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A B S T R A C T   

Mercury (Hg) concentrations and Hg isotopes have been widely used to fingerprint geological volcanism. Mer
cury content, as a more accessible proxy, is more frequently used than mercury isotopes. With the deepening of 
research, however, it has been found that the Hg content of sediments can be strongly heterogeneous. The 
Paleocene–Eocene Thermal Maximum (PETM) was likely at least in part driven by magmatic activity based on 
multiple proxies, but existing PETM Hg records can be complex and sometimes ambiguous. To gain a global 
overview of the temporal and spatial distribution of Hg enrichment during the PETM, a compilation of new and 
existing mercury and associated data across this event from 19 globally distributed sites has been analyzed. Our 
findings indicate intercontinental Hg enrichment in the late Paleocene (~120 kyr prior to the PETM). Hg further 
increased ~30 kyr before, and within the onset of, the PETM carbon isotope excursion (CIE), supporting 
significantly increased volcanic Hg release and/or thermogenic Hg release via hydrothermal vent complexes 
(HTVCs) as the key trigger of the PETM. Evidence for magmatic activity during the CIE body is more complex and 
equivocal, and there is a general decline in Hg enrichment in the latter part of CIE body. This decline may 
indicate a decrease in volcanism, in-line with the general lack of tephra deposits close to the NAIP, and implies a 
decrease in highly explosive events capable of dispersing ash (and Hg) significant distances. Toward the end of 
and after the CIE, abundant tephras in the area proximal to the NAIP are contemporaneous with low Hg, sug
gesting a likely change in magmatic style and Hg flux, and emphasizing complexity in the expression of mag
matism in sedimentary Hg data.   

1. Introduction 

The Paleocene–Eocene Thermal Maximum (PETM, ~56 Ma) was the 
most severe hyperthermal event of the Cenozoic. A large amount of 
carbon was released into the biosphere during the event. The source of 
the carbon is debated, but is thought to have been largely related to 
magmatism, and emitted from volcanoes (Jin et al., 2023; Gutjahr et al., 
2017) and/or by thermogenic degassing from contact metamorphism 
via HTVCs (Frieling et al., 2016; Svensen et al., 2004, 2010). Other 
possible sources include methane hydrates and permafrost (Dickens 
et al., 1995; McInerney and Wing, 2011; DeConto et al., 2012). In recent 

years, a clear temporal coincidence between the PETM and emplace
ment of the North Atlantic Igneous Province (NAIP) has been established 
(Svensen et al., 2004, 2010; Frieling et al., 2016; Gutjahr et al., 2017; 
Jones et al., 2019; Stokke et al., 2020; Tremblin et al., 2022; Jin et al., 
2023; Jones et al., 2023). 

The NAIP initiated in the early Paleocene in the Rockall and Faroe- 
Shetland basins (Jolley et al., 2021 and references therein). From 62 
Ma to 58.7 Ma, magmatism was mainly extrusive continental flood ba
salts (Wilkinson et al., 2017; Jolley et al., 2021). After a pause in mag
matism at c. 57 Ma, voluminous extrusive volcanism occurred from c. 
57–54 Ma (Saunders et al., 1997; Wilkinson et al., 2017; Jolley et al., 
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2021). Average melt production rate increased by an order of magnitude 
at 56.1 ± 0.5 Ma (Storey et al., 2007), broadly coincident with the 
PETM. 

The role of the NAIP in triggering and sustaining the PETM has been 
explored in recent years using volcanism proxies such as Os isotopes, 
sedimentary Hg enrichment and Hg isotopes, as well as modeling 
(Schmitz et al., 2004; Svensen et al., 2004, 2010; Wieczorek et al., 2013; 
Dickson et al., 2015; Frieling et al., 2016; Gutjahr et al., 2017; Jones 
et al., 2019, 2023; Liu et al., 2019; Jin et al., 2023). Sedimentary Hg 
abundance, as the most accessible of these proxies, provides a chance to 
explore the impact of NAIP magmatic activity on the global environment 
during the PETM from a wide range of sedimentary environments and 
localities. 

