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Abstract

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) with lower (sparsely-branched; SB-) and higher (overly-branched;
OB-) numbers of methylated branches relative to the “regular” brGDGTs (B-GDGTs) are abundant in anoxic waters in the
Black Sea. Observed changes in abundances and numbers of methylated branches of the entire series OB-GDGTs, B-GDGTs,
and SB-GDGTs relative to dissolved oxygen (DO) levels in anoxic waters suggest that these compounds can potentially track
changes in oceanic DO levels through time. To explore this, we determine the entire brGDGT series in surface or near-surface
sediments from sites with different DO distributions in marine waters and sediments, extending the limited core-top collection
of these lipids. We propose a modified methylation index based on only OB-GDGTs, called MOB, to avoid the potential
impacts of terrestrial-derived B-GDGTs. Interestingly, MOB values in our extended core-top collection are strongly related to
changes in bottom-water DO concentrations rather than the site-specific minimum DO values, i.e. usually within mid-depth
oxygen minimum zones (OMZs). This suggests that sedimentary lipids are likely derived from heterotrophic bacteria living at
the sediment-water boundary in sediments while lipids produced within mid-depth OMZs are not effectively exported to deep
oceans. Analysis of MOB values in ancient sediments in the East Equatorial Pacific shows a gradual decline in bottom water
DO, correlating with the progressive increase in global export productivity, organic carbon burial, and elevated level of deep-
water nutrient contents since the middle Miocene. These findings highlight the potential of MOB as a tool for reconstructing

past oceanic (de)oxygenation events.

Abstract content goes hereBranched glycerol dialkyl glycerol tetraethers (brGDGTs) with lower (sparsely-
branched; SB-) and higher (overly-branched; OB-) numbers of methylated branches relative to the “regular”
brGDGTs (B-GDGTSs) are abundant in anoxic waters in the Black Sea. Observed changes in abundances
and numbers of methylated branches of the entire series OB-GDGTs, B-GDGTs, and SB-GDGTs relative to
dissolved oxygen (DO) levels in anoxic waters suggest that these compounds can potentially track changes
in oceanic DO levels through time. To explore this, we determine the entire brGDGT series in surface or
near-surface sediments from sites with different DO distributions in marine waters and sediments, extending
the limited core-top collection of these lipids. We propose a modified methylation index based on only OB-



GDGTs, called MOB, to avoid the potential impacts of terrestrial-derived B-GDGTs. Interestingly, MOB
values in our extended core-top collection are strongly related to changes in bottom-water DO concentrations
rather than the site-specific minimum DO values, i.e. usually within mid-depth oxygen minimum zones
(OMZs). This suggests that sedimentary lipids are likely derived from heterotrophic bacteria living at the
sediment-water boundary in sediments while lipids produced within mid-depth OMZs are not effectively
exported to deep oceans. Analysis of MOB values in ancient sediments in the East Equatorial Pacific shows
a gradual decline in bottom water DO, correlating with the progressive increase in global export productivity,
organic carbon burial, and elevated level of deep-water nutrient contents since the middle Miocene. These
findings highlight the potential of MOB as a tool for reconstructing past oceanic (de)oxygenation events.



O 0 9 N W

10
11
12
13
14
15
16
17
18
19

20
21

22
23

manuscript submitted to Paleoceanography and Paleoclimatology |
Rattanasriampaipong et al.

Methylation index of Overly Branched tetraether lipids (MOB): a proxy for deep

ocean (de)oxygenation?

Ronnakrit Rattanasriampaipong"**" Yi Ge Zhang'**, Olawale Alo*, Xiao-Lei Liu’, Yang

Zhang'®, Bumsoo Kim'’, Franco Marcantonio®, Franck Bassinot’ and Tiegang Li'’

"Department of Oceanography, Texas A&M University, College Station, TX, USA

2Department of Geosciences, The University of Arizona, Tucson, AZ, USA

3University Corporation for Atmospheric Research, Boulder, CO, USA

4State Key Laboratory for Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences, Guangzhou, China

5School of Geosciences, The University of Oklahoma, Norman, OK, USA

®Frontiers Science Center for Deep Ocean Multispheres and Earth System, Key Lab of Submarine Geosciences and
Prospecting Techniques, and College of Marine Geosciences, Ocean University of China, Qingdao, Shandong, China
"Department of Earth, Environmental and Planetary Sciences, Brown University, Providence, RI, USA
8Department of Geology & Geophysics, Texas A&M University, College Station, TX, USA

9Laboratoire des Sciences Du Climat et de L’Environnement, LSCE/IPSL, CEA-CNRS-UVSQ Université Paris-
Saclay, Gif-sur-Yvette, fle-de-France, France

0K ey Laboratory of Marine Sedimentology and Metallogeny, First Institute of Oceanography, Ministry of Natural

Resources, Qingdao, China

*Corresponding author(s):
Ronnakrit Rattanasriampaipong (rrattan@ucar.edu) and Yi Ge Zhang (zhangyige@gig.ac.cn)
Postal address: 1040 E 4th St, Tucson, AZ 85721

1 of33


mailto:rrattan@ucar.edu
mailto:zhangyige@gig.ac.cn

24

25
26

27
28

29

30
31

manuscript submitted to Paleoceanography and Paleoclimatology |
Rattanasriampaipong et al.

Key Points

We investigated surface and downcore marine sediments with a focus on overly and
sparsely branched GDGTs.

Degrees of methylation index of overly branched GDGTs strongly correlate to bottom
water oxygen concentrations.

The bottom ocean appears to be losing O since the late Miocene, coupled with increasing
export productivity and deep-water nutrient levels.
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Abstract

Branched glycerol dialkyl glycerol tetracthers (brGDGTs) with lower (sparsely-branched; SB-)
and higher (overly-branched; OB-) numbers of methylated branches relative to the “regular”
brGDGTs (B-GDGTs) are abundant in anoxic waters in the Black Sea. Observed changes in
abundances and numbers of methylated branches of the entire series OB-GDGTs, B-GDGTs, and
SB-GDGTs relative to dissolved oxygen (DO) levels in anoxic waters suggest that these
compounds can potentially track changes in oceanic DO levels through time. To explore this, we
determine the entire brGDGT series in surface or near-surface sediments from sites with different
DO distributions in marine waters and sediments, extending the limited core-top collection of these
lipids. We propose a modified methylation index based on only OB-GDGTs, called MOB, to avoid
the potential impacts of terrestrial-derived B-GDGTs. Interestingly, MOB values in our extended
core-top collection are strongly related to changes in bottom-water DO concentrations rather than
the site-specific minimum DO values, i.e. usually within mid-depth oxygen minimum zones
(OMZs). This suggests that sedimentary lipids are likely derived from heterotrophic bacteria living
at the sediment-water boundary in sediments while lipids produced within mid-depth OMZs are
not effectively exported to deep oceans. Analysis of MOB values in ancient sediments in the East
Equatorial Pacific shows a gradual decline in bottom water DO, correlating with the progressive
increase in global export productivity, organic carbon burial, and elevated level of deep-water
nutrient contents since the middle Miocene. These findings highlight the potential of MOB as a

tool for reconstructing past oceanic (de)oxygenation events.

