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Abstract: The Paleocene–Eocene Thermal Maximum (PETM; 55.9 million years 

ago) was a rapid, CO2-driven climate polycrisis, with global warming of 5-6°C1,2, 

ocean acidification3-5, and deoxygenation6-8. These stresses may have affected marine 

nitrogen cycling, particularly nitrification—a major source of nitrous oxide (N2O) 9 

that remains underexplored on geological timescales. By integrating proxy records 

with Earth System modeling, we show that nitrification globally increased by ~56% 

during the PETM. Inhibiting effects of ocean deoxygenation10 and acidification11 on 

nitrification were outweighed by increased ammonium supply and nitrifier niche 

expansion. Enhanced nitrification led to a ~290% increase in total marine N2O 

production, contributing 0.3-1.4℃ of warming during the PETM. Our results 
highlight a strong, positive climatic feedback from nitrogen cycle perturbations under 

extreme global warming, ocean deoxygenation and acidification.  
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Nitrogen (N) is a fundamental element of life and a key limiting nutrient in marine 

ecosystems 12,13, where it’s availability is regulated by a complex network of 
microbially mediated redox reactions12. Climatic and environmental stress, such 

as from global warming, ocean acidification and deoxygenation can perturb these 

processes, alter the functioning of the N cycle and feed back on the ecosystem and 

climate. Among these processes, nitrification—the two-step oxygen-dependent 

oxidation of ammonia into nitrite and then nitrate (NH3→NO2
-→NO3

-) performed 

by archaea and bacteria—occupies a central position within the marine N cycle. It 

links the production of bioavailable nitrogen via N2 fixation (N2→NH4
+) to its 

removal by denitrification (NO2
- or NO3

-→N2) and anaerobic ammonium 

oxidation (anammox; NO2
- + NH4

+→N2). Additionally, nitrification constitutes 

one of the main biological sources of nitrous oxide (N2O)9, a potent greenhouse 

gas14 With a modern global warming potential  273 times higher than carbon 

dioxide (CO2)
15. As nitrification rate depends on both oxygen availability and the 

pH-sensitive NH3/NH4
+ balance16, it is highly responsive to changes in ocean 

chemistry: acidification suppresses NH3 availability11, while competition with 

phytoplankton and low oxygen supply are thought to further limit nitrifier 

activity10. CO2-driven climatic perturbations such as warming, deoxygenation, and 

acidification therefore have the potential to disrupt nitrification and alter N2O 

production, yet the consequences of such forcing, particularly as a combined 

‘polycrisis’, remain poorly understood on geological timescales. 

The Paleocene–Eocene Thermal Maximum (PETM, ~56 million years ago) 

represents the most rapid and extreme CO2-driven global warming event of the 

Cenozoic1,2. As a deep-time analogue for anthropogenic warming1, it offers a 

unique window into investigating biogeochemical feedbacks under extreme 

climatic stress, including warming1, ocean acidification3-5, and deoxygenation6-8. 

Yet, the response of the marine nitrogen cycle, controlled by microbial redox 

processes and ocean oxygenation, remains poorly constrained, especially at the 

global scale. Previous reconstructions were based on spatially limited records of 

nitrogen isotopic composition (δ15N) of bulk or fossil-bound organic matter17-20. 

While overall trends in the nitrogen cycle were captured by these studies, changes 

in specific nitrogen cycle pathways are still lacking due to methodological 

constraints, such as overlapping isotopic effects obscuring processes like 

nitrification21. This gap limits our ability to understand nitrogen-cycle feedbacks 

to warming and to assess their contribution to Earth system sensitivity. 

In this study, we resolve nitrogen cycle feedbacks by reconstructing changes in 

marine nitrogen cycle processes during the PETM using integrated biomarker, 

isotopic, and numerical modelling approaches. We analyzed biomarkers specific 

for nitrification and anammox together with bulk nitrogen isotope data (δ15Nbulk) 

from eight globally distributed sites, revealing spatiotemporal variations in 

nitrogen cycling across the PETM. We place these proxy-based reconstructions in 

a global context by combining them with simulations from a 3-D Earth system 

model of intermediate complexity, cGENIE, equipped with a nitrogen cycling 
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module. This multiproxy–model framework provides new insights into marine 

nitrogen cycling, with particular emphasis on the role of nitrification and 

consequent N2O emissions under extreme climatic perturbation. Collectively, our 

results indicate that the marine nitrogen cycle acted as positive feedback during 

the PETM and contributed significantly to global warming.  

 

PETM nitrification intensified globally 

To track changes in nitrification across the PETM, we quantified mass 

accumulation rates of crenarchaeol (MARcren) (more details in Supplementary 

Text). Crenarchaeol is a lipid biomarker uniquely produced by ammonia-oxidizing 

archaea (AOA) 22, the dominant ammonia oxidizers in the ocean23. Crenarchaeol 

was detected at all but one study site (Qimugen Fm), where limited sample 

availability precluded analysis (Fig. 1). MARcren increases at almost all sites 

during the PETM compared to the pre-PETM (Fig. 1). Persistent increases in 

MARcren were observed in the Arctic Ocean, the northern Peri-Tethys, the North 

Sea, the New Jersey shelf, and the equatorial Atlantic (Fig. 1). In contrast, no 

substantial changes were detected in the Tasman Sea or the North-West Atlantic, 

indicating a spatially heterogeneous response of the nitrogen cycle. Because 

ammonia oxidation is the rate-limiting step of nitrification and AOA are obligate 

chemoautotrophs24,25, we suggest that the increase in MARcren reflects both 

increased nitrification activity and increased AOA biomass flux to sediments. 

Preservation biases and temperature effects on crenarchaeol production are 

unlikely to have driven these trends (Supplementary Text, Extended Data Fig. S1). 

Despite this regional variability, the widespread increase in MARcren indicates 

global intensification of nitrification during the PETM.  

To overcome the spatial constraints of our proxy dataset and quantify 

global-scale nitrification fluxes, including deep ocean regions represented by only 

two study sites, we compared our proxy data with simulations from the cGENIE 

Earth system model coupled with a nitrogen cycle module26. The model was 

configured with an atmospheric pCO2 of 556 ppm for the pre-PETM (2×pre-

industrial CO2), and 1668 ppm for the PETM (6× pre-industrial CO2), together 

with a 50% increase of the phosphate inventory6. Model results broadly align with 

the proxy data (Fig. 2): regions showing larger MARcren increases, such as the 

central Peri-Tethys, also exhibit higher modelled nitrification increases. Enhanced 

nitrification inferred for the Arctic Ocean and the North Sea from proxy data, 

however, cannot be resolved in the model due to its limited spatial resolution, 

highlighting the utility of complementary proxy and modelling approaches. 