The utility of sedimentary Hg as a volcanism proxy is predicated on 
the inference that volcanic emission was the dominant source of Hg in 
the surface environment during preindustrial periods (Pyle and Mather, 
2003; Selin, 2009). The residence time of gaseous Hg0 emitted from 
volcanoes is ~0.5–1 years, which allows Hg to disperse potentially 
globally prior to its deposition (Schroeder and Munthe, 1998; Selin 
et al., 2008). Sedimentary Hg enrichment that cannot be readily 
explained via changes in the abundance of minerals and sedimentary 
components that typically host Hg (e.g., organic matter and sulfide 
minerals, Shen et al., 2020) can thus provide a fingerprint of volcanism. 

There are two potential Hg sources associated with NAIP activity 
(Jones et al., 2023, see also Jin et al., 2023). The first is volcanic Hg 
emitted during either subaerial or submarine eruptions. The increased 
melt production rate (Storey et al., 2007), and the presence of numerous 
ash layers derived from the NAIP in northern Europe during the PETM 
provide support for volatile volcanic Hg emitted during explosive and 
effusive subaerial eruptions (Bøggild, 1918; Jones et al., 2019). A second 
source of Hg is sedimentary Hg found in organic-rich rocks that is 
thermogenically volatilized by contact metamorphism and released 
through HTVCs (Svensen et al., 2004, 2010, 2023). Support for ther
mogenic release of Hg via HTVCs at the PETM comes from the obser
vation that vent complexes in the NAIP formed just before and during 
the PETM (Frieling et al., 2016; Berndt et al., 2023). 

Unlike the globally distributed (or at least universally observed) Hg 
enrichment in sedimentary strata spanning the end-Permian extinction 
(252 Ma, Shen et al., 2019a, 2023), the distribution of Hg enrichment 
during the PETM demonstrates significant spatial heterogeneity. Hg 
enrichment has been recorded within, or just prior to the PETM, indi
cating a temporal link between the onset of the event and volcanism (e. 
g. sites in the North Sea Basin close to the NAIP and Spain; Jones et al., 
2019; Kender et al., 2021; Tremblin et al., 2022). Equally, however, for 
sections deposited >2500 km away from the NAIP, Hg enrichment may 
not be pronounced, such as New Jersey coastal plain sites (Liu et al., 
2019; Jones et al., 2019). 

To date, the global spatiotemporal pattern of Hg enrichment through 
the PETM remains unclear. To better understand the variations in in
tensity and magnitude of volcanism, we compile and review the evi
dence for Hg enrichment changes across the PETM globally, and present 
new Hg abundance data from five globally distributed sites. Our new 
analysis provides: 1) a composite record of Hg enrichment versus age 
across the PETM, and 2) a holistic picture of the global distribution of Hg 
during the PETM and the geological/regional factors that affected the 
abundance of Hg in sedimentary rocks. 

2. Background 

Once emitted, most Hg will be dispersed into the atmosphere in the 
form of gaseous Hg0, whereas the remainder will be deposited locally as 
oxidized or particulate species (Bagnato et al., 2007). One fraction of the 
gaseous Hg0 in the atmosphere can be taken up directly by plant foliage 
and buried in soil and thus hosted by organic matter (OM), whilst 
another fraction of the Hg0 will be oxidized to reactive Hg2+ and 
deposited on land/water via precipitation (wet deposition). A small 

fraction of Hg0 will be attached to aerosols and deposited directly via dry 
deposition (Schroeder and Munthe, 1998; Selin, 2009; Demers et al., 
2013). In sulfidic environments, Hg-sulfide complexes are the dominant 
scavengers of Hg due to the higher stability constants compared to Hg- 
organic complexes (Ravichandran, 2004; Shen et al., 2019b, 2020). In 
relatively low organic matter and/or oxidizing environments (e.g., 
coastal oceans), clay minerals (especially smectite) can also scavenge Hg 
from the water column owing to the relatively high surface area reac
tivity, moderate to high cation exchange capacity, and high negative 
surface charge (Farrah and Pickering, 1978; Horowitz, 1991; Kongchum 
et al., 2011; Shen et al., 2020). The mercury adsorption ability of clay is 
an order of magnitude higher than quartz and feldspar (Tessier et al., 
1982). 