Keywords: bacterial tetracther lipids, dissolved oxygen, ocean (de)oxygenation, GDGTs,
methylation index, MOB

3 0of33



55

56
57
58
59
60
61
62
63
64
65
66
67
68

manuscript submitted to Paleoceanography and Paleoclimatology |
Rattanasriampaipong et al.

Plain Language Summary

Membrane-spanning tetraether lipids of microbial organisms preserved in marine
sediments, also known as “molecular fossils,” have been widely used as geochemical proxies to
infer environmental changes in the past. Overly branched and sparsely branched tetraether lipids
are new classes of organic compounds that have recently been identified and found to be abundant
in marine waters where oxygen levels are low. Despite its potential as an oxygen indicator in past
oceans, only a few studies have determined these lipids in modern marine sediments. Here, we
analyzed these lipids from surface marine sediments collected from various locations with
different oxygen levels in the water and found a strong link between the presence of these branched
lipids and the amount of dissolved oxygen in deep oceans. This suggests that microbes in surface
marine sediments are likely the main source of these new types of lipids. With new information
from this work, we propose a new proxy that can track changes in deep ocean oxygen

concentrations Earth’s history.
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1 Introduction

Dissolved oxygen (DO) in the ocean is essential to all aerobic life. Instrumental records
dating back to the 1960s confirm that DO concentrations in global oceans are declining in response
to anthropogenic climate change (Cooley et al., 2022). The expansion of marine oxygen minimum
zones (OMZ) in the tropics, such as in the Eastern Pacific Ocean, is one primary concern regarding
oceanic changes in response to the ongoing deoxygenation (Busecke et al., 2022). Low DO levels
in marine waters are harmful to marine life and can enhance the production of nitrous oxide, a
potent greenhouse gas and a predominant ozone-depleting agent (Arévalo-Martinez et al., 2015; Ji
et al., 2018). Moreover, the rise in numbers of hypoxic areas associated in human-induced factors,
e.g. nutrient release, have been observed in lakes and coastal waters (Breitburg et al., 2018; Jenny
et al., 2016). In global oceans, well-known marine regions with strong mid-depth OMZs are the
Eastern Tropical Pacific Ocean, the Black Sea, and the Arabian Sea (Boxes 2, 3, and 4 in Fig. 1A).
Because of the intrinsic interplay among various factors affecting marine OMZ regions, Earth
system models have yet to provide a consistent projection of how these marine OMZs will change
(cf. Busecke et al., 2022; Cabré¢ et al., 2015). The reconstruction of past DO levels based on
geochemical proxies offers an independent view that helps to understand marine OMZs in a

warming world.

Quantifying levels of oxygen concentrations in paleo-oceans is typically complex and
problematic due to the complexity of interplays across physical, chemical, and biological
processes. Most geochemical proxies are linked to chemical cycling of nitrogen, sulfur, and carbon
that are sensitive to redox conditions, from which past oxygen conditions are qualitatively inferred.
Only a few geochemical and/or paleontological proxies have been quantitatively calibrated to DO
levels in seawater. Examples of proxies that indirectly reflect changes in oxygen levels in seawater
include but are not limited to, (i) concentrations of redox-sensitive trace metals, such as vanadium
(V), uranium (U), molybdenum (Mo), and rhenium (Re), in sediments (Bennett and Canfield,
2020; Tribovillard et al., 2006), (ii) stable isotopic signatures of organic nitrogen (3'°N) bound in
foraminiferal tests (cf. Auderset et al., 2019; Hess et al., 2023; Wang et al., 2022), and (iii) the
ratio of trace elements incorporated to foraminiferal calcite to calcium, such as Mn/Ca (Barras et

al.,2018) and I/Ca (Glock et al., 2014; Lu et al., 2020; Zhou et al., 2014). Porosity and pore density
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Fig. 1. Location of sites discussed in this study overlaid on the spatial distribution of dissolved
oxygen concentrations at the 200-m depth level. (A) The map shows the modern locations of the study
sites in our expanded data set. Tetraether lipids discussed in this paper were extracted and derived from
surface sediments and down-core sediments. Sites with new GDGT measurements from this study are
colored in maroon. Sites with published GDGT data are colored in white. The data set covers eight different
marine regions, including (1) Pacific NW (Cascadia Margin), (2) Eastern Equatorial Pacific (EEP), (3)
Western Tropical North Atlantic (WTNA) (Liu et al., 2014) (4) Black Sea (Liu et al., 2014), (5) Arabian Sea,
(6) Eastern Equatorial Indian Ocean (EEIO), (7) South China Sea (SCS), and (8) Mariana Trench (Zeng et
al., 2023). Shaded contours (Contour Interval "C.1." = 30) show the distribution of dissolved oxygen (DO) at
200-m water depth based on the 2018 World Ocean Atlas (WOA18) database (1°x1° spatial resolution).
The shades of red indicate low oxygen conditions (<60 umol/kg of seawater DO) (B) Latitudinal means of
the 200-m WOA18 DO are also presented with P10, P25, P75, and P90 DO values.

of foraminifera is likely the only proxy that has evolved from a qualitative to a quantitative proxy
(Glock et al., 2011; Rathburn et al., 2018). A quantitative organic proxy for DO levels in seawater

has rarely been established.

Branched glycerol dialkyl glycerol tetraethers (brGDGT) are membrane-spanning lipids
that were initially identified in samples from peatlands (Sinninghe Damst¢ et al., 2000) but later
found to be ubiquitous in several environmental settings, including soils (e.g., Weijers et al., 2007),
rivers (De Jonge et al., 2014; Zell et al., 2013), lakes (e.g., Buckles et al., 2014; Tierney and
Russell, 2009), groundwaters (e.g., Ding et al., 2018), hydrothermal vents (e.g., Li et al., 2018),

marine waters (e.g., Xie et al., 2014), and ocean sediments (e.g., Liu et al., 2012). The core
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structures of brGDGT are ether-linked glycerol lipids with varying numbers of methylated
branches and internal cyclopentane rings. The original determination of the chemical structures of
“regular” brGDGT, hereafter B-GDGT, shows that the internal biphytanyl skeletons have 4-6
methyl branches and can contain up to two cyclopentyl moieties (Weijers et al., 2006b, 2007) (Fig.
2). Although the chemical structures of brGDGTs are similar to membrane-spanning isoprenoidal
GDGT (isoGDGT) synthesized by marine Archaea, the stereochemical configuration of brGDGTs

suggests bacterial sources (Weijers et al., 2006a).