Overall, the model indicates a ~56% global increase in nitrification during the 

PETM (Fig. 2, Table 1), consistent with elevated MARcren. This evidence for 

globally intensified nitrification is unexpected given evidence for ocean 

acidification and deoxygenation during the PETM, which would be expected to 

have inhibited nitrification. 
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Deoxygenation expanded nitrifier niches 

Ambient oxygen concentration is a key regulator of both nitrification, 

which requires O2, and nitrogen loss processes like anammox and denitrification, 

which require its absence, thus affecting the balance of the marine nitrogen cycle. 

To reconstruct subsurface-ocean oxygenation during the PETM, we analyzed 

Bacteriohopanetetrol-x (BHT-x), a lipid biomarker uniquely produced by 

planktonic anammox bacteria27-30 and its abundance relative to BHT, a biomarker 

produced by various aerobic and anaerobic bacteria (BHT-x ratio)27,30. Because 

anammox bacteria require low-oxygen conditions ([O2]<50 µM), the BHT-x ratio 

serves as a proxy for suboxic to anoxic conditions in the upper ocean28. BHT-x 

was detected at three sites where sufficient amounts of sediment were available to 

allow its analysis (Arctic Ocean, New Jersey shelf and Tasman Sea) (Extended 

Data Table 2). Among these, only the Arctic Ocean exhibited a high BHT-x ratio 

(>0.2) during the PETM, indicating increased anammox activity and low 

dissolved O2 concentrations ([O2]<50 µM; Fig. 1)30 (more details in 

Supplementary Text). Complementary cGENIE simulations indicate widespread 

but spatially heterogeneous subsurface deoxygenation during the PETM (Table 1, 

Fig. 2): the Peri-Tethys Sea experienced near-complete oxygen loss, [O2] in the 

Atlantic and southeastern Pacific declined by ~50–80%, and in the open Pacific 

by ~20–40%. Using [O2] < 10 µM as anoxic and 10–60 µM as hypoxic 

thresholds31, the model infers anoxia in the Peri-Tethys and hypoxia in the North 

Atlantic, consistent with low BHT-x ratios in the New Jersey shelf (suggesting 

[O2]>50 μM; Fig. 2, Extended Data Fig. S2). Similarly, the Tasman Sea shows 

both low BHT-x ratios and modelled [O2] levels above the hypoxic threshold. The 

model–proxy correspondence indicates spatially heterogeneous yet pervasive 

upper-ocean oxygen depletion during the PETM. 

Although nitrification requires oxygen, its intensification during the PETM 

(Table 1), even under declining subsurface [O2] (Fig. 2), suggests that 

deoxygenation did not limit nitrifier activity. Similar patterns are observed in 

modern low-[O2] systems such as the Black Sea and the eastern tropical Pacific, 

where ammonium accumulates in the deep anoxic zones32,33. Nitrifiers are adapted 

to low-[O2] conditions due to their high oxygen affinity34,35 and tend to be most 

active in aphotic, low-[O2] transition zones above anoxic waters36,37. Under these 

conditions, where [O2] is sufficient to support metabolism but competition from 

phytoplankton is reduced, nitrifiers take advantage of high NH4
+ flux from the 

underlying anoxic zone38,39. Therefore, global ocean deoxygenation during the 

PETM likely broadened ecological niches for marine nitrifiers by enhancing NH4
+ 

supply in low-O2 environments.  

 

Ammonium fueled nitrification despite low pH 
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We propose that in concert with niche expansion, elevated NH4
+ 

availability was the major driver of amplified marine nitrification rates during the 

PETM. Evidence for increased NH4
+ comes from both cGENIE simulations and 

δ15Nbulk records (Fig. 2, Supplementary Text). cGENIE simulations show globally 

increased seawater NH4
+ concentrations during the PETM, with the largest 

absolute values and increases in the northern Peri-Tethys (Fig. 2c, Extended Data 

Fig. S2). Globally, NH4
+ assimilation by phytoplankton increased by ~50% (Table 

1). This pattern is reflected in δ15Nbulk values, which decrease markedly during the 

PETM, reaching below -1‰ in the equatorial Atlantic, northern Peri-Tethys17, and 

North Sea (Fig. 1), Values of δ15Nbulk < -2‰ indicate substantial NH4
+ 

accumulation in anoxic waters and its uptake by phytoplankton. This suggests a 

fundamental shift in fixed nitrogen availability and sources during the PETM. 

The elevated NH4
+ supply during the PETM was likely driven by 

increased nitrogen fixation and productivity40,41, stimulated by enhanced 

phosphorus supply41, together with intensified remineralization, as supported by 

the cGENIE model (Table 1, Extended Data Fig. S2). Subsurface deoxygenation 

and expansion of anoxic zones fostered the accumulation NH4
+ 42. Semi-enclosed 

basins such as the Peri-Tethys, where topographic constraints limited exchange 

with oxic waters, experienced the strongest deoxygenation and NH4
+ 

accumulation. This fostered high nitrification rates and NH4
+ uptake by 

phytoplankton, as reflected by negative δ15Nbulk values (Fig. 2). In contrast, 

decreases in δ15N values to ~0 to 2‰ in the Arctic Ocean suggest enhanced 
nitrogen loss and NH4

+ accumulation without significant phytoplankton 

assimilation (Supplementary Text). Moderate δ15Nbulk decreases in other regions 

(e.g., New Jersey shelf, eastern Peri-Tethys) likely reflect enhanced nitrogen loss 

and/or increased reliance on N2 fixation (producing biomass/NH4
+ with δ15N of ~0 

to 1‰). Together, isotopic and model evidence consistently point to a global-scale 

increase in NH4
+ availability that would have fueled nitrification, despite regional 

variability and enhanced nitrogen loss.  

The stimulatory effects of enhanced NH4
+ availability on nitrification 

observed during the PETM could have been offset by ocean acidification. 