To quantify Hg enrichment in sediments and rocks, it is important to 
diagnose the dominant host of Hg first and then normalize correctly (by 
calculating the Hg/host phase ratio) (Shen et al., 2019b). The normali
zation process for mercury can also introduce errors. For example, 
lithological variations between samples within the same section/envi
ronment could correspond to changes in host phase. Even with the 
correct host phase identified, normalization of Hg can still be affected by 
the analytical precision of the host index data. For example, if normal
izing to organic matter (i.e., total organic carbon: TOC), Grasby et al. 
(2016) suggest that only Hg/TOC ratios from samples with TOC >0.2% 
should be considered reliable, since this is close to the analytical pre
cision of most pyrolysis-based TOC measurements, and at very low 
concentrations small errors in TOC will lead to significant changes in 
Hg/TOC. 

The abundance of Hg in sediments and sedimentary rocks is 
controlled by two factors: the flux of Hg, e.g., from terrestrial input or 
volcanism, and the preservation of Hg. Mercury preservation is affected 
by the local depositional environment (e.g., redox state, Shen et al., 
2019b, 2020; Frieling et al., 2023), and post-depositional processes (e. 
g., diagenesis and weathering, Charbonnier et al., 2020; Park et al., 
2022). 

During post-depositional oxidization/weathering, the dispropor
tionate loss of organic matter and sulfide minerals relative to Hg can 
lead to anomalous Hg enrichment signals (Charbonnier et al., 2020; Park 
et al., 2022). With clay-hosted Hg, smectite has relatively higher Hg 
scavenging ability (Kongchum et al., 2011) and weathering may affect 
Hg content through the transformation of clay minerals (i.e., the 
disproportionate loss of smectite). In environments with low-oxygen, 
underestimation of Hg/TOC can come from: 1) the transformation of 
stable organic matter-bound mercury into more active forms under 
ferruginous to (mildly) euxinic conditions, such as iron and manganese 
oxyhydroxides, which facilitate the evasion of Hg from sediments (Fri
eling et al., 2023); 2) enhanced burial efficiency of TOC under low- 
oxygen conditions whilst Hg concentrations remain broadly stable 
(Emili et al., 2011; Frieling et al., 2023). 

Assuming these non-volcanic factors can be recognized and appro
priately dealt with, Hg concentrations in sedimentary rocks remain a 
powerful fingerprint of volcanism. Even so, the actual type of volcanism 
can vary greatly. It can be submarine or continental, involve intrusion 
into organic-rich rocks, and can have varying explosivity. All of these 
factors can fundamentally impact the flux and dispersion of Hg in ways 
that are not well understood. For instance, Hg emissions from submarine 
volcanic activity are expected to have a limited dispersal range, whilst 
those resulting from explosive volcanism with high altitude dispersal of 
gases and ashes are more likely to be globally distributed (Scaife et al., 
2017; Percival et al., 2018). In addition, thermogenic Hg emissions from 
HTVCs are variable, and may contain very high levels of Hg but with a 
limited dispersal range (<20 km, Tomiyasu et al., 2007; Jones et al., 
2019; Berndt et al., 2023; Svensen et al., 2023). As noted in Section 1, 
two Hg sources were likely involved during the PETM: volcanic fluxes 
from explosive and effusive sources, and thermogenic sources from 
HTVCs. In addition to differences in dispersal range of these two Hg 
sources, there are also differences in the isotopic composition of Hg. 
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Svensen et al. (2023) show that Hg released via HTVCs yielded a mixed 
magmatic-sedimentary isotopic signature (i.e., negative Hg isotope 
mass-independent fractionation values). 