Empirical observation of brGDGTs in natural archives shows that their compositional
distributions are strongly correlated with environmental temperature and soil pH, which form the
basis for several brGDGT-based environmental proxies (cf. Martinez-Sosa et al., 2021; Peterse et
al., 2012; Raberg et al., 2023; Weijers et al., 2007). In marine settings, B-GDGT is generally low
in abundance. Elevated concentrations of B-GDGT in marine sediments are typically assumed to
be derived from terrestrial sources, as expressed by high values of the Branched versus Isoprenoid
tetracther (BIT) index (Hopmans et al., 2004; Huguet et al., 2007). However, recent culture studies
of a few known strains of Acidobacteria show that they synthesize brGDGTs in response to
oxygen-limiting conditions (Chen et al., 2022; Halamka et al., 2023, 2021), suggesting that marine
microbes that thrive in DO-stress environments may synthesize brGDGTs. As described by (Liu
etal.,2012), two new brGDGT subclasses with relatively higher (overly branched; OB-) and lower
(sparsely branched; SB-) numbers of methyl branches along glycerol backbones than the B-GDGT
subclass (Fig. 2) have been found to be abundant in low DO marine waters from the Eastern
Tropical North Pacific (Xie et al., 2014), the Black Sea, and the Cariaco Basin (Liu et al., 2014).
They are also abundant in core-top sediments from the Black Sea (Liu et al., 2014). This collection
of samples with the entire series of brGDGTs shows that concentrations of non-cycloalkylated
brGDGTs and the degree of brGDGT methylation—as expressed by the Methylation Index of OB-
GDGT, B-GDGT, and SB-GDGT (Mlogms/ss)—increase when DO levels decrease (Liu et al.,
2014). Notably, the presence of OB-GDGT in ancient marine sediments deposited during Oceanic
Anoxic Event 2 (OAE2; circa 94 Ma) suggests that these new subclasses of brGDGTs can be
preserved in marine sediments for millions of years (Connock et al., 2022) and are likely related

to low DO conditions in marine environments.
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Fig. 2. Structures of tetraether lipids discussed in this study. Three main groups of non-isoprenoid
branched glycerol dialkyl glycerol tetraethers (brGDGTs) discussed in this study are (1) regular branched
GDGTs (B-GDGTs), (2) derivatives with fewer methylated branches, called sparsely-branched GDGTs (SB-
GDGTs), and (3) derivatives with a higher number of methylated branches, called overly-branched GDGTs
(OB-GDGTs). Mass-to-charge (m/z) ratios for each molecule are labeled on the upper right. The numbers
labeled in front of each molecule represent a varying number of methylated branches. For B-GDGTs,
structures for C5-methylated (left column) and C6-methylated (right column) B-GDGTs are shown
separately.
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Despite its great potential to be a proxy for marine (de)oxygenation, it is still unclear
whether sedimentary OB-GDGT and SB-GDGT are mainly derived from mid-depth OMZs in
open oceans. As recognized by Xie et al. (2014), suspended particulate matter (SPM) from depths
below the OMZ in the Eastern Tropical North Pacific show low concentrations of the OB-GDGT
and SB-GDGT fractions, indicating that (i) DO level in the OMZ is not low enough to trigger
massive production of these lipids and/or (ii) there is no effective export mechanisms at
intermediate water depths. Zeng et al. (2023) also recently investigated the distribution of brGDGT
lipids in seafloor sediments from the Mariana Trench and have argued that relatively high
abundances of OB-GDGT and SB-GDGT are synthesized by unclassified anaerobic bacterial
communities in marine sediments unique to the hadal oceans. Although OB-GDGT and SB-GDGT
in marine sediments were first described more than a decade ago (Liu et al., 2012), only a few
studies reported these lipids in marine waters and sediments, making it difficult to evaluate the

sources and their distributions in marine sediments fully.

Here, we report the distributions of the entire series of brGDGTs in surface marine
sediments from five different regions, expanding the collection of existing published OB-GDGT
and SB-GDGT data (Fig. 1). Alongside the down-core analysis, our aim is to identify the oxygen
levels at which depths become the dominant controlling factor of the distribution of these
brGDGTs. We further investigate the potential of the degree of methylation of OB-GDGTs as a

quantitative organic geochemical proxy for past marine (de)oxygenation.
2 Materials and Methods
2.1 Data compilation and materials

Measurements of tetraether lipids with OB-GDGT and SB-GDGT fractions (n = 67) were
compiled from four publications, and newly conducted by this study (see Table 1). This study
determined fractional abundances of tetraether lipids extracted from the core-top (n = 24), near-
surface (n = 4), and ancient marine sediments (n = 23). These data have expanded the spatial
coverage of sites with OB-GDGT and SB-GDGT measurements spanning a wide range of vertical
DO distributions in modern oceans (see Figs. 1 and 3). We grouped the based on their geographical
distributions as follows: (1) Pacific Northwest, (2) Eastern Equatorial Pacific (EEP), (3) Black
Sea, (4) Arabian Sea, (5) East Equatorial Indian Ocean (EEIO), (6) South China
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Table 1. Information for study sites with GDGT measurements

Region Data Type Cruise/Site Source Count
1 Pacific Northwest Near-surface ODP 1244 This study 3
(Cascadian Ridge)
2 Eastern Equatorial Core top MV1014_xx This study 4
Pacific (EEP) Near-surface ODP 850 This study 1
Ancient ODP 850 This study 23
3 Black Sea Core top BS_GeoB7xx Liu et al. (2014) 12
4  Arabian Sea Core top MD77-2xx This study 6
5 Eastern Equatorial Core top BAR94-2x, This study 8
Indian Ocean (EEIO) MD77-159/160
6 South China Sea Core top WPxx This study 6
(SCS)
7 Mariana Trench Core top MTO03 Zeng et al. (2023) 4
Total 67

Sea (SCS), and (7) Mariana Trench (see Fig. 1).
2.2.1 Surface and near surface marine sediments

