21.1 720 2.1
Sensitivity 4 0.24 ~500 Age 4 4.2 2006 -19.4 719 2.1
Sensitivity 5 0.32 ~7,000 Age 1 0.9 4940 -17.3 1222 3.4
Sensitivity 6 0.32 ~1,600 Age 2 2.4 3394 -18.3 1093 3.0
Sensitivity 7 0.32 ~850 Age 3 4.2 3076 -15.9 1080 2.9
Sensitivity 8 0.32 ~500 Age 4 6.4 2901 -14.9 1073 2.8

*Peak excess weathering refers to the difference between silicate weathering that leads to CO, removal from the atmosphere and the pre-POE weathering
rates. pH option 1 refers to the assumed initial surface ocean pH of 7.89 and pH option 2 refers to the assumed initial surface ocean pH of 7.67 based on
Babila et al.>* Note that initial pH used in the “double inversion” has been normalized to 7.741 to be consistent with the cGENIE open-system spinup
surface pH value.
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