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The Atlantic meridional overturning circulation (AMOC) exerts a major control

on the global distribution of heat, dissolved oxygen, and carbon in the ocean. Yet,

the timing and cause of the inception of this system and its evolution since the start

of the Cenozoic Era 65 million years ago (Ma) remain highly uncertain. Here we

present records of microbial source indicators based on glycerol dialkyl glycerol

tetraether distributions from the Cenozoic Northwest Atlantic Ocean (~43-18 Ma)

and use them to infer changes in AMOC-driven deep ocean oxygenation. At this

location, oxygenation is strongly controlled by southwestward Deep Western

Boundary Current transport of newly formed deep waters that feed AMOC. Our

Eocene data show short-term high amplitude variability and an overall decrease

in oxygenation of AMOC feed-waters culminating in especially poor ventilation

between ~36.5 and ~34 Ma. AMOC-feed waters became better oxygenated upon

initiation of Antarctic glaciation at the Eocene-Oligocene transition, ~34 Ma and

were consistently well-ventilated from ~30 Ma. Our findings indicate a close

association between the inception of Antarctic glaciation and AMOC and suggest

that both vertical mixing and wind-driven upwelling in the Southern Ocean were

key to fully establishing AMOC as an agent of deep ocean ventilation.

The Atlantic meridional overturning circulation (AMOC) exerts a strong control
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on global climate and marine ecosystems, redistributing oceanic heat and salt,
interacting with the atmosphere and ventilating the ocean interior. Modern AMOC is
characterized by deep water formation in the North Atlantic and Southern Ocean,
connected by cross-equatorial flows at the surface and at depth to form an
interhemispheric circulation cell' (Fig. 1). To account for the energy required to sustain
its modern strength, two physical mechanisms, vertical (diapycnal) mixing in the ocean
interior and wind-driven upwelling in the Southern Ocean, are suggested to act together

to drive AMOC, but their respective contributions are not straightforward to quantify’.

The Cenozoic origins of AMOC and its possible relations with Southern Ocean
gateway opening and Antarctic glaciation are far from well understood’'°. Proto-North
Atlantic Deep Water, or Northern Component Water (NCW), is suggested to date from
~50 Ma’ or around 40-38 Ma’~, but there exist many competing interpretations of the
timing, cause and consequences of the onset of modern-like AMOC, characterized by
the interhemispheric circulation cell'. Broadly speaking, these interpretations fall into
two categories: those®’ that invoke its close association with the initiation of large-scale
Antarctic glaciation at the Eocene-Oligocene transition (EOT), 34.44-33.65 Ma'’ and
others™®’ that suggest its earlier inception. The causal mechanisms invoked include
Southern Ocean gateway opening®'?, Antarctic glaciation’, initiation of a strong

Antarctic Circumpolar Current (ACC)'°, subsidence of the Greenland Scotland Ridge

3
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(GSR)’, and the closure of the Arctic-Atlantic seaway'°.

Most work on the early history of AMOC has focused on tracing water mass

3-089.12.15 Here we take a novel

properties and flow using physicochemical approaches
approach, employing microbial source indicators, based on distributions of glycerol
dialkyl glycerol tetraethers (GDGTs) (Extended Data Fig. 1), to infer water mass
oxygenation history. Microbial source indicators, including methane index (MI)'?, ring
index (ARI)"’, GDGT-0/cren’’, branched and isoprenoid tetraether index (BIT)*', and
the relative abundance of archaeol to caldarchaeol (ACE)*” (Methods), typically used
to evaluate non-thermal factors influencing the temperature proxy TEXss”’, are

employed here to infer microbial community changes, i.e., the contribution of other

archaea/bacteria relative to the ubiquitous marine Thaumarchaeota’.