For core-top GDGT samples, Eastern equatorial Pacific multi-corer samples were collected
aboard the R/V Melville in 2010 (Marcantonio et al., 2014). Samples MV1014 01 01 MC
(5°49.0863N, 85°44.528W; water depth 1760.4 m), MV1014 02 16 MC (00°10.8297°S,
85°52.0042°W; water depth 2846.0 m), and MV1014 03 20 MC (08°30.001°S, 87°02.695’W;
water depth 4407.0 m) were collected from near the Cocos Ridge, Carnegie Ridge, and Peru Basin,
respectively. The Cocos and Carnegie Ridge samples were collected from the margins of the
Panama Basin, with the Carnegie Ridge multi-corer samples retrieved from a highly productive
site (sediment mass accumulation rate, MARSs) of about 4 g-cm™-kyr™!, and the Cocos Ridge multi-
corer samplers from a site that was not as productive and had a lower MAR (0.3 g-cm™-kyr™)
(Marcantonio et al., 2014). The Peru Basin multi-corer samples were collected within the South
Pacific oligotrophic gyre, and MARs could not be measured. The Arabian Sea piston cores MD77-
200 (16°33.0°N, 67°54.0’E; water depth 2910 m), MD77-201 (17°33.6’N, 63°5.4’E; water depth
3665 m), MD77-204 (19°10.8’N, 58°15.6’E, water depth 1430 m), and MD77-205 (17°26.4°N,
57°24.0’E; water depth 969 m) were collected aboard the R/V Marion Dufresne in 1977 from the
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Arabian Sea during the OSIRIS 3 campaign (Jean-Claude, 1977). For EEIO, core-top samples
were from two different expeditions. The first set of samples MD77-159 (0°4.2°N; water depth
4241 m) and MD77-160 (1°15.0°N, 90°1.8’E; water depth 2160 m) were collected during the same
cruise OSIRIS 3. The second set of samples BAR94-24 (6°44.4°N, 94°50.46°E; water depth 2676
m), BAR94-25 (6°26.1°N, 95°19.5’E; water depth 1558 m), and BAR94-27 (5°20.4’N, 94°18.3’E;
water depth 2689 m) were collected aboard R/V Baruna Jaya I during the 1994 BARAT campaign
(Guichard and Hardjawidjaksana, 1994). For SCS, core-top samples WPOl (6°40.458°N,
111°13.92’E; water depth 1848 m), WP02 (5°51.522°N, 111°14.094’E; water depth 1289 m),
WPO03 (5°52.146°N, 112°18.072’E; water depth 687 m), WP04 (6°55.704°N, 113°6.744°E; water
depth 1569 m), WP05 (7°28.446°N, 113°54.852’E; water depth 913 m), and WP06 (6°41.01°N,
111°45.534’E; water depth 1926 m) were collected aboard the R/V Ke Xue Yi Hao (formerly
named Kexue I) during the South China Sea Survey Cruise in 2012.

We also investigate shallow down-core GDGT data with sampling depth shallower than
10 meters, including samples from the Mariana Trench (Zeng et al., 2023), the EEP ODP Site 850,
and the Cascadia Margin and treat them as shallow “core-top” samples to maximize the number
of observations for the core-top data set and its spatial coverage. Given persistent low O2
conditions in the Cascadian Ridge region since 32,000 years ago (cf. Saravanan et al., 2020),
GDGT distributions of ODP Site 1244C down-core sediments dated ~30,000 years old are not
expected to be very different from surface sediments (44°35.1702°N, 125°7.1902°W; modern
water depth 895.1 m below sea level (mbsl); sampling depths ~7—8 m deep; see Fig. 1).

2.2.2 Lipid extracts derived from ancient marine sediments

For paleo-GDGT samples, we determined GDGT distributions from 24 polar lipid fractions
derived from ancient sediments from the Ocean Drilling Program (ODP) Site 850 (1°17.838°N,
110°31.284’W; modern water depth 3786.1 m; see Fig. 1). The samples selected for this study are
a subset of the original data set used to reconstruct the SST history of EEP over the past 12 million
years (Zhang et al., 2014).

2.2 Lipid analysis

2.2.1 Sample preparation
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Total lipid extracts (TLEs) derived from surface, near-surface, and down-core marine
sediments were prepared at Texas A&M University. Forty-one marine sediment samples (~0.5—
13 g) were freeze-dried and homogenized with mortar and pestle. The grounded sediments were
then subjected to lipid extraction using a Dionex 350 Accelerated Solvent Extractor (ASE) with
9:1 (v/v) dichloromethane/methanol at 120°C and 10.34 MPa for five static cycles. Subsequently,
the TLEs were dried in an ultrapure nitrogen stream and stored in 2 ml vials for subsequent

analysis.
2.2.2 GDGT determination

GDGT determinations were performed at the University of Oklahoma. Sample preparation
and analytical setup are modified after Connock et al. (2022). Each TLE sample was redissolved
in 1 ml pure MeOH, ultrasonicated for 10 minutes, and centrifuged at 3000 rpm for five minutes.
Following centrifugation, 500 pl of the TLE redissolved in MeOH were transferred into a 2 ml
injection vial for lipid analysis. Reversed-phase high-performance liquid chromatography coupled
to electrospray ionization quadrupole time-of-flight mass spectrometry (RP-HPLC-ESI-Q-TOF-
MS) was performed with an Agilent 1290 series UPLC system coupled to an Agilent 6530 Q-TOF
mass spectrometer through an Agilent jet stream dual electrospray ionization (AJS-ESI) interface.
For each TLE sample, 10 pl out of the 500 pl volume were injected onto an ACE UltraCore Super
C18 column (5 pm, 2.1 x 250 mm, ACE, Aberdeen, UK) maintained at 45 °C. Following method
parameters were set to achieve the separation of GDGTs: (i) For Q-TOF, voltages of 3500 V, 175
V, 65V, 750V were set for a capillary, a fragmentor, a skimmer, an octupole, respectively, in auto
MS/MS scanning mode with MS range of m/z 50-2000 and MS/MS range of m/z 20-2000. (ii) For
ESI, the drying gas (N2) temperature was set at 300 °C with the flow rate of 8 L min™' and the
nebulizer gas (N2) pressure of 35 PSIG. For RP-HPLC, two eluents, A and B, were used. Eluent
A was 95:5:0.04:0.10 of methanol/H,O/formic acid/14.8 M NH3 (aq.), and eluent B was
50:50:0.04:0.10 of hexane/2-propanol/formic acid/14.8 M NHj3 (aq.). A flow rate of 0.2 mL min
I, first hold 100% A for 5 min, and to 70% A and 30% B in 25 min, followed by a gradient to 50%
B at 50 min and hold for 5 min, and finally re-equilibrated with 100% eluent A at a flow rate of
0.4 mL min™' for 5 min. GDGTs were identified based on accurate masses, retention time, and
diagnostic fragments. Quantification was achieved with an extraction window of [M+H]" being +

0.02 m/z units. We quantified relative abundances for four main subclasses of GDGT in all new
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GDGT measurements, including isoGDGTs, B-GDGTs, OB-GDGTs, and SB-GDGTs, without
separating C5- and C6-methyl derivatives.