Acidification can inhibit nitrification by shifting the NH3 ↔ NH4
+ equilibrium 

towards NH4
+43, reducing NH3 availability for ammonia oxidizers (Fig. 3), as 

suggested by experimental evidence11,44. However, these experiments assessed 

only pH effects and did not consider feedbacks involving total ammonia nitrogen 

availability (TAN; the sum of [NH3] and [NH4
+])11,45. To evaluate the combined 

effects of pH and TAN on nitrification, we applied a Michaelis–Menten 

formulation in which nitrification rates depend on NH3 availability, regulated by 

both pH-dependent equilibrium11 and TAN (Supplementary Text, Extended Data 

Fig. S4). Within this framework, a PETM pH decline of 0.46 units45 would have 

reduced [NH3] by ~64%, lowering nitrification to ~36% of pre-PETM levels if 

TAN remained constant. However, increases in TAN can readily compensate for 

this inhibitory effect: for example, a two-fold increase in TAN would offset the 
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reduction in nitrification associated with a 0.46-unit pH decrease. To reproduce 

the ~55% global increase in nitrification simulated by cGENIE (Table 1), a ~4.4-

fold increase in TAN availability would be sufficient in this simplified scenario. 

This implies that intensified remineralization and TAN buildup during the PETM 

outweighed the inhibitory effect of acidification. 

 

Nitrification amplified PETM warming via N2O  

Nitrification has a major climatic impact through its production of N2O as 

a side-product9. Yet, marine N2O fluxes and their interaction with climatic and 

ocean biogeochemistry remain unconstrained beyond the ice core record (~800 

kyr)46, leaving deep-time variability largely unexplored. During the PETM, 

intensified nitrification likely enhanced N2O emissions, while deoxygenation may 

have further amplified N2O yield from nitrification37,47,48. Additionally, anoxia 

would have enhanced heterotrophic denitrification, another major source of 

oceanic N2O
49.  

We estimated N2O emission rates during and preceding the PETM by 

applying an oxygen- and depth-partitioning scheme of N2O emissions50 to 

cGENIE-simulated nitrification rates and [O2]. This approach represents a novel 

implementation of this empirical scheme within a global Earth system model. 

With this approach, we estimated that oceanic N2O production by nitrifiers 

increased by ~74%  (0.4 TgN yr-1) during the PETM (Table 1). Amplified 

nitrification also enhanced the supply of oxidized nitrogen substrates (NO2
-, NO3

-) 

for denitrification, which increased N2O production from denitrification by 

~466% (3.2 TgN yr-1). Combined, amplified nitrification and denitrification 

resulted in 3.6 TgN yr-1 higher N2O emissions compared to the pre-PETM ocean. 

The corresponding additional effective radiative forcing is estimated at 0.4-0.6 W 

m-2, depending on background greenhouse gas levels (Extended Data Fig. S6). 

Under PETM‐like atmospheric compositions, this forcing would have elevated 
atmospheric N2O concentration by ~195 ppb relative to pre-PETM levels. Across 

plausible equilibrium climate sensitivities (ECS = 2.5–9 °C per CO2 doubling), 

this marine N2O forcing could have contributed ~0.3–1.4 °C of additional 

warming, with higher ECS producing stronger warming. Given evidence for 

elevated ECS during the PETM compared to the modern51-53, the N2O-induced 

warming likely falls within the upper end of this range, representing a strong, 

positive feedback to PETM warming. 

These estimates are conservative, as low [O2] enhances N2O yield from 

nitrification and because ocean acidification amplifies N2O yield from both 

ammonia oxidation and denitrification37,47,48,54. N2O production is therefore 

expected to increase further under PETM-like suboxic and acidified conditions. In 

addition, the Arctic Ocean and the North Sea are not accounted for in our 

approach due to the model resolution. However, the enhanced nitrification and 
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reduced oxygenation in these regions indicated by our proxy data suggests 

additional N2O emissions from these regions (Fig. 1). Beyond the oceans, the 

terrestrial biosphere is the dominant natural source of modern N2O in the modern 

environment–a source that was likely also sensitive to PETM climate forcing. An 

intensified hydrological cycle and amplified wet-dry variability during the PETM, 

driven by more episodic precipitation40, might have amplified terrestrial N2O 

fluxes55. The combined greenhouse forcing from marine and terrestrial N2O would 

help resolve a major conundrum by explaining why CO2 emissions alone are 

insufficient to account for the full  5-6 °C warming observed for the PETM56, 

with marine N2O emissions potentially contributing ~5-30% of the total 

warming52,57. Future efforts to better quantify global N2O concentrations during 

the PETM, especially for terrestrial sources, are essential to refine estimates of 

Earth’s climate sensitivity and the role of the N cycle in modulating climate. 
Overall, our findings highlight the complex feedbacks between marine nitrogen 

cycle and climate during the PETM ‘polycrisis’, identifying nitrification as a key 
amplifier of greenhouse gas forcing. Our observations are likely applicable to 

other Cenozoic periods of extreme warming events and provide insights into the 

long-term consequences of global warming, ocean deoxygenation and 

acidification under ongoing climate change. 
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Fig. 1. Proxy records indicating changes in the marine nitrogen cycle during the 

PETM. A Sampling locations and plate configuration during the late Palaeocene (ca. 

55 Ma)58; B, Normalized crenarchaeol mass accumulation rate (MARcren), a 

biomarker of ammonia-oxidizing archaea and a proxy for nitrification, normalized to 

the maximum value at each site; C, Bacteriohopanetetrol-x (BHT-x) ratio, a 

biomarker produced by anaerobic ammonium-oxidizing bacteria and a proxy for low 

O2 concentrations (BHT-x ratio >0.2 suggests <50 µm O2); D, bulk sediment δ15N 

(δ15Nbulk), integrates nitrogen inputs, losses, and the relative contributions of fixed 

nitrogen species such as NO3
- and NH4

+ to phytoplankton biomass production. 

δ15Nbulk data for the Kheu River site are from ref.17. For ease of visualization, 

sediment depths for all sites are normalized to the onset of the PETM, assuming 

constant sedimentation rate. Supplementary Fig. 1 shows the same data adjusted for 

sedimentation rates. Sites are grouped into three categories (anoxic, suboxic and oxic) 
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based on an integrated assessment of BHT-x ratio, δ15Nbulk values and cGENIE-

simulated oxygen levels (anoxic: [O2]<10 μM; hypoxic: 10<[O2]<60 μM; oxic: 
[O2]>60 μM). Solid curves represent 3-point running averages. The grey shadings 

indicate the carbon stable isotopic excursion and thus the approximate duration of the 

event (~170 kyr). Abbreviations: pre: pre-PETM; post: post-PETM. 