Analysis of modern marine surface sediments and suspended particulate matter
shows?~® that, although non-Thaumarhaeotal microbes can live in both oxic and
anoxic environments, their relative abundance increases in anoxic environments
(Methods). Hence, the relative abundance of non-Thaumarchaeota, particularly
methanogenic and/or methanotrophic archaea, in geological samples, offers a means to
evaluate the oxygenation status of past oceanic environments (Extended Data Fig. 2).
Particularly low 8'3C values (< -40%o) of the alkyl moieties of GDGTs (Methods) can

also indicate anaerobic oxidation of methane and methanogenesis in anoxic
4
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environments’”*’. Here we use this biomarker approach to study the oxygenation
history of the North Atlantic Ocean and shed new light on the early evolution of AMOC
(Fig. 1). Our data come from Integrated Ocean Drilling Program Site U1404 in the
North Atlantic Ocean (Fig. 1). Site U1404 has a well-established chronology*'~*? and is
located towards the base of J-Anomaly Ridge (water depth 4742 m), just downstream
from the Labrador and Nordic seas where, today, deep ocean convection produces well

oxygenated North Atlantic Deep Water that feeds AMOC?'-334,

GDGT source indicator records

Our records reveal pronounced changes in microbial community from ~43 to 18
Ma. MI values show an overall increase from the mid-Eocene to late Eocene and then
decrease from ~34 Ma to ~30 Ma and there are marked superimposed fluctuations
throughout the early part of our record until it stabilizes at low values (~0.2—0.3) from
~30 Ma (Fig. 2d). GDGT-0/cren, BIT, and ARI all display patterns of overall change
similar to the MI record (Fig. 2b, 2¢, Extended Data Fig. 3¢). The ACE record shows
maximum values between ~34 and 30 Ma (Extended Data Fig. 3d). Anomalously high
index values, particularly in the late Eocene (~36.5-34 Ma), far exceed most values
observed in modern marine settings where normal marine Thaumarchaeota are
suggested to be the main producer of GDGTs (Extended Data Fig. 2, Methods). §'3C

values of the alkyl moieties of GDGTs decrease from the mid-Eocene to late Eocene
5
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and earliest Oligocene, with lowest values around -35%o to -40%o, and then return to
high values around 30 Ma (Fig. 2e). Particularly low TEXss values, around 0.2-0.4,
also occurred in the late Eocene and early Oligocene (Extended Data Fig. 3b). Hence,
all of our records consistently demonstrate maxima in non-Thaumarchaeota production

in the latest Eocene, ~36.5-34 Ma.

The pattern of source indicator changes in our records resembles that of
productivity change. Alkenone content’ (a common primary productivity indicator),
GDGT content, and shipboard total organic carbon and total nitrogen’' all decreased
from the mid-Eocene to late Eocene, increased from ~34 Ma to ~30 Ma, and were then
maintained at relatively high levels from ~30 Ma (Extended Data Fig. 4). Alkenone
concentrations®” indicate a state shift to higher values around 34 Ma (Fig. 3c). The
maximum in non-Thaumarchaeota production during the latest Eocene thus

corresponds to minimum surface productivity between ~36.5 Ma and 34 Ma.

The long-term trend of increasing non-Thaumarchaeota contribution in our records
corresponds to Eocene cooling (Fig. 3) and the marked shorter-term fluctuations in
source indicator records before ~30 Ma also show this relationship with temperature.
Intervals of increased non-Thaumarchaeota, represented by the higher GDGT-0/cren
and MI values (Fig. 3d, 3e), generally correspond to intervals of cooler sea surface

temperature™” (SST) (Fig. 3b), lower alkenone concentration/surface productivity*” (Fig.
6
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3¢), and lower (or zero) percentage of carbonate®' (Fig. 3f), and vice versa.

A detailed history of early AMOC

Our biomarker records indicate that changes in the microbial community at our
study site reflect seawater oxygenation in the deep North Atlantic Ocean. Organic
carbon export cannot account for the intervals of deoxygenation documented by our
records because these intervals are characterized by lower productivity than the more
oxygenated intervals (Fig. 3). A sedimentary influence from seafloor methane seepage
and hydrate dissociation on methanogenic and methanotrophic archaea must also be