2.3 Dissolved Oxygen in Seawater for Modern GDGT Data
2.3.1 Site-specific DO vertical profiles

Sampling sites of surface sediments with new GDGT measurements from this study have
expanded from previously published works, representing a more comprehensive range of different
DO distributions in water columns (see Fig. 3). We use objectively analyzed climatological mean
fields of the DO data set (named o_an; 1°x1° spatial resolution; 0—5500 meters at standard depth
levels; 1900-2017) from the 2018 World Ocean Atlas (WOA18) database (Garcia et al., 2019) to
determine different degrees of (de)oxygenation in the water column above each sampling site. We
read the WOA18 DO data set (NetCDF file) using the Xarray Python library (Hoyer and Hamman,
2017) to perform all the data manipulation and matching. The sampling coordinates (latitude,
longitude) of the GDGT data were matched to the closest grid using the built-in nearest method.
We limited the deepest depth of any matched WOA18 DO profiles using the sampling depth of
the GDGT data. For the Mariana Trench core top data, we used the in situ measurements of DO
collected during the descent of the cable of a conductivity-temperature-depth (CTD) device at the
Challenger Deep of the Mariana Trench (11°22.569°N, 142°18.105’E; deepest sampling depth
10000 m) in December 2015 (Tian et al., 2018) as the WOA18 DO data is unavailable for the
entire water column. The location of the CTD cast at Challenger Deep is approximately 29
kilometers from the MT3 core site (cf. Zeng et al., 2023), reasonably comparable to the 1°x1°
spatial resolution of the WOA18 DO data set.

2.3.2 DO-derived parameters reflecting different degrees of oxygenation in seawater

To determine the position in the water column where the strongest response of brGDGT
distributions to different degrees of oxygenation occur, we calculated parameters that reflect
degrees of oxygenation at different locations and depth ranges in each DO vertical profile. Fig. 4
shows an example DO vertical profile with annotated positions and depth ranges of DO-derived
parameters, including 0) minOxy, ) insituOxy, ) oxycline2oxymin, (%) normIntgOMZ, (5)
surfaceinsitu, (6) oxycline2insitu, and (7) OMZdepthRatio. Three key depth levels needed for
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the calculation of these parameters are (i) the oxycline depth, (ii) the bottomOMZ depth, and (iii)
the sampling depth (in situ depth). The fastest rate of declining DO concentrations from surface
defines the oxycline depth. The bottomOMZ depth is defined by the fastest rate of increase in the

DO concentration below the oxycline depth.
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Fig. 3. Overview of the vertical distributions of dissolved oxygen (DO) concentrations. Each
subplot shows the vertical DO distributions above surface sediment sampling sites at different regions
shown in Fig. 1: (A) Eastern Equatorial Pacific (EEP), (B) South China Sea (SCS), (C) Pacific Northwest
(Pacific NW), (D) Eastern Equatorial Indian Ocean (EEIO), (E) Mariana Trench, (F) Arabian Sea, and (G)
Black Sea. Black dashed lines are DO profiles of sites with published GDGT data. Maroon solid lines are
DO profiles of sites with GDGT data from this study. Shades of purples indicate different oxygen
conditions: anoxic (0 ymol/kg; dark purple), suboxic (0—5 pumol/kg; purple), hypoxic (5—60 pmol/kg; pale
purple), and oxic (>60 umol/kg; white).

3 Results and Discussion
3.1 Degree of methylation of brGDGTs at different oxygen conditions

The Methylation Index of OB-GDGT, B-GDGT, and SB-GDGT (Mlogm/se) has been
proposed by Liu et al. (2014) to track the changes in both fractional abundances and degrees of
methylation for the entire series of brGDGTs. To avoid confusion of the Mlog/s/ss index with the
Methane Index (abbreviated as MI; Zhang et al., 2011), we propose the new abbreviation as “DMI”
(Degree of Methylation of brGDGTs Index). This new DMI abbreviation also differs from the
fractional abundance ratio of B-GDGTs with different methylated branches, i.e., the Methylation
of Branched Tetraethers (abbreviated as MBT; Weijers et al., 2007). The higher values of
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Anatomy of DO profiles
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Fig. 4. An example DO profile with annotations of DO-related parameters. Seven different DO-related
parameters were calculated from a site-specific DO vertical profile using the 2018 World Ocean Atlas
database (Garcia et al., 2019).

DMlog/mse reflect the distributional shift towards brGDGT structures with higher numbers of

methylated branches. The equation of Mlos/s/ssis expressed as follows:

G [Xop]) + (Enoan* [Xp]) + (Bh—on * [Xsp])
DMlog/p/ss = [ZOB + XB + XSB] M)

where [Xog], [Xg], and [Xsg] represent fractional abundances for OB-GDGT, B-GDGT, and SB-
GDGT, respectively, while n denotes the number of methylated branches of each GDGT fraction.
If sedimentary OB-GDGT and SB-GDGT are derived primarily from the mid-depth OMZ in the
water column, the value ranges of Mlop/s/sg of samples from places where strong OMZs exhibit
in the water column (minOxy < 60 pmol-kg! DO) should be higher and significantly different from
places where mid-depth water are oxic (minOxy > 60 pmol-kg! DO). Given the small sample size
and non-Gaussian distribution in each data set, we chose the non-parametric Mann-Whitney U test
(MWU; also called the Wilcoxon rank-sum test) to assess whether the medians between oxic and
low oxygen data clusters differ significantly. The resulting p value (p<.01) suggests that the
medians of the two clusters are significantly different from each other; however, the value ranges
between low oxygen and oxic clusters overlap in large part (Fig. SA). It should be noted that new
GDGT measurements from this study emphasize the distinction in the DMIog/p/ss value ranges
between low oxygen and oxic conditions compared to the clusters of the limited collection of

published data (maroon versus gray dots in Fig. SA).
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Fig. 5. Ranges of methylation indices of core-top GDGT data at low oxygen and oxic conditions
based on minOxy and insituOxy parameters. GDGT data were classified into low oxygen (purple violins)
and oxic (gray violins) conditions based on minOxy (top row) and insituOxy (BWO for core-top data; bottom
row). Each column shows value ranges of different methylation indices discussed in this study, including
the original methylation index Mlog/s/ss (left) and three modified methylation indices based on only B-GDGT
(middle left), OB-GDGT (middle right), and SB-GDGT (right) fractions. Violin plots show the distribution of
methylation indices as a symmetric kernel density estimate (KDE) together with the inner box-and-whisker
plot. White dots show the medians of each data cluster with the numerical annotations presented next to
each violin plot. Swarm plots (dots) show the distribution of raw data points from this study (maroon) and
published data (dark gray). Note: The annotated p values are from the non-parametric Mann-Whitney U
test. Grey out annotated text indicates that the medians are not significantly different between low oxygen
and oxic data clusters (p>.7). Purple annotated text indicates the case with lowest p value across all
comparisons. Actual p values up to fourth significance digit are shown below the reported significance level.