 

Fig. 2. Proxy- and cGENIE model-based reconstructions of nitrogen cycle 

changes during the PETM relative to pre-PETM conditions.  A, Modelled 

percent change in nitrification rates at the nitrification maximum depth (N-max), 

overlaid with site-specific increases in Crenarchaeol mass accumulation rate 

(MARcren) in circle (in colour scale); B, Percent decrease in oxygen concentration at 

the modelled oxygen minimum depth (O2-min). Black circles indicate sites with 

increased BHT-x ratios, a proxy for anaerobic ammonium oxidation (anammox) and 

hypoxia during the PETM; yellow circles indicate no change; C, Proxy- and model-

based percent change in depth-integrated NH4
+ concentration. Circles denote negative 

(-) and positive (+) δ15Nbulk values during the PETM; D, Reconstructed percent 

increase in N2O production from nitrification and denitrification. Numbers refer to 

sampling sites: 1. Arctic Ocean (IODP 302); 2. North Sea (Fur Fm); 3. North Central 

Peri-Tethys (Kheu River); 4. Eastern Peri-Tethys (Qimugen Fm); 5. New Jersey Shelf 

(ODP 174AX Ancora); 6. Newfoundland (IODP 1403); 7. Equatorial Atlantic (ODP 
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959); 8. Tasman Sea (ODP 1172). The Arctic Ocean is masked, as the model 

configuration does not resolve physical circulation appropriately in this region.  

Table 1. cGENIE model results of ocean biogeochemistry during and preceding 

the PETM compared to modern observations. Anoxia is defined as [O2] < 10 μM. 
References for modern observations are listed in parentheses. 

Variable Unit Modern (Observed) Pre-PETM PETM 

Global inventories    

Atmospheric CO2 1 × CO2 2× CO2 6× CO2 

Oceanic phosphate  1 × PO4
3- 0.5× PO4

3- 0.75× PO4
3- 

Ocean anoxia % volume <0.1 <0.1 1.3 

Marine biological rates     

Export production Gt C y-1 5–20 4 6 

Nitrification Tg N y-1 1100-5400 59 1402 2183 

Nitrogen loss Tg N y-1 120–240 83 259 

NH4
+ assimilation Tg N y-1  650 1011 

Remineralization Gt C y-1  12 19 

Ocean fixed N inventory     

NH4
+ μmol kg-1 <0.1 12 <0.1 0.1 

NO3
- μmol kg-1 30 12 15.9 21.3 

Total fixed N μmol kg-1 34 12 15.9 21.4 

N2O emission    - 

Nitrification TgN yr-1 1.1 50 0.57 0.99 

Denitrification TgN yr-1 1.6 50 0.68 3.85 

Total TgN yr-1 2.9 50 1.25 4.84 
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Methods 

 

Sample description 

We sampled the Paleocene-Eocene boundary from the Arctic Ocean (IODP 302, 

Hole M0004A, cores 28X-32X), North Sea (Fur Formation, Denmark), North Atlantic 

(ODP Leg 174AX Ancora Site, Hole A/B and IODP Leg 342, Site 1403), equatorial 

Atlantic (IODP Leg 159, Site 959, Hole D), Peri-Tethys (Kheu River, Northern 

Caucasus and Qimugen Formation, Mine section, Tarim Basin), and Tasman Sea (ODP 

Leg 189, Site 1172 Hole D). Detailed information can be found in Extended Data Table 

1. The pre-PETM, PETM and post-PETM intervals were defined based on the 

characteristic negative excursion in the stable isotopic composition of bulk organic 

carbon (δ13Corg)
60.  

The data from each record is reported based on depth. For ocean drilling samples 

from ODP and IODP, composite depth (mcd) was used in order to stratigraphically 

correlate holes. For Qimugen Fm samples, depth is reported following ref. 61. For the 

Fur Fm, depth is normalized relative to Ash layer -33 as a convention62.  

 

Sample preparation and extraction 

Sediment samples were freeze-dried and ground using an agate mortar and pestle 

or an agate ball mill, and extracted using a Thermo ASE350 accelerated solvent 

extraction system at 100 ℃ and 100 bar in three steps: 1) DCM:Methanol 1:1 (v/v); 2) 

DCM:Methanol 9:1 (v/v); 3) 100% DCM. Each extraction step included 1) preheating 

for 2 min, 2) holding at 100℃ for 5 min, 3) cool down, before the extract was collected. 
The three extracts were then combined into a total lipid extract (TLE), concentrated 

under a flow of N2 and stored at -20 ℃. An aliquot of the TLE was separated using 
combusted silica gel chromatography into F1, F2-5, F6-8, F8.5 and F9-10 fractions. 

BHPs were contained in F9-10 fraction63. 

 

Biomarker quantification  

1. Crenarchaeol  

The TLE was used for (semi-)quantification of crenarchaeol using a coupled high-

performance liquid chromatography (HPLC)-mass spectrometry system (MS) 

consisting of an Agilent 1260 Infinity II series HPLC and an Agilent 6130 mass 

spectrometer equipped with an atmospheric-pressure chemical ionization interface 

operated in positive mode. The HPLC method followed ref.64,65. The MS was operated 

in selected ion monitoring mode. To semi-quantify crenarchaeol concentration, we used 

C46-GTGT as an internal standard and calculated concentrations through an external 

standard curve, under the assumption that the response of crenarchaeol is proportional 

to that of C46-GTGT.  

We use MARcren as a proxy for nitrification, with higher MARcren indicating 

increased AOA biomass and higher nitrification rate66,67. The MAR was calculated 
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based on sedimentation rates and dry bulk density (Extended Data Table1). Dry bulk 

density data was obtained from IODP or ODP preliminary reports. The MARcren (in ng 

cm-2 kyr-1) was calculated as follows: 

MARcren = LSR * ρ * [Cren], 

where LSR is the linear sedimentation rate (cm Kyr-1), ρ is the dry bulk density (g 
cm-3) (Extended Data Table1), and [Cren] is the crenarchaeol concentration, normalized 

to grams of sediment.  