Consideredz‘)ﬁ()ﬁi%

, but three observations suggest that methane seepage and/or hydrate
dissociation does not exert a strong control on our records of microbial community
variability in the open ocean conditions towards the base of J-Anomaly Ridge. First,
carbonate content at our site is extremely low in most intervals with increased non-
Thaumarchaeota (Fig. 3f) and, where measurable (34-34.5 Ma), carbonate 3'3C (data
provided in Supplementary Table 1), far exceeds values influenced by methane
discharge'®, indicating formation from sea water with little influence from methane
seepage. Second, the sign of the relationship between deep water temperature and
abundance of non-Thaumarchaeota that we document is opposite to that predicted by

control through hydrate release: cooler ocean temperatures tend to stabilize hydrates®”

whereas we document higher non-Thaumarchaeota in cooler intervals (Fig. 3b). Third,
7
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while glacioeustatic sea level fall-induced decrease in hydrostatic pressure can also

trigger hydrate destabilization?**’

, our records show peak non-Thaumarchacota

production between ~36.5 and 34 Ma-— before large ice sheets developed on Antarctica™

(Fig. 3a), and reduced production after the EOT, contradicting a sea level control.

A striking feature in our records is the overall long-term reduction in ventilation
of the deep Northwestern Atlantic Ocean toward the EOT, culminating in the
pronounced oxygenation minimum between ~36.5 and 34 Ma. This observation
contradicts suggestions®* that a modern-like AMOC was initiated within this pre-EOT
interval (Fig. 3). Our GDGT records indicate a later date for AMOC onset, consistent

6,12

with interpretations of neodymium isotope (end) records®™'<. While there is some
uncertainty over its precise timing, the long-term trend in oxygenation of AMOC-feed
waters appears to have reversed at the EOT (Fig. 3d, 3e). The BIT and alkenone
concentration records show relatively low amplitude fluctuations over the Eocene
followed by major change at the EOT, suggesting weaker AMOC or NCW during the
Eocene than after the EOT (Fig. 2c, 3c). These observations, together with the
development, at about the same time, of temperature asymmetry between the North
Atlantic and South Atlantic Ocean??, suggest that the EOT marks the onset of more

modern-like AMOC. Our records reveal diminishing variability in deep water

oxygenation to ~30 Ma (Fig. 2) whereupon consistently well-ventilated conditions were

8
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established, a date that corresponds to the suggested initiation of a well-developed

ACC'? and four-layer ocean structure'”.

GDGT source indicator records available from other sites in the North Atlantic
Ocean are discontinuous and of low temporal resolution, but when considered together
they show comparable structure to our data (Extended Data Fig. 5), raising the
possibility of a major region-wide change in deep water oxygenation status at the EOT.
High-resolution work across the EOT from other sites is needed to test this
interpretation. The early AMOC history that we infer from these records of oxygenation
is consistent with other indications of enhanced deep-water formation in the earliest
Oligocene as summarized in ref® and does not necessarily contradict the existence of
NCW formation before the late Eocene’”. In our records, ACE values peak between
~34-30 Ma (Extended Data Fig. 3e), perhaps suggesting a community shift in seawater
from a dominance of methanogenic and methanotrophic archaea to halophilic archaea,
then to the normal marine Thaumarchaeota and thus improved deep ocean oxygenation
status. Together with the large fluctuations by ~30 Ma recorded in other GDGT records
(Fig. 2, Extended Data Fig. 3), our interpretation of these records is consistent with the

development of four-layer ocean structure'.

Anomalously low 8'3C in benthic foraminiferal calcite is reported® for the late

Eocene North Atlantic (Fig. 4c) and interpreted to indicate the influence of nutrient-rich
9
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water sourced from the Arctic Ocean’ or enhanced southern-sourced intermediate

>15 and early onset of AMOC before the EOT"”. An alternative explanation for

water
these low benthic 8'3C values is that they indicate nutrient accumulation under stratified
conditions’, similar to those found today in the North Pacific Ocean. This interpretation
is supported by the extremely low surface productivity over the late Eocene in our
records (Fig. 4, Extended Data Fig. 4). Traditionally, the increasing trend to more
radiogenic (higher ena) in Southern Ocean end records®!” over the Eocene is interpreted
as increased influence of Pacific sourced waters®. However, Eocene reduction of NCW
can also explain this signal (Fig. 4). Regardless, lower values (less radiogenic) in the
endrecords from the EOT onwards in the Southern Ocean (Fig. 4c) are consistent with
our interpretation of invigoration of AMOC and deep ocean oxygenation from ~34 Ma.
Furthermore, North Pacific end records indicate a gradual shutdown of the deep water

sinking from ~36 Ma onwards, which may reflect competition*' with the North Atlantic

to fill the deep ocean once AMOC was established.