3. Materials and methods 

3.1. Data compilation 

We compiled Hg abundance data and associated compositional data 
from 19 PETM sites worldwide (Fig. 1, Table 1). Carbon isotope data 
from each site allow for the definition of the PETM and its constituent 
phases (i.e., onset, body and recovery) based on the presence of the 
ubiquitous negative carbon isotope excursion (CIE) that marks the 
PETM. Sites are correlated using the CIEs recorded at each site, and the 
sedimentary successions of each site are subdivided into pre-CIE, CIE 
onset, CIE body, CIE recovery and post-CIE intervals (see Supplementary 
Data for the division of each site; Fig. 7). The age model used for the CIE 
at all sites is based on the 200 kyr duration estimated by Westerhold 
et al. (2018); with a CIE onset of 20 kyr, CIE body of 100 kyr, and CIE 
recovery of 80 kyr (Westerhold et al., 2018; see also Cui et al., 2011). 
The sedimentation rate of strata above and below the CIE at each site is 
assumed to be equal to the mean sedimentation rate within the CIE. 

Fourteen of the sites are from previously published research 
(Table 1). The North Sea Basin wells 25/11–17, 22/10a-4, 23/16b-9 and 
E-8X are characterized by claystone and sandstone. For Well 22/10a-4, 
only claystone samples were analyzed from pre-CIE to the lower part of 
the CIE body (Kender et al., 2021). The Fur Island section in northern 
Denmark is characterized by marine clays and interbedded ash layers 
(Jones et al., 2019). Core BH09/2005 from the eastern margin of the 
Central Basin of Spitsbergen consists of mudstones (Jones et al., 2019). 
Sections from the Pyrenees include the marine sections of Zumaia and 
Lussagnet (characterized by limestone with siliciclastic inputs), and the 
continental sections of Esplugafreda and Serraduy (dominated by silty 
shale) (Tremblin et al., 2022). On the New Jersey coastal plain, cores 
through the Bass River and Millville show lithological variation during 
the PETM, with glauconite-rich siltstone above and below, but clay- 
dominated sedimentary rocks during the PETM. A shift toward finer 
sedimentary rocks during the PETM is observed in the Millville core 
(Jones et al., 2019; Liu et al., 2019). The PETM sediments at the Blake 

Nose core in the North Atlantic consist of carbonate-rich pelagic sedi
ments (Liu et al., 2019). The Global Stratotype Section and Point at the 
Dababiya quarry section in Egypt are composed of marls and non- 
calcareous clays (Keller et al., 2018). 

Data from the other five sites are from this study (Fig. 1). These are: 
Well 30/14–1 in the North Sea Basin, 2 cores (Wilson Lake and Ancora) 
from the New Jersey Ocean Drilling Program (ODP) Leg 174AX, ODP 
Site 1262 in the South Atlantic deep-sea, and Hole 4 A from the Inter
national Ocean Discovery Program (IODP) Arctic Coring Expedition 
(ACEX) (Jones et al., 2019). 

Well 30/14–1 (56◦33′37″N, 2◦38′08″E) is located in the central North 
Sea Basin. The lithology at 30/14–1 is characterized by claystone 
(Fig. 2). The PETM was previously identified in this well from a core 
depth of 2927 m to 2903 m based on both a > 2‰ negative CIE and the 
presence of the dinoflagellate Apectodinium, which has an acme during 
the PETM (Fig. 2; Sluijs et al., 2007). For this study, 56 samples were 
collected every ~1 m across the PETM (2880.15 m to 2940.16 m). 
Samples were measured for organic carbon isotopes (δ13Corg), Hg, TOC, 
total sulfur (TS), total nitrogen (TN) and major element abundances. 

The ACEX core site (87◦52′12″N, 136◦12′41″E) is located on the 
Lomonosov ridge in the central Arctic Ocean. The sedimentary rocks are 
characterized by organic-rich siliciclastic claystone. The PETM was 
identified from ~387 to 378.5 m, albeit with disturbance by drilling that 
interrupts the interval between 388.5 and 388 m composite depth, and 
loss of the CIE onset due to coring gaps between 388 and 384.25 m 
(Fig. 3; Sluijs et al., 2006). Jones et al. (2019) previously published Hg 
abundance and Hg/TOC data from this site. Here, a further 56 samples 
from the ACEX core were obtained every ~0.2 m across the PETM CIE to 
increase the resolution of this previous work and extend the data into 
older and younger strata. All samples were measured for Hg, TOC, TS, 
TN and major element abundances. 