 

2. Bacteriohopanetetrol 

Bacteriohopanetetrol analysis was performed on the polar fraction without 

derivatization. Analysis of Bacteriohopanetetrol was conducted at the University of 

Bremen using a Dionex Ultimate 3000RS ultra- HPLC system connected to a Bruker 

maXis Plus Ultra-High Resolution quadrupole time-of-flight tandem MS (UHR-qTOF-

MS) equipped with an ESI ion source operating in positive ion mode (Bruker Daltonik, 

Bremen, Germany). Chromatographic separation was achieved using an Acquity BEH 

C18 column (2.1 × 150 mm, 1.7 μm particle size, Waters, Eschborn, Germany) set to a 

temperature of 30 °C. The separation method is modified from ref. 68,69. The solvent 

system consisted of eluent A (MeOH:H2O; 85:15 (v/v)) and eluent B 

(MeOH:isopropanol; 1:1 (v/v)) with both containing 0.12 % (v/v) formic acid and 0.04 % 

(v/v) aqueous ammonia. Compounds were eluted with 5% B for 3 min, followed by a 

linear gradient to 60% B at 12 min and then to 100% B at 50 min and holding at 100% 

B until 80 min. The column was then equilibrated for 20 min leading to a total run time 

of 100 min. The flow rate was held constant at 0.2 ml min-1. Mass spectra were acquired 

in positive ion monitoring of m/z 50 to 2000 and data-dependent fragmentation of the 

most abundant ions (dynamically selected, typically 3-8) for a total cycle time of 2 s 

and dynamic exclusion (activation after 5 spectra, release after 15 s). Ion source settings 

and parameters for detection and fragmentation of bacteriohopanetetrol were optimized 

while infusing extracts. Every analytical run was mass-calibrated by loop-injection of 

Agilent ESI-L tune mix and lock mass calibration (m/z 922.0098, added in ESI source) 

of each mass spectrum, leading to typical mass deviations of < 1-3 ppm. 

Bacteriohopanetetrol were identified based on the exact mass of the protonated or 

ammoniated molecular ions, relative retention time and MS2 fragmentation, following 

ref. 69. 

 

 

3. Carbon and nitrogen isotopes 

Samples for bulk carbon and nitrogen analysis (all sites except Fur Fm) were 

prepared by homogenizing freeze-dried sediment samples using an agate mortar and 

pestle. For total organic carbon measurements, sediment samples were pre-treated with 

hydrochloric acid to remove carbonates, washed with ultrapure water, freeze-dried 
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again and analyzed using a ThermoScientific Flash EA coupled to a Delta V Plus 

isotope ratio mass spectrometer at Harvard University70. Bulk nitrogen isotopic 

composition was analyzed from untreated, homogenized, and freeze-dried sediment 

using the same instrument. Standards of known carbon and nitrogen isotopic 

composition (glutamic acid, tyrosine, USGS-40, USGS-41a) were used for peak size 

correction and offset correction71.  

Samples from the Fur Fm were prepared and analyzed at the University of St 

Andrews. After milling with an agate mortar and pestle, dry sediment sample aliquots 

(~0.5 g) were mixed with 1 M HCl in glass centrifuge tubes and stirred with a glass rod. 

The tubes were loosely capped and left to react overnight in a fume hood at room 

temperature. The next day, samples were centrifuged at 700 rpm and the supernatant 

decanted. The tubes were then re-filled with fresh 1M HCl, stirred with a glass rod and 

left to react for another ~4 hours, before centrifuging and decanting again. The sample 

residues were then washed with DI water, stirring with a glass rod, before they were 

centrifuged and the supernatant decanted. The water wash step was repeated two more 

times. Sample residues were then dried in an oven at 70°C for 2-3 days, before they 

were transferred to glass scintillation vials for storage. All glassware used for sample 

preparation and storage was pre-combusted at 500 °C. For analysis, sample aliquots 

were weighed into 8 x 5 mm tin capsules and analyzed using an elemental analyser (EA 

Isolink; Thermo Fisher) coupled via a Conflo IV to a MAT253 isotope ratio mass 

spectrometer (Thermo Fisher). Measurements were calibrated using the standards 

USGS-41a and USGS-40. The USGS-62 (δ13C = -14.72 ± 0.19‰ [1σ], δ15N = 20.37 ± 

0.19‰ [1σ], n=12) and SDo-1 (δ13C = -30.45 ± 0.2‰ [1σ], δ15N = -0.50 ± 0.36‰ [1σ], 
n=4) standards were used to test reproducibility, and the results agree well with 

published values (USGS-62: δ13C = -14.79 ± 0.04‰, δ15N = 20.17 ± 0.06‰ (ref. 68); 

SDo-1: δ13C = -30.0 ± 0.1 ‰, δ15N = -0.8 ± 0.3 ‰; Dennen et al., 2006). 

All nitrogen and carbon isotopic results are expressed in delta notation (δ15N = 

[(15N/14N)sample/(
15N/14N)standard–1]×1000) versus air for nitrogen and (δ13C = 

[(13C/12C)sample/(
13C/12C)standard – 1] × 1000) versus the Vienna Peedee Belemnite 

(VPDB) standard for carbon. 

 

cGENIE model description 

We employed the cGENIE Earth system model of intermediate complexity, with a 

nitrogen cycling module, combining the configurations established by ref. 6  for the 

PETM and by ref. 42 for the nitrogen cycle. The model resolves 3-D ocean circulation 

and biogeochemistry coupled to a 1-D energy balance atmosphere72. Ocean 

biogeochemistry includes the cycling of carbon, oxygen, phosphorus and sulphur 

following ref. 6, together with the nitrogen cycling developed by Naafs et al.42. The 

nitrogen scheme explicitly represents multiple pools (nitrate, ammonia and organic 

nitrogen) and pathways, including nitrification, ammonia regeneration from 

remineralization of organic nitrogen, nitrogen assimilation during photosynthesis, 

nitrogen fixation and total nitrogen loss. Nitrification is modelled as co-limitated by 
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temperature, oxygen and ammonia availability42. In essence, our model incorporates 

the nitrogen configuration of Naafs et al.42 within the updated redox framework of 

Reinhard et al.73, as implemented in Behrooz et al.6, which characterizes 

remineralization through a continuous series of redox reactions (Extended Data Fig. 

S3). 