What drove changes in early AMOC strength?

The overall reduction in NCW through Eocene time and strengthening of AMOC
at the EOT implied by our data are not readily explained by tectonic control. A shallow
connection through the Drake Passage at ~41 Ma'’ is suggested to have allowed the

development of proto-ACC''. The deep Tasmanian Gateway opened at 33.5 + 1.5 Ma
10
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and a strong, fully developed ACC is suggested to have initiated ~30 Ma when it
became aligned with the westerly winds'>!’. In the North Atlantic, accelerated

16

subsidence of the GSR® and the Arctic-Atlantic seaway closure'® are proposed to have

occurred around ~37-34 Ma, although their precise timing remains difficult to

42-46Southern Ocean gateway opening'?, proto-ACC formation'”, and GSR

constrain
subsidence’ are all suggested to have promoted NCW formation during the late Eocene,
inconsistent with our results (Fig. 4). Increased Arctic freshwater input'® due to Atlantic
Basin expansion could have contributed to the overall Eocene reduction in NCW
implied by our records. However, this mechanism cannot readily explain the marked
short-term fluctuations in which increased NCW production is indicated for warmer
intervals, because model simulations indicate the opposite relationship*®. Further, we
see no particular indication of AMOC disruption in our records during the early
Miocene (Fig. 2) when the Arctic gateway reopened*’. Meanwhile, the close association
between Eocene NCW production and the surface ocean conditions that we document
(Fig. 3) calls for a temperature control on the strength of vertical mixing in the North
Atlantic Ocean. Intervals of enhanced ventilation of AMOC-feed waters correspond to

warmer conditions on various timescales during the Eocene’’ and Pleistocene™,

supporting this interpretation.

The onset of better ventilated AMOC-feed waters at the EOT in our records (Fig.

11
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4) points to Antarctic glaciation-driven ocean circulation change’ following tectonic

preconditioning of the Southern'” and North Atlantic*>*’

oceans. Our records suggest
that AMOC-feed waters became consistently well-ventilated from ~30 Ma when the
ACC is suggested to have first aligned with the westerly winds'?. Although our records,
together with other data sets'>!> (Fig. 4), support a stabilization role for the ACC on
AMOOC, the relationship between the ACC and AMOC appears to be model-dependent

in numerical simulations®-!!:#%-3

. Hence, the physical mechanisms that stabilized

AMOC remain to be identified, and some role for North Atlantic tectonics cannot be

ruled out.

Our GDGT source indicator records reveal a detailed history of ventilation in the
North Atlantic Ocean between ~43 Ma and 18 Ma. We document an overall reduction
of Eocene NCW ventilation controlled by temperature changes, the onset of modern-
like AMOC at the EOT likely triggered by Antarctic glaciation, and consistently well-
ventilated conditions from ~30 Ma when the ACC became well-developed. Our data,
indicating a weak form of Eocene NCW and then the development of modern-like
AMOC closely associated with Antarctic glaciation and a well-developed ACC, call
into question suggestions that a strong AMOC initiated well before the EOT and lend
support to the proposed importance of both vertical mixing and Southern Ocean wind-

driven upwelling for sustaining modern AMOC'.
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Figure Captions

Figure 1 | Site locations and modern dissolved oxygen level in the Atlantic Basin.

a, Site locations of the records included in this study, superimposed on mean annual

surface temperature field. b, Latitudinal cross section of modern dissolved oxygen level

approximately along the indicated NADW path (blue line) in a. Map template made

with Ocean Data View (https://odv.awi.de/) and modern oxygen data from

https://www.ncei.noaa.gov/sites/default/files/2022-06/woal8 vol3.pdf. NAC, North

Atlantic Current; ACC, Antarctic Circumpolar Current; NADW, North Atlantic Deep

Water; AAIW, Antarctic Intermediate Water; AABW, Antarctic Bottom Water; GSR:

Greenland-Scotland Ridge.