The ODP Leg 174AX Wilson Lake and Ancora core sites are located 
on the New Jersey coastal plain on the American continental shelf 
~17.5 km apart from each other (39◦39′21″N, 75◦02′52″W and 
39◦41′32″N, 74◦50′56″W, respectively). Sedimentary rocks from these 
two cores are characterized by fine to medium glauconite-rich sandstone 
below and above the PETM interval, and finer claystone during the 
PETM (Figs. 4 and 5; Stassen et al., 2012). For this study, 42 samples 
were collected every ~1 m from the Wilson Lake core and 41 samples 

Fig. 1. Map showing the 19 studied PETM sites. Sites with new Hg and associated data presented in this study are marked with orange stars. These are: Well 30/ 
14–1, ACEX, ODP Leg 174AX and ODP Site 1262. Sites with previously published Hg data are marked with green circles. See Table 1 for further details and ref
erences, and also Supplementary Data. Maps are modified from Jones et al. (2019) and Tierney et al. (2020). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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were collected every ~0.2 m from the Ancora core. Samples were 
measured for Hg, TOC, TS, TN and major element abundances. 

ODP Leg 208 Site 1262 is located on Walvis Ridge in the southern 
Atlantic Ocean (27◦11′9″S, 1◦34′37″E). The core is characterized by an 
abrupt transition from carbonate to claystone at the CIE onset, which 
marks a dissolution of sea-floor carbonate (Fig. 6; Zachos et al., 2005). 
Fifty samples were collected every ~0.02 m across the PETM from 
159.92 m to 136.01 m composite depth. Samples were analyzed for Hg, 
TOC, TS, TN and major element abundances. 

3.2. Geochemical methods 

All 245 samples (56 for 30/14–1, 56 for IODP 302, 42 for Wilson 
Lake, 41 for Ancora and 50 for Site 1262) were crushed to ~200 mesh in 
an agate mortar before analysis. Powdered samples were divided into 
several parts for sample pretreatment. The Hg content of all samples was 
measured using a Milestone Direct Mercury Analyzer (DMA-80 Evo) at 
China University of Geosciences (Wuhan). Measurement of a soil stan
dard reference material (GBW07423) yielded a relative standard 

deviation (RSD) of ±10% (n = 24) for Hg content. 
For TOC, TS and TN analysis, an aliquot of each sample was reacted 

with 15 ml of 3 M HCl for 72 h to remove all carbonate, and then rinsed 
with deionized water until the supernatant was neutral. After freeze- 
drying and re-powdering, samples were analyzed using a Vario 
MACRO Cube elemental analyzer in the School of Materials Chemistry, 
China University of Geosciences (Wuhan). Precision of the TN, TOC and 
TS data, based on analyses of a Phenylalanine standard, was 0.08%, 
0.22% and 0.18%, respectively (weight%, 2σ). 

Fifty-six decalcified and dried samples from Well 30/14–1 were 
measured for bulk organic carbon isotopes (δ13Corg) using a Thermo 
Finnigan MAT 253 mass spectrometer. Analysis of laboratory standards 
yielded a reproducibility of ±0.09‰ (2σ). Analyses were conducted at 
School of Earth Sciences, China University of Geosciences (Wuhan). 

Powdered aliquots of all samples were analyzed for major element 
abundances using an Olympus VCA (Vanta) handheld XRF analyzer 
following methods in Saker-Clark et al. (2019). Repeat measurements of 
samples yielded a precision of 0.19%, 0.13% and 140 ppm (2σ) for Al, Fe 
and Mn, respectively. 

Table 1 
Full list of the studied PETM sites, ordered by distance from the NAIP (closer to further). Other information shown includes the Pearson r correlation coefficients (and p- 
values in brackets) between Hg and TOC, TS, Al, Mn and Fe. Based on these correlations, the likely dominant host phase of Hg is indicated. The confidence in this host 
phase assignment is based on the p values and amount of data. ‘Not robust’ indicates a lack of data and/or insignificant p values. The median value of TOC and Hg in 
each site is also provided. OM = organic matter.  