As B-GDGT fractions are known to have multiple sources, notably non-marine, we assess
if removing B-GDGT from the calculation will improve the separation between low oxygen and

oxic data clusters. The modified indices are expressed as follows:

Rz n* [Xopl + Xoo4n * [X5])

DMlog/s = [Z0OB + ZB] @
DMIy55 = (Xn=an * [[XZBO] i Zziszz;)]n* [Xs5]) 3)
DMI, = (2761=4[;;][XBD @
DML, = (ZLO[;S*B []Xsa]) 5)
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12 n*[Xpp
DMIop = (O [;OB[] os])

(6)

The MWU test for these modified methylation indices shows that the medians of the
methylation index based only on the B-GDGT series (DMIg) between the low oxygen and oxic
data clusters are not significantly different (p>.1; Fig. SB). While the resulting p values for the
methylation indices based only OB-GDGT (DMIog) and SB-GDGT (DMIsg) series are below the
standard significance level (p <.05; Figs. SC and 5D), suggesting that distributions of OB-GDGT
and SB-GDGT are sensitive to minOxy and insituOxy levels. The greater difference in the medians
between the low oxygen and oxic data clusters in the DMIog, i.e., the lower resulting p value,
suggests that OB-GDGTs may be more sensitive to changes in oxygen conditions in the water

column.

Although the discovery of OB-GDGT and SB-GDGT series and the establishment of the
DMlog/m/s index were originally from studies that focus on regions with strong mid-depth OMZs
or fully anoxic water columns (Liu et al., 2012, 2014; Xie et al., 2014), we expanded our
assessment on the variation of methylation indices in response to changes in oxygen conditions at
different locations in the water column using the calculated DO-derived parameters. Based on the
nonparametric Spearman’s rank correlation, the DMlIog/s/s show the overall negative correlation
with oxygen conditions in the water column; higher DMlogp/m/ss at lower oxygen conditions
(Column 5 in Fig. 6). Across all seven DO-derived parameters, the minOxy parameter gives the
highest Spearman’s rank correlation coefficient (denoted as 740 or p) of -0.58 with the DMIog/B/sB
(Column 5 & Row 1 in Fig. 6). As suggested above by the MWU tests, the DMIog should show
better responses to changes in oxygen conditions in the water column. However, correlation
coefficients between minOxy and DMIlos and DMIsg indices exhibit similar (p = -0.59) or stronger
responses (p = -0.60), respectively. Interestingly, the insituOxy gives a stronger Spearman’s p with
the DMIog (-0.78) than the minOxy parameter (C10 in Fig. 6). In fact, the Spearman’s correlation
between the insituOxy parameter and the DMIog shows the strongest correlation across the
heatmap of the pairwise correlation (C10 & R2 in Fig. 6), hinting to us that changes in surface
sediment OB-GDGT distributions might be largely controlled by oxygen conditions at the deep
ocean instead of the intermediate depth. By repeating the MWU tests for the insituOxy case, we

observe stronger differences in the medians between low oxygen and oxic data clusters, i.e., lower
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Fig. 6. Pairwise correlation between brGDGT-derived indices and DO-derived parameters. The
heatmap shows Spearman's rank correlation coefficient (o) between DO-derived parameters (rows) and
GDGT-derived indices (columns) with the annotated numerical values rounded to the second decimal place.
The “HotCold” color map emphasizes the direction of the trend between the two variables. The annotated
grid borders indicate significance level based on p values: p<.005 (solid black), .005<p<.01 (dashed black),
.01<p<.05 (dashed gray), and p>.05 (no border; not statistically significance).The position where each DO-
derived parameter represent in the water column can be found in Fig. 4.

p values, in all methylation indices except the DMIg (see the bottom row in Fig. 5). The largest
difference in the medians and the lowest p value observed from the DMIog case (Fig. 5G), together
with the strongest Spearman’s correlation (C10 & R2 in Fig. 6), all indicate that the OB-GDGTs
might be the GDGT fraction that is most sensitive to changes in oxygen conditions in the water
column. Across all analyses, it appears that changes in deep ocean oxygen conditions, i.e.,
specifically at the seawater-sediment interface in our study, exert stronger control over the
distribution of OB-GDGT and SB-GDGT in surface marine sediments than oxygen conditions of

the overlying water column.
3.2 Potential sources of OB-GDGT and SB-GDGT in marine sediments

Our statistical analyses over the extended data set of core-top brGDGTs suggest that the
likely sources of these lipids are heterotrophic bacteria thriving in the sediment-water interface,
rather than the mid-depth OMZs. This is in line with the observation from the water-column SPM
study in the EEP, showing that OB-GDGT and SB-GDGT are rapidly disappearing in the
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oxygenated water masses below the mid-depth OMZs (Xie et al., 2014). However, the production
of OB-GDGT in marine sediments below the seafloor could alter the original distribution of
brGDGT in the surface sediments, challenging the idea of using these lipids as a geochemical
proxy to reconstruct past changes in ocean oxygenation. Research by Zeng et al. (2023) suggests
that OB-GDGTs are produced by anaerobic bacteria in subsurface sediments collected from the
Mariana Trench, supported by the co-occurrence of a high abundance of bacterial 16S rRNA genes
and an increase in the relative abundance of known anaerobic bacteria unique to abyssal marine
sediments. Unfortunately, paired porewater chemistry profile critical for understanding the
sediment column’s redox condition of in the context of microbial ecology and lipid distribution
changes were unavailable (Zeng et al., 2023). Additionally, studies on intact polar lipids, which
are more closely related to living cells, suggest that they typically constitute a very small portion
of GDGT found in the sediment column (typically <15%; cf. Lengger et al., 2014; Lipp and
Hinrichs, 2009; Liu et al., 2011). Most sedimentary GDGTs fall into the core lipid fraction,
representing the inactive pool long after cell lysis. Future work such as lipid analysis of bacterial
cultures, is needed to confirm the extent to which these subsurface bacteria contribute to the
sedimentary pool of OB-GDGTs. Intact polar lipids of OB-GDGTs can also help quantify the
contribution of living bacteria to the total GDGT pool.