Figure 2 | Mid-Eocene to early Miocene GDGT records from U1404 in the North
Atlantic. a, Global benthic 880 record’. b, GDGT-0/cren. ¢, BIT (branched and
isoprenoid tetraether index). d, MI (methane index). e, 3'3C values of the alkyl moieties
of GDGTs with chemical structures indicated. See Methods for definitions of GDGT
source indicators and compound names. Interval of elevated index values at ~36.5-34

Ma highlighted. Y-axis inverted in b—d to indicate better oxygenation upward. Age error
14
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270

271
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285

bars (one standard deviation) in e indicates 8'*C analysis made from combined samples
(n = 6, Methods). The Eocene-Oligocene boundary (EOB, 33.9 Ma) indicated for

reference.

Figure 3 | Detailed view of changes in microbial community and association with
surface conditions at U1404. a, Relative sea level changes’’. b, Sea surface
temperature (SST), with empty circles indicating estimates associated with relatively
low alkenone content and data points disconnected for intervals with unreported SST
due to even lower content™. ¢, Alkenone concentration (C37)*>. d, GDGT-0/cren. e, MI
(methane index). f, Shipboard’' and lab (circles)’” measurements of carbonate
percentage (%CaCO3). Peak non-Thaumarchaeota production at ~36.5-34 Ma
highlighted with light green bar and intervals of warm SST and increased surface
productivity, generally corresponding to reduced non-Thaumarchaeota production,

indicated by yellow bars. EOB the same as Fig. 2.

Figure 4 | Representative early AMOC records. a, Global benthic §'30 record’. b,
Benthic 8'*C records (black, global compilation)’*%!5, with particularly low late
Eocene 3'3C values in the North Atlantic (Site 647). ¢, end records®'?. d, Alkenone
concentration®”, and e, MI (methane index) at U1404. In b and ¢, data points for
relatively low-resolution or discontinuous records were disconnected. Minima in

Northern Component Water (NCW) production at ~36.5-34 Ma (light green bar) and a
15
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state shift after (red bar, indicated by alkenone concentration) possibly constrain

modern-like AMOC onset at the Eocene-Oligocene transition (EOT, 34.44-33.65 Ma'’).

EOB the same as Fig. 2.
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Methods

Materials. Materials came from IODP Expedition 342 Site U1404 (40.00 °N, 51.60 °W,
water depth 4742 m)*' (Fig. 1). Age control points based on shipboard planktonic
foraminifers, radiolarians, calcareous nannofossils, and paleomagnetics were used to
construct its chronology®', which was independently checked by the 3'30 stratigraphy
at the EOT section’. Alkenones in ~360 sediment samples, at a sampling resolution of
~60-80 kyr, were analyzed previously’?. Glycerol dialkyl glycerol tetracthers (GDGTs)
were analyzed from the same sample set here. A small set of samples (25) were selected

for 8'3C analysis of the alkyl moieties of GDGTs.
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GDGT analysis. Sediments were freeze-dried, ground, and extracted with a Dionex
Accelerated Solvent Extractor (ASE300). We performed basic hydrolysis on the
extracted lipids and then separated them into 3 compound classes using silica column
chromatography. The alkenone fraction was analyzed on an Agilent 7890 gas
chromatograph (GC)*. Analysis of microbial ether lipids was described previously'.
Briefly, the methanol fraction was dried under N2, re-dissolved in N-hexane/isopropanol
(99:1, v/v) and filtered through a 0.22 um PTFE filter after adding a known amount of
Cas internal standard™. Archaeal and bacterial ether lipids were analyzed by a Shimadzu
LC-MS 8030 high-performance liquid chromatography with atmospheric pressure
chemical ionization—mass spectrometry at the Institute of Earth Environment, Chinese
Academy of Sciences™. Separation of GDGTs was achieved with an Inertsil CN-3
column (250 mmx4.6 mm, 3um; GL Sciences Inc.) at 40 “C using n-hexane:isopropanol
(9:1, v/v) and n-hexane as elutes for pump A and pump B, respectively. MS scanning
was performed in selected ion monitoring (SIM) mode that targeted specific [M+H]"
ions (archaeol, 653.6; isoprenoid GDGTs: caldarchaeol/GDGT-0, 1302.3; GDGT-1,
1300.3; GDGT-2, 1298.3; GDGT-3, 1296.3; crenarchaeol (cren), 1292.3; crenarchaeol’
(cren’), 1292.3; branched GDGTs: I11a, 1050; I1Ib, 1048; Illc, 1046; I1a, 1036; 1Ib, 1034;
IIc, 1032; Ia, 1022; Ib, 1020; Ic, 1018) (Extended Data Fig. 1). The concentrations of
GDGTs were quantified under the assumption that their ionization efficiency is the
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same as that of the internal standard, while archaeol has a 10-times ionization efficiency