Study site Location n Paleo- 
environment 

Pearson r values (significance in brackets) Dominant 
host phase 

median reference 

Hg and 
TOC 

Hg and 
TS 

Hg and 
Al 

Hg and 
Mn 

Hg and 
Fe 

median 
of TOC 

median 
of Hg 

25/11–17 North Sea 
Basin 

9 deep ocean 
basin 

− 0.33     OM 1.37 4625.0 Jones 
et al., 2019 (0.21)     (not robust) 

22/10a-4 North Sea 
Basin 

139 deep ocean 
basin 

0.49     OM 1.27 77.0 Kender 
et al., 2021 (<0.001)     (not robust) 

23/16b-9 
North Sea 
Basin 122 

deep ocean 
basin 

0.34 0.57 ¡0.708 0.43 ¡0.35 sulfide 
1.23 97.3 

Jin et al., 
2023 (<0.001) (<0.001) (<0.001) (<0.001) (<0.001) (robust) 

30/14–1 
North Sea 
Basin 

56 
deep ocean 
basin 

0.13 0.08 0.18 0.08 0.50 Fe-ox 
1.19 71.2 this study 

(0.36) (0.57) (0.19) (0.58) (<0.001) (robust) 

Fur Island North Sea 
Basin 

112 shallow 
marine 

0.31     OM 1.08 41.8 Jones 
et al., 2019 (<0.001)     (not robust) 

E-8X 
North Sea 
Basin 156 

deep ocean 
basin 

0.63     OM 
2.38 91.5 

Kender 
et al., 2021 (<0.001)     (not robust) 

BH09/2005 Arctic 147 
shallow 
marine 

0.25     OM 
1.28 31.5 

Jones 
et al., 2019 (<0.001)     (not robust) 

ACEX Arctic 71 shallow 
marine 

0.13 0.07 0.08 0.05 0.38 Fe-ox 

2.30 98.0 

Jones 
et al., 
2019, this 
study 

(0.28) (0.68) (0.65) (0.76) (0.03) (not robust) 

Zumaia 
Pyrenean 
foreland 
basins 

80 deep ocean 
basin 

− 0.02  0.10 − 0.04 0.06 OM 
0.09 17.3 Tremblin 

et al., 2022 (0.89)  (0.37) (0.74) (0.60) (not robust) 

Lussagnet 
Pyrenean 
foreland 
basins 

132 
shallow 
marine 

0.79   − 0.05  OM 
0.06 19.7 

Tremblin 
et al., 2022 (<0.001)   (0.65)  (not robust) 

Serraduy 
Pyrenean 
foreland 
basins 

38 continental 
0.60     OM 

0.04 1.3 
Tremblin 
et al., 2022 (<0.001)     (not robust) 

Esplugafreda 
Pyrenean 
foreland 
basins 

39 continental 
0.38     OM 

0.04 1.6 Tremblin 
et al., 2022 (0.03)     (not robust) 

Ancora US 41 shelf − 0.11 0.10 0.85 0.36 0.17 clay 0.29 13.7 this study 
(0.47) (0.10) (<0.001) (0.02) (0.30) (robust) 

Wilson Lake US 42 shelf 0.66 0.47 0.82 0.45 − 0.28 clay 0.30 14.8 this study 
(<0.001) (0.00) (<0.001) (0.003) (0.07) (robust) 

Bass River US 49 shelf 
− 0.13     OM 

0.24 19.0 
Jones 
et al., 2019 (0.37)     (not robust) 

Millville US 26 shelf 
0.93     OM 

0.38 22.4 
Liu et al., 
2019 (<0.001)     (not robust) 

Blake nose Atlantic 23 deep ocean 0.27     OM 0.08 3.8 Liu et al., 
2019 (0.22)     (not robust) 