Another piece of evidence unfavorable for subsurface production as the primary source of
these lipids comes from our analysis of brGDGT distributions from ancient marine sediments of
ODP site 850, dated back 12 million years. If OB-GDGTs with higher degrees of methylation were
primarily produced in subsurface anoxic sediments, we would expect higher DMIog values from
the intervals where porewater chemistry clearly indicates redox condition changes (Shipboard
Scientific Party, 1992). The presumed low oxygen conditions in downcore sediments start at
approximately 110 meters below sea floor, where concentrations of porewater ammonia and
methane gas increase with decreasing sulfate (Figs. 7D-F). The DMIog values within this
presumed anoxic interval show a relatively low DMIog index, arguing against major in situ GDGT
production by anaerobic bacteria in sediments. With the help of the global core-top data, we are
able to infer bottom water oxygen levels through the temporal variation in the DMIos index.
Mechanistically, these changes can be recorded by alterations in bacterial communities at the
seawater-sediment interface or by physiological responses of cell membranes to different in situ

oxygen levels by the same group of bacteria.
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3.3 Development of a proxy for deep ocean (de)oxygenation
3.3.1 The Methylation index of Overly Branched GDGTs (MOB)

Although OB-GDGT and SB-GDGT series are present in most of core-top sediments in

the extended data set, SB-GDGTs are generally of very low abundance in downcore samples and

were often not reported in previous work (cf. Connock et al., 2022; Zeng et al., 2023). Due to their

low abundance, we did not report SB-GDGT fractions from our reanalyzed samples from ODP

850 (see Fig. 7A). Given that OB-GDGT fractions are observed in both modern and ancient marine

sediment archives, the DMIog index emerges as the most suitable index to be developed as a proxy

for tracking (de)oxygenation in past oceans. We normalized the DMIog index to the entire data set
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Fig. 7. Downcore brGDGT distribution, DMlos, and porewater chemistry of sediments from Ocean Drilling
Program site 850. (A) Fractional abundances of OB-GDGT and B-GDGT series. (B) Fractional abundances of OB-
GDGT series. (C) The modified methylation index uses only the OB-GDGT series (Mlog). The stored TLEs were
analyzed samples used in Zhang et al. (2014) temperature reconstruction study. Concentrations of (D) porewater
ammonia (NH4*), (E) porewater sulfate (SO4%), and (F) methane gases in sediments collected during the ODP850
expedition (Shipboard Scientific Party, 1992). The dark brown layer indicates the presumed low oxygen conditions in
sediments based on porewater chemistry. Note: Fractional abundances of brGDGTs were measured from the stored
TLEs extracted from downcore sediments from the Ocean Drilling Program (ODP) site 850.
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using the minimum-maximum scaling technique to scale the index value range to span from 0 to

1 and named the Methylation index of Overly Branched GDGT as the MOB index:

MOB = (DMIOB)observed - (DMIOB)min
(DMIOB)max - (DMIOB)min

(7)

where (DMIoB)observed 1S the methylation index of OB-GDGT derived from equation (6). The
theoretical minimum (DMIoB)min and maximum (DMIog)max values of the DMIog index are 7 and
12, respectively. Plugging these values into equation (7), the MOB values can be calculated as

follows:

_ (DMIOB)observed -7 _ (DMIOB)observed -7

MOB 12-7 5

®)

The MOB index gives the same Spearman’s correlation p as the DMIog with the strongest negative

relationship against the insifuOxy parameter (C11 & R2 in Fig. 6).
3.3.2 Bottom water oxygen calibrations based on the extended core-top data set.

Given the relatively small sample size (n = 42) of the core-top data set, it is likely that the
distributions of the MOB index and insituOxy are non-Gaussian. Plus, the value ranges of both
parameters are strictly positive, including zeros [0,0), suggesting that the ordinary least square
(OLS) might not be the most suitable choice of regression model as it assumes that the MOB and
insituOxy can go to negative values. Utilizing the Tweedie Regressor from the scikit-learn Python
library, we found that the Poisson-like regression (power = 1.0) provides the highest deviance
score (D’ = 0.66; p = 0.06; see Figs. 8A and 8C). The Poisson-like regression is the Generalized
Linear Model (GLM) with the natural log link function and can be expressed in the following

form:

Y = e®"BX 4 € €))

where the target Y value is the exponential of a linear model with intercept (o), slope (B), and
random noise (€). The quality of each Poisson-like regression is quantified by the percentage of

deviance explained (D?) of the GLM,; the score that is equivalent to the coefficient of determination
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7’ in the OLS regression.

Although we have expanded the core-top collection with samples from sites represented a
wider range of oxygen conditions in water column, the regression curves could still be heavily
biased towards this anoxic/euxinic basin as data from the Black Sea (n = 12) represented ~29% of
the entire core-top collection (n = 42). We repeated the same set of regressions on the subset of
core top data excluding the Black Sea data to provide alternative calibrations that may be more
suitable for open-ocean settings. Similarly, the Poisson-like regression also gives the highest
deviance score the insituOxy and MOB parameters (D° = 0.67; p = 0.09; see Figs. 8B and 8D).
However, the y-intercept of the latter case is higher than the regression curve of the full core-top
dataset. To fully capture the possible range of estimated Y values at any given X, we computed the

95% confidence interval of the Poisson-like regression curves by randomly sampling o and f

Full core-top data set Core-top data set without Black Sea
1 1 i
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Fig. 8. Different calibration curves based on the extended core-top GDGT data set. Several choices of calibration
curves are displayed over MOB-insituOxy scatter plots based on (A) the full core-top and (B) the core-top data set
without the Black Sea samples. Calibration curves result from generalized linear models (GLM) with different Tweedie’s
power parameters. At different power parameters, GLM predicts the MOB values (fitted MOB) by assuming that fitted
Y values belong to a distribution in the exponential dispersion model (EDM), including the Normal (power = 0.0), the
Poisson (power = 1.0), and the Compound Poisson-Gamma (power = 1.1-1.9) distributions. (Bottom) Deviance scores
for each GLM regression result at different Tweedie’s power parameters for (C) the full core-top data set and (D) the
subset of GDGT collection without the Black Sea.
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parameters using the Markov Chain Monte Carlo (MCMC) technique (Figs. 9A and 9B). Although
the deviance score is only slightly improved without Black Sea data in the core-top data set, the
Poisson-like regression based on this subset is preferred for the insituOxy-MOB core-top
calibration as the resulting MOB residuals show no relationship with the fitted MOB values (Fig.
9G). The fitted MOB values based on the full data set show a stronger regression bias, i.e. higher

# in the residual plot (Fig. 9F). Table 2 shows slopes and intercepts of both regression scenarios.
3.4 Application of MOB: EEP deoxygenation over the past 12 million years

As previously discussed, we view that the down-core variation in the MOB index as likely

reflecting bacterial community at the seawater-sediment interface in response to different levels of
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Fig. 9. Poisson-like regressions between insituOxy and MOB index with residual plots based on the full core-
top data set (top) and the subset without Black Sea data (bottom). (A) The Poisson-like regression curve of the full
core-top data set with the annotated deviance score (D?) and the p value. The shaded area represents the 95%
confidence interval of the Poisson-like regression line using the Markov Chain Monte Carlo technique to capture the
full range of regression slopes and intercepts. (B) The scatter plot of the residuals between the observed and fitted
MOB values (observed MOB - fitted MOB) with associated r? and p values. (F) and (G) are the same regression analysis
as (A) and (B) but for the subset of core-top collection with the Black Sea data. (C-E and H-J) Histograms show data
distributions of X and Y variables of each scatter plot.
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Table 2. Slopes and intercepts for Poisson-like regression curves discussed in main text.
Case No. Equation Intercept (a) Slope (B) D? p value Ref. Fig.