on our instrument’°.

GDGT source indicators. The microbial source indicators, methane index (MI)'¥, ring
index (ARI)"”, GDGT-0/cren’’, branched and isoprenoid tetraether index (BIT)?', and
the relative abundance of archaeol to caldarchaeol (ACE)’?, and the temperature proxy

TEX36”’, are calculated as follows:

MI = (GDGT-1+GDGT-2+GDGT-3)/(GDGT-1+GDGT-2+GDGT-3+cren+cren’)

RI = 1*GDGT-1+2*GDGT-2+3*GDGT-3+4*cren+4*cren’

ARI=RItex —RI

BIT = (Illa+1la+Ia)/(crentIlla+Ila+Ia)

ACE = archaeol/(archaeol+GDGT-0) *100

TEXs6 = (GDGT-2+GDGT-3+cren’)/(GDGT-1+GDGT-2+GDGT-3+cren’)

whereas Rltex is the theoretical RI value inferred from the RI/TEXs¢ relationship based
on modern core top results'’: RItex = -0.77*TEXzgs + 3.32*(TEXzgs)? + 1.59, and based
on compilation of modern SPM dataset’®: RItex = 0.98*TEX3ss + 1.07*(TEXzgs)? + 1.41.
Estimated analytical error from repeated analyses of our laboratory standards is 0.01

unit for TEXss and generally within 5% of their respective values for those source
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indicators.

MI indicates contribution from methanotrophic archaea'® and ARI monitors non-
thermal factors influencing the TEX3gs index'” as utilization of this temperature proxy
assumes that isoprenoid GDGTs are mainly produced by the normal marine
Thaumarchaeota®*. GDGT-0/cren, which is essentially equivalent to %cren’” as the two
are generally the most abundant isoprenoid GDGTs, detects methanogenic archaea’.
BIT was originally proposed to indicate terrestrial input’!, but branched GDGTs could
also be produced in situ from likely marine non-Thaumarchaeota’*>". ACE, proposed

to indicate water salinity”>>*

, reflects the contribution from halophilic archaea. Hence,
although they are proposed to reflect various environmental factors in particular settings,
all those source indicators follow the same fundamental principle, the contribution of
other archaea/bacteria relative to the normal marine Thaumarchaeota, which this study
is based on. We also used additional GDGT-based indicators, 1Ila/I1a®® for further

evaluation of terrestrial input and GDGT-2/GDGT-3?%°! for supporting deep-water

GDGTs contributed to the sedimentary pool.

The relative abundance of non-Thaumarchaeotal microbes, methanogenic and/or

methanotrophic archaea in particular, could then be indicative of anoxic conditions. The

stratification of microbial membrane lipids in modern anoxic marine environments, the

euxinic Black Sea basin particularly, have been well demonstrated””->%%:0>% GDGT-
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producing community structure associated with redox conditions is also reported in

deep water lakes®”""

, and some source indicators are applied to reconstruct stratification
status of Pliocene coastal waters®'. The cut-off values to indicate substantial non-

Thaumarchaeota contribution in marine settings are 0.3 (MI)'%, 0.3 (ARI)'"’, 2 (GDGT-

0/cren)’’, 0.4 (BIT)*! and ~10% (ACE) respectively (Extended Data Fig. 2).