To simulate pre-PETM conditions, we applied boundary conditions consistent with 

earlier studies6 of 0.5× modern phosphate (PO4
3-) and 2× pre-industrial atmospheric 

CO2. For body-PETM conditions, we used 0.75× PO4
3- and 6× CO2. In cGENIE, 

phosphate inventory exerts a strong control on marine biogeochemistry by regulating 

oxygen levels: higher phosphate promotes higher primary production and 

remineralization, which in turn reduces dissolved oxygen and modulates the nitrogen 

cycle42. An increase in phosphate inventory during the PETM is supported by both 

weathering proxies and sedimentary records41. This configuration effectively 

reproduces bottom water anoxia and photic zone euxinia, consistent with biomarker 

evidence such as isorenieratane distributions6, and captures the spatial patterns and 

magnitudes of nitrogen cycle perturbations presented in this study. However, the 

prescribed phosphate inventory should be viewed as an effective model parameter 

rather than an absolute reconstruction, as the Eocene-like cGENIE configuration lacks 

iron limitation; consequently, the true phosphate inventory during the PETM may have 

been higher than implied by the simulations. 

 

 

Modelled effect of pH and TAN on nitrification rate 

We quantified the effect of seawater pH and total ammonia nitrogen (TAN = [NH3] 

+ [NH4
+]) on ammonia‐oxidation（nitrification）assuming Michaelis–Menten kinetics 

with NH3 as the substrate: 𝑣 = ௠ܸ௔௫ × ௠ܭ[3ܪܰ] + [3ܪܰ]  

v is the nitrification rate, Vmax is the maximum constant rate of nitrification, Km is 

the half-saturation constants for NH3. The [NH3] fraction was computed from the 

Henderson–Hasselbalch relation11:  (ܪ݌)ߙ = 11 + 10(௣௄ೌ−௣ு) 
using pKa=9.25 for sea water at ~25℃. So: [ܰ3ܪ] = ߙ ∙  ܰܣܶ

For comparison, we normalize to a reference state (pH0, TAN0), with pH0=7.91 

according to the reconstructed sea water pH preceding the pre-PETM. And we define 

the saturation parameter:  
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ݎ = ௠ܭܰܣܶ  

Therefore, we have the relative response of nitrification rate: ௩௩0 = ௥ఈ1+௥ఈ ∙ 1+௥0ఈ0௥0ఈ0 0ߙ , =  (0ܪ݌)ߙ

For visualization, we mapped v/v0 across pH (from 7.2-8.2) and r/r0 (from 10-1-10) 

(Extended Data Fig. S4) 

Under low substrate condition, we have [ܰ3ܪ] ≪ .݅)௠ܭ ݁. , ≫ ߙ ݎ 1), for which 𝑣𝑣0 = ܣܶܰܣܶ 0ܰ ∙ 0ߙߙ ∙ ௠ܭ௠,0ܭ  

when comparing the same nitrifier community (Km=Km,0),  𝑣𝑣0 = ܣܶܰܣܶ 0ܰ ∙  0ߙߙ

The response of nitrification change is linear to the change of TAN. Accordingly, 

a 4.34-fold increase in TAN together with a 0.46-unit decrease in pH yields a 1.55-fold 

increase in the rate relative to pre-PETM under low-substrate availability (Extended 

Data Fig. S4). Under high-substrate availability, the saturation term ߙݎ cannot be 

neglected; to achieve the same 1.55-fold increase, r/r0=4.45 is required (Extended Data 

Fig. S4).  

 

Estimation of marine N2O emissions  

Since the cGENIE model does not explicitly resolve N2O cycling, we diagnosed 

oceanic N2O emissions by combining model-derived rates of nitrification (ammonia 

oxidation) and nitrogen loss with an oxygen- and depth-dependent partitioning scheme 

adapted from Wang et al. 50.  

For each water column, the depth of the source–sink boundary for N2O emission 

was defined as the depth of minimum oxygen concentration (ݖ௕). Only N2O produced 

above this boundary was assumed to contribute to atmospheric emissions, while N2O 

produced below was assumed to be quantitatively reduced to N2 and thus not contribute 

to atmospheric emissions.  

For nitrification-derived N2O, the vertically integrated N2O flux to the atmosphere 

at each model grid cell (ܨ௡௜௧௥௜; Tg N/m2/yr) was expressed as:  ܨ௡௜௧௥௜ = ே2ை(ܱ2,௕)ݎ ∫ ܴ௡௜௧௥௜(ݖ)௭್0 × ௡ܻ௜௧௥௜݀ݖ 

Where ܴ௡௜௧௥௜ is the model-derived nitrification rate (mol kg-1 yr-1), ௡ܻ௜௧௥௜ is the 

fractional N2O yield parameter from nitrification (%) and ݎே2ை(ܱ2,௕) is the fraction of 

residual unreduced N2O, calculated based on the local [O2] in each model grid cell. The 

empirical relationship linking ݎே2ை(ܱ2,௕)   the residual N2O fraction to oxygen 
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concentration at the source–sink boundary was adopted from the observationally 

constrained curve of Wang et al. 48. The parameter ௡ܻ௜௧௥௜  was calibrated by tuning 

modern cGENIE-modelled N2O production to match observed global estimates48 

(Extended Data Fig. S5), acknowledging that the model does not distinguish between 

N2O production during ammonia oxidation and nitrite oxidation. Here, ௡ܻ௜௧௥௜ is set to 

0.088%, within the range of N2O yield of nitrifiers from culture experiments50. 

To calculate the N2O emissions from nitrogen loss, we separated the total nitrogen 

loss flux (ܴே௟௢௦௦) in cGENIE model into sedimentary denitrification, water-column 

denitrification and anammox. Anammox does not produce N₂O, so that N₂O emissions 
were calculated only from the denitrification fractions. 