Poisson-like regression
MOB = exp(a + (8 - insituOxy) + ¢ Equation (9)

(1) Full core-top data set -0.8535 -0.01431 0.66 0.06 Fig. 8A
(2) Core-top data set without -0.5223 -0.01827 0.67 0.09 Fig. 8B
Black Sea

bottom water O2 concentrations, referred to as insituOxy parameter in this study, over geologic
history. Using the Poisson-like regression parameters for the open ocean case (without Black Sea
data; Regression Case 2 in Table 2), the estimated insituOxy concentrations based on the MOB
index show that the bottom water masses at ODP Site 850 underwent low DO conditions for the
entire 12-myr record. Reconstructed insituOxy estimates gradually decreased from approximately
20 pumol-kg™! during the late Miocene to approximately 10 umol-kg™' during the Plio-Pliestocene
epochs with two spikes of increasing insituOxy observed around 10 and 4 million years ago (Fig.
10A). Although there are no equivalent independent proxy records to confirm the reconstructed
insituOxy concentrations based on the MOB index, some indirect evidence suggests that deep
water in EEP experienced low O conditions during cooling episodes. For example, several
reconstructions of bottom water O» levels based on redox-sensitive authigenic uranium derived
from marine sediments spanning the last 180,000 years show the lowest values during glacial
periods, suggesting an increased extent of respired carbon in the deep ocean (cf. Marcantonio et
al., 2020). In addition, estimated changes in bottom water O, concentrations based on the output
of a geochemical box model CYCLOPS in the deep Pacific during the Last Glacial Maximum
relative to the Holocene can be up to approximately 80—100 pmol-kg™! (see a thorough discussion

in Studer et al., 2021), reflecting low O> concentrations in the deep Pacific.

Variation in oxygen supply to deep ocean waters could also be attributed to changes in
climate and ocean circulation. The cooling climate during the Neogene (Herbert et al., 2016;
Zachos et al., 2001), the development of modern-like Antactic Circumpolar Current since the late
Miocene (Evangelinos et al., 2024), and the intensification of Pacific Deep Water ciculation since
the early Pliocene (Yin et al., 2022) all could have caused an increase in deep-water DO
concentrations due to (i) greater gas solubility in colder seawaters and (ii) stronger export of

oxygen-rich deep water masses from high-latitude formation sites. Yet, our interpreted low DO
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Fig. 10. 12-myr records of the MOB index in the Eastern Pacific Ocean. (A) Reconstructed insituOxy based
on Poisson-like (log-linear) calibration. Red triangles represent the estimated insituOxy based on regression
parameters resulting from the data set without the Black Sea data (Case 2 in Table 2). Shaded bands show the
corresponding confidence intervals of 68% (+10) and 95% (+20), estimated using an MCMC approach. (B) Deep
Pacific phosphate concentrations [PO4>] reconstructed from the nearby ocean drilling site DSDP 598 in the EEP
region. Increases in deep-water [PO4%] over the past 12 myr reflect the declining level of deep ocean DO, as
previously discussed by Wang et al., (2022). (D) Global organic carbon burial rate estimated from global (D)
Graphical sketch shows the proposed mechanism how oxygen conditions in deep Pacific changes over time at
ODP site 850.

conditions in the deep EEP based on the MOB index parallels with the observed increase in deep
Pacific water phosphate levels (see Figs. 9B and 9C; Wang et al., 2022) and the overall increase
in global organic carbon burial rate over the last 15 Ma (Li et al., 2023), suggesting to us that
enhanced oxygen supply was outcompeted by higher oxygen demand attributed to increased export
productivity. It remains unclear whether declining oxygen levels drive enhanced export
productivity and nutrient enrichment, or if they are merely a response to increased organic matter
export and subsequent degradation. Nonetheless, the secular trend of increasing bottom water
nutrient levels, declining oxygen concentrations, and enhanced organic carbon burial in sediments
presents a coherent narrative of ocean biogeochemical changes since the middle Miocene in the

EEP region, carrying important implications for long-term climatic and oceanic changes.

Despite incorporating the shallowest sample from ODP Site 850 into the core-top
collection, it is still possible that the absolute values of reconstructed insifuOxy concentrations

based on our current calibration are still be biased towards lower DO levels given the limited extent
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of represented sites in the current data set. However, this first iteration of MOB proxy development
shows that the variation in methylation index of OB-GDGT can track the overall declining trend
of deep ocean DO concentrations. Future studies with additional GDGT measurements from a
wider range of core-top sites can be easily incorporated into the calibration framework using the
Python codes (see Supplementary Information) and would improve the accuracy of the absolute

insituOxy estimates based on the MOB index.
3.5 Potential avenues for future works

Similar to other well-established GDGT-based proxies like MBT/CBT and TEXgs, which
have provided major insights into Earth's past environments despite initially limited information
on the source organisms, the MOB proxy could offer unique insights into past oceanic redox
conditions, with profound implications for understanding the co-evolution of life and global
biogeochemical cycles. While our interpretation relies on certain assumptions, the empirical
relationship between MOB values and bottom water oxygen levels observed in the core-top study
is a promising beginning. Future work is needed to validate and refine this proxy; for example,
identifying source organisms of these lipid compounds. Furthermore, confirming the resistance of
OB-GDGTs to early diagenesis or understanding any potential preferential degradation patterns

would strengthen the robustness of this proxy.
4 Conclusions

Since its first discovery from core-top sediments in the EEP region (Liu et al., 2012), OB-
GDGTs have demonstrated great potential to be a geochemical proxy for past marine
(de)oxygenation. Building upon the original methylation index of brGDGTs (DMlosm/sB), we
explored relationships between various combinations of brGDGT ratios/indices and environmental
variables related to DO in ocean water columns. We found that the modified methylation index
using only OB-GDGT (DMlog) in the core top data set gives the strongest response to insituOxy
concentrations. Applying the proposed MOB index to the paleo GDGT record spanning the last
12 myr from the EEP region suggests to us that the index can track progressive deoxygenation in
the deep Pacific parallel to the elevated nutrient level of the Pacific deep water (Wang et al., 2022)
and enhanced burial of organic carbon globally (Li et al., 2023). Regression analyses performed

in this work can easily accommodate new core-top data, when available, to improve the accuracy
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of the prediction model for bottom water oxygen concentrations. Our findings demonstrate the
MOB index's potential for tracking relative changes in deep-ocean (de)oxygenation through time,
highlighting its promising application as a proxy for past oceanic redox conditions intrinsically

linked to global biogeochemical cycles and climate history.
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