We note that anoxic conditions do not result in particularly high MI values in some
regions of modern oxygen minimum zones (OMZs) or could not be recorded in the
Black Sea sediments®’, due to possible complex mechanisms®***, Yet, the ACE values
from OMZ SPM are comparably high as those of the Black Sea SPM?’ (Extended Data
Fig. 2d). It is also plausible that OMZs typically occur at upper subsurface, ~500 m
water depth, in contrast to the overall low oxygenation throughout the subsurface water
column in the Black Sea and subpolar North Pacific. However, for our study site, the
GDGT-2/GDGT-3%*%! and Illa/Ila® records indicate substantial deep-water GDGTs
contributed to the sedimentary pool, with little terrestrial influence (Extended Data Fig.
3e, 3f). Hence, the abnormally high MI values, together with other source indicators,
could be confidently linked to anoxic environments in this study as MI is a powerful
indicator for methanogenic archaea. This interpretation is also consistent with the
general notion of increased abundance of non-Thaumarchaeota, methanogenic and/or

methanotrophic archaea in particular, toward anoxic environments, based on numerous
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modern studies. Perhaps due to the special oceanic setting in the North Atlantic Ocean
over the study period, drastic microbial community changes allow all source indicators

to perform consistently (Fig. 2, Extended Data Fig. 3).

GDGT &8"C analysis. The alkyl moieties of the GDGTs were released from the
cleavage of ether bonds based on the reported procedure’. Initially, the extract was
treated with an excess of BBr3 in dichloromethane (DCM, HPLC grade) for 2 h at 70
°C under an atmosphere of high purity argon (99.999%). The resulting alkyl bromides
were converted to corresponding hydrocarbons by reaction with a slight excess of
Li(C2Hs)3BH for 2 h at 70 °C in tetrahydrofuran, also under argon. After quenching the
reaction using deionized water, the products were extracted with DCM and the
hydrocarbons were purified by a silica gel column, eluting with hexane. The hexane
elute was carefully dried under a N2 stream for further analysis. As GDGT content was
extremely low at ~38-30 Ma (Extended Data Fig. 4), 6 consecutive samples were
combined into one and 8 combined samples were made for 6'3C analysis, indicated by
the age error bars (one standard deviation) shown in Fig. 2e. For this reason, the §'*C
values at ~37.5-32.8 Ma likely represent mean conditions, unable to capture the marked
variability within this interval as suggested by GDGT indicators, while the generally
similar temporal trends in 6'3C and GDGT indices support our use of those indices as

oxygenation indicator (Fig. 2).

28



523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

Individual GDGT-derived alkanes were quantified with a HP 6890 GC at the
Institute of Earth Environment, Chinese Academy of Sciences. A capillary column (HP-
1 MS, 60 m, 0.32 mm inner diameter, 0.25 pm film thickness) was used with He (1.3
ml/min) as the carrier gas. The GC column was held at 60 °C for 1 min and then

programmed to 320 “C (held 45 min) at 30 °C /min.

8!3C analysis of the alkanes was performed using GC-thermal conversion-isotope
ratio mass spectrometry. A Thermo Trace Ultra GC was used along with a high
temperature pyrolysis unit connected online to a Thermo Delta V Advantage isotope
ratio mass spectrometer. Individual compounds were pyrolyzed at 1450 “C to COz,
which was introduced into the mass spectrometer. The temperature program and GC
column were identical to those used for GC analysis. Reproducibility and accuracy were
evaluated using standards containing five n-alkanes (Cz1, Cas, C27, C29, C33) between
every four measurements. Based on this, the internal precision of the measurements was
determined to be £ 0.3%o0. An internal standard (n-Cse alkane) was also applied to
examine the precision of quantitative analysis. Due to the low GDGT content, only

30

acyclic biphytane (Bp-0) and monocyclic biphytane (Bp-1) from isoprenoid GDGTs

and dimethyloctacosanes (a) and trimethyloctacosanes (b) from branched GDGTs®’

yield meaningful measurements (Fig. 2e). As some biphytane response is relatively low,

we estimate that those 6'3C measurements are associated with slightly larger errors,
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around = 1.0%eo.

Additional data sources of GDGTs”*7%, §13C77-7% and ena’”*" records were used in

figure presentation.

Data availability. We declare that the new data that support the findings of this study

are available in Supplementary Table. All new data associated with the paper can also

be accessed at https://doi.org/10.6084/m9.figshare.21922107.
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