As cGENIE does not explicitly distinguish among these nitrogen loss pathways, 

partitioning was based on local oxygen concentrations and bathymetry First, we 

assigned any model-derived nitrogen loss occurring within the bottom-layer grid cells 

to sedimentary denitrification. All remaining nitrogen loss was attributed to the water 

column. Within the water column, nitrogen loss was further separated into 

denitrification and anammox according to dissolved oxygen thresholds derived from 

laboratory and field observations of oxygen-limited zones： 

ௗ݂௘௡௜|௣௘௟ = {0.9,  ܱ2 ≤ 0.8，10 ܯߤ 10 < ܱ2 ≤ 2ܱ，0.7 ܯߤ 60 >   ܯߤ 60 
Where ௗ݂௘௡௜|௣௘௟  denotes the fraction of water-column nitrogen loss as 

denitrification. The corresponding rates of water-column denitrification and anammox 

were then calculated as:  ܴௗ௘௡௜|௣௘௟ = ௗ݂௘௡௜|௣௘௟ܴே௟௢௦௦; ܴௗ௘௡௜|௔௡௔௠௠௢௫ = (1 − ௗ݂௘௡௜|௣௘௟)ܴே௟௢௦௦ 

with sedimentary denitrification (ܴௗ௘௡௜|௕௘௡) equal to ܴே௟௢௦௦ in bottom cells. 

Nitrous oxide production from total denitrification ( ௗܲ௘௡௜) was calculated using 

constant yield factors (ܻ) 

ௗܲ௘௡௜ = ܴௗ௘௡௜|௣௘௟ ௗܻ௘௡௜|௣௘௟ + ܴௗ௘௡௜|௕௘௡ ௗܻ௘௡௜|௕௘௡ 

Where  ௗܻ௘௡௜|௣௘௟ = 8% ܽ݊݀ ௗܻ௘௡௜|௕௘௡ = 0.1%.  ௗܻ௘௡௜|௣௘௟ represent the N2O yields 

from water-column denitrification and sedimentary denitrification (%), respectively. 

The vertically integrated N2O flux to the atmosphere from denitrification at each 

grid point was expressed as: ܨௗ௘௡௜ = ே2ை(ܱ2,௕)ݎ ∫ ௗܲ௘௡௜(ݖ)݀ݖ௭್0  
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Global marine N2O atmospheric emissions were obtained by integrating grid-cell 

fluxes over the ocean surface area and converting to units of Tg N yr⁻¹. 

 

 

Calculation of the marginal radiative forcing of marine N2O emissions 

We estimated the additional radiative forcing caused by increased marine N2O 

emissions during the PETM. Because atmospheric N2O concentration during the PETM 

cannot be directly reconstructed from proxies, we calculated the marginal radiative 

forcing (ΔFnitri) of N2O emissions from nitrification and denitrification from calculation 

above. We first converted the additional oceanic N2O flux into the corresponding 

steady-state atmospheric concentration rise, assuming a constant global N2O lifetime 

of 116 years 74. The resulting change in the N2O mixing ratio was inserted into the IPCC 

Sixth Assessment Report (IPCC AR6) parameterization linking CO2, CH4 and N2O to 

radiative forcing73. Finally, this forcing was converted to an approximate surface 

temperature response using a standard climate-sensitivity relationship. 

Several factors influence the results: First, background CO2 and CH4 levels set the 

radiative environment and affect how strongly N2O absorbs infrared radiation. To 

assess how different background CO2 and CH4 level influence results, sensitivity tests 

were conducted in a CO2 range from 900-3000 ppm and a CH4 range from 1000-3500 

ppb (Extended Data Fig. S6). Similarly, the PETM background N2O level can also 

affect the results. Sensitivity tests using 270–400 ppb backgrounds show that the 

forcing decreases by roughly 4–16 % as the baseline N2O increases. Second, the 

atmospheric lifetime of N2O controls how much its concentration increases for a given 

emission change. Here, we use mean atmospheric lifetime of N2O 116 years, following 

the IPCC AR674. However, we acknowledge that it is unconstrained if this modern-day 

chemical lifetime may hold under PETM conditions. Third, equilibrium climate 

sensitivity (ECS) translates the forcing into temperature but remains uncertain both in 

the modern and in the geological past. The modern best estimate of ECS is ~3℃ per 
doubling of CO2

15, which would produce ~0.41-0.48 ℃ warming from the marine N2O 

forcing during the PETM (Extended Data Fig. S6). Previous studies have argued that 

ECS during the PETM might be higher than modern estimation 51-53, although these 

estimates did not account for the warming contribution from N2O. Using a broad ECS 

range of 2.5-9 ℃, our calculations show that the marine N2O forcing produces ~0.3-

1.4 °C of additional warming, with only a modest dependence on the assumed PETM 

background CO2 and CH4 levels (Extended Data Fig. S6).  

 

N2O-induced warming was calculated as follows:  

For a steady‐state atmosphere, the perturbation in N2O concentration (ΔC, ppb) due 
to enhanced marine nitrification was estimated from the emission change (ΔE, Tg N 
yr⁻¹) as: 
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ܥ∆ = ܧ∆ × ߬2.14  

where ߬ =  is the atmospheric lifetime of N2O and 2.14 Tg N ppb⁻¹ is the ݎݕ 116

mass-to-mixing ratio conversion factor.  

The stratospheric-temperature-adjusted radiative forcing (SARF) of N2O was 

calculated following the IPCC AR6 parameterization75: ܵܨܴܣே2ை = ܥ√2ܽ) + ܾ2√ܰ + ܯ√2ܿ + ݀2)(√ܰ − √ 0ܰ) 

where ܥ, ,ܯ ܰ are the concentrations of CO2 (ppm), CH4 (ppb), and N2O (ppb), 

and 0ܰ = The coefficients are ܽ2 .ܾ݌݌ 273.87 = −3.4197 × 10−4, ܾ2 = 2.5455 ×10−4, ܿ2 = −2.4357 × 10−4, and ݀2 = 0.12173 

The effective radiative forcing (ERF) was obtained through tropospheric 

adjustment for SARF as:    ܨܴܧே2ை = 1.07 ×  ே2ைܨܴܣܵ

following the AR6 convention. 

The marginal forcing was then calculated as ∆ܨே2ை = ,ܥ)ܨܴܧ ,ܯ ௕ܰ௚ + (ܥ∆ − ,ܥ)ܨܴܧ ,ܯ ௕ܰ௚) 

where ௕ܰ௚is the Eocene background N2O level. Because the Eocene background 

N2O is underconstrained, we tested a range between 270-600ppb.  

Finally, the global mean temperature response was estimated assuming ∆ܶ = 3.7ܵܥܧ ×  ே2ைܨ∆
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Extended Data Fig. S1 Changes in total organic carbon (TOC) and archaeal 

membrane lipids (normalized to TOC) across the PETM. The grey lines trace 

TOC (%). Colored dots are individual samples of crenarchaeol and GDGT1–3 (ng/g 

TOC). The y-axis is normalized depth, assuming constant sedimentation rate, 0 marks 

the PETM onset and the grey shading denotes the PETM interval. Please note the 

different scaling of the x-axes. 
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Extended Data Fig. S2 Proxy- and cGENIE model-based reconstructions of 

changes in marine oxygen and nitrogen cycling during the PETM relative to pre-

PETM conditions. A, Proxy- and model-based percent increase of water-column 

integrated nitrogen loss; B, Modelled percent increase of water-column integrated 

organic matter remineralization; C, Proxy- and model-based minimum oxygen 

concentrations before the PETM and D, during the body PETM. Minimum oxygen 

concentrations are shown as the lowest water-column values at each grid cell. Grey 

shading indicates land areas. Black and yellow circles mark core sites discussed in the 

text, where black circles indicate BHT-x > 0.2 and yellow circles indicate BHT-x < 

0.2. Numbers refer to sampling sites: 1. Arctic Ocean (IODP 302); 5. New Jersey 

Shelf (ODP 174AX Ancora); 8. Tasman Sea (ODP 1172). The Arctic Ocean is 

masked, as the model configuration does not resolve physical circulation 

appropriately in this region. 
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Extended Data Fig. S3 Comparison of modern surface nitrate concentration 

between A, observation from World Ocean Atlas 2018, and B, cGENIE modelled 

pre-industrial results with modern geography (1× CO2, 1× PO43-). The global, 

volume-weighted comparison of simulated and observed nitrate yields an M-score of 

0.74. 
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Extended Data Fig. S4 Rate response of marine ammonia oxidation to pH and 

substrate supply. A, Low-substrate scenario ([NH3]<<Km), where v/v0 is 

proportional to TAN/TAN0. Heat map shows the relative nitrification rate (in color 

scale, normalized to pre-PETM) as a function of pH (x-axis) and relative total 

ammonia nitrogen (TAN, y-axis, log scale) under the low-substrate. The cyan line 

marks the relative nitrification rate equals to 1 isoline. Red markers denote the pre-

PETM and PETM states. The white dashed arrow indicates the change expected from 

only pH decrease alone at constant TAN. The red arrow illustrates the combined 

trajectory of acidification and TAN increase from the pre-PETM reference (right) to 

the inferred PETM state (left). B, Full Michaelis–Menten formulation with NH3 as the 

substrate. The surface shows the ammonia oxidation rate (equal to nitrification rate 

due to rate-limitation of nitrification by ammonia oxidation) relative to the pre-PETM 

(v/v0) as function of pH and log10(r/r0), where r=TAN/Km. Color bar indicates v/v0. y-

axes are plotted on a log10 scale. 
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Extended Data Fig. S5 cGENIE model estimation of modern marine N2O 

emission (kg N ha-1 yr-1; ha: hectare). A, Modelled pre-industrial N2O flux from 

nitrification under modern geography and baseline boundary conditions (1× CO2, 1× 

PO4
3-). This result is consistent with observational estimates by ref. 50; B, Modelled 
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pre-industrial N2O flux from denitrification under modern geography and baseline 

boundary conditions. C, Modelled pre-industrial N2O flux combining nitrification and 

denitrification under modern geography and baseline boundary conditions. 
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Extended Data Fig. S6 Sensitivity test of global temperature change (ΔT) 
resulting from a 3.6 Tg N yr-1 increase in marine-derived N2O emissions, 

evaluated across background CO2 (900–3000 ppm), CH4 (1000–3500 ppb), and a 

range of equilibrium climate sensitivities (ECS)53 under 2.5°C, 3°C, 4.5°C, 5°C, 

6.6°C, 9°C. Radiative forcing follows the IPCC AR6 N2O formulation75 with an 

atmospheric lifetime of 116 yr and background N2O = 288 ppb. Higher ECS increases 

ΔT proportionally, while higher CO2 and CH4 slightly weaken the marginal N2O 

forcing due to spectral overlap, yielding ΔT values of ~0.3–1.4 °C across the tested 

parameter space. 
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Extended Data Table 1. Additional information on study sites. Paleolocations are 

based on DeepMIP-Eocene geography 76  

 

Site Present-day location Latitude and 

longitude  

Paleolatitude and 

paleolongitude 

Paleodepth Dry bulk density 

IODP 302-

M0004 

Lomonosov Ridge, 

Central Arctic Ocean 

~87.87°N, 

136.18°E 

82.9°N, 29.5°E 200 m77 1.38 

ODP Site 1172 East Tasman Plateau, 

Southwest Pacific 

Ocean 

44.95°S, 

150.92°E 

 

65.1°S, 161.4°E 

 

300 m78 1.2 

Kheu River Central Northern 

Caucasus 

43.7°N, 43.38°E 42.0°N, 38.5°E 

 

100–200 m79 2.4 for shale61 

ODP 174AX 

Ancora 

New Jersey Shelf, 

Atlantic Coastal Plain 

39.69°N, 

74.85°W 

38.2°N, 56°W 

 

< 110 m80 1.8 

ODP 959 Côte d’Ivoire–Ghana 

Transform Margin, 

equatorial Atlantic  

3.63° N, 2.74° W 3.1°S, 8.2°W ~1000 m81 1.55 

IODP 1403 Southeast 

Newfoundland 

Ridge, central North 

Atlantic 

39.94°N, 

51.80°W 

35.4°N, 34.5°W ~4374 m82 1.63 

Fur Fm Fur island, Denmark 56.84° N, 8.10° E 52.5°N,4.1°E 100-200 m83 1.4 and 0.884 

Qimugen Fm Tarim Basin, West 

China 

39.85°N, 

74.50°E 

40.9°N, 70.8°E < 100 m85 - 
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Extended Data Table 2 Detection of BHT-x at studied sites during the PETM. 

Summary of BHT-x detection across all investigated sites. “Detected” indicates 
measurable BHT-x presence; “N.D.” = not detected; “Not measured” = sample not 
analyzed due to insufficient material. 

Site BHT-x detection 

IODP 302-M0004 Detected  

ODP Site 1172 Detected 

Kheu River N.D 

ODP 174AX Ancora Detected 

ODP 959 N.D 

IODP 1403 N.D 

Fur Fm N.D 

Qimugen Fm Not measured 
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