Dababiya Egypt 54 shallow 
marine 

0.60     OM 0.30 85.3 Keller 
et al., 2018 (<0.001)     (not robust) 

1262 Atlantic 43 deep ocean 
0.40 0.38 − 0.19 0.62 0.33 Mn-ox 

0.01 1.3 this study (0.003) (0.013) (0.494) (0.001) (0.031) (robust)  
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Fig. 2. Lithological and geochemical data from Well 30/14–1. Orange organic carbon isotope (δ13Corg) data and specimen percentage of Apectodinium data are from 
Sluijs et al. (2007). Black organic carbon isotope (δ13Corg), Hg, Hg/TOC and Hg/Fe data are from this study. PETM CIE is highlighted with yellow shading. Pr = pre- 
CIE, O = CIE onset, B = CIE body, R = CIE recovery, Po = post-CIE. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Fig. 3. Lithological and geochemical data in well ACEX. δ13Corg data are from Sluijs et al. (2006). The orange data points of Hg and Hg/TOC are from Jones et al. 
(2019). Black data points of Hg, Hg/TOC and Hg/Fe are from this study. PETM CIE is highlighted with yellow shading. Pr = pre-CIE, O = CIE onset, B = CIE body, R 
= CIE recovery, Po = post-CIE. For interpretation of lithology, see key in Fig. 2. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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3.3. Hg enrichment factors 

Previous work has introduced the concept of using Hg enrichment 
factors (HgEF) to make comparisons between sites deposited in very 
different environments, with likely differing host phases (Shen et al., 

2019c). HgEF is calculated as the ratio between the host-phase normal
ized Hg of the samples and some background (and non-volcanically 
influenced) value. For example, if organic matter is the primary host 
of Hg, then HgEF can be calculated via: 

Fig. 4. Lithological and geochemical data in ODP Leg 174AX Wilson Lake. δ13Corg data are from Wright and Schaller (2013). Hg, Hg/TOC and Hg/Al data are from 
this study. PETM CIE is highlighted with yellow shading. Pr = pre-CIE, O = CIE onset, B = CIE body, R = CIE recovery, Po = post-CIE. For interpretation of lithology, 
see key in Fig. 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Lithological and geochemical data in ODP Leg 174AX Ancora. δ13Corg data are from Makarova et al. (2017). Hg, Hg/TOC and Hg/Al data are from this study. 
PETM CIE is highlighted with yellow shading. Pr = pre-CIE, O = CIE onset, B = CIE body, R = CIE recovery, Po = post-CIE. For interpretation of lithology, see key in 
Fig. 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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HgEF = (Hg/TOC)sample

/
(Hg/TOC)background (1) 

Where background refers to the mean value of Hg and host phase 
components in an average clastic sedimentary rock. Mean Hg and Hg/ 
TOC were recently quantified as 62.4 ng/g, and 71.9, respectively 
(Grasby et al., 2019). Given the lack of widespread sulfidic environ
ments during the PETM, the reported mean values of TS, Al, Mn and Fe 
are derived from the analysis of published mean values of non-sulfide- 
hosted Hg in sedimentary rocks from previous studies (Shen et al., 
2020; Hu et al., 2021; Sial et al., 2021; Liu et al., 2021a; Liu et al., 2021b; 
Zan et al., 2021; Zhao et al., 2022a; Zhao et al., 2022b; Qiu et al., 2022; 
Wang et al., 2023; Wu et al., 2022; Liu et al., 2023; Shen et al., 2022a; 
Tang et al., 2022; Rakociński et al., 2022). The specific background 
mean values used are as follows: mean Hg/TS = 79.0, mean Hg/Al =
24.5, mean Hg/Mn = 687, mean Hg/Fe = 21.9. Although the use of 
these values represents a convenient and consistent way of calculating 
enrichment factors, the values used may be biased toward higher Hg 
contents, since the data come from published studies that intentionally 
focused on periods of environmental instability with perhaps higher Hg 
contents than normal background levels. Nevertheless, the key aim with 
the calculation of Hg enrichment factors in this study is to standardize 
data in such a way that trends in HgEF (rather than absolute values) can 
be readily assessed and compared. Thus, sedimentary systems with Hg 
contents and normalized Hg contents lower than these does not mean 
that they cannot be enriched in Hg. 

4. Results 

4.1. New Hg data 

In Well 30/14–1, Hg content ranges from 25.5 to 396.0 ng/g (mean 
78.9 ng/g). Hg abundance is relatively stable across the PETM CIE, with 
a single peak of 396.0 ng/g at 2915.17 m (Fig. 2). Hg abundance across 
the ACEX core is consistent with previous work (Fig. 3; Jones et al., 
2019). Hg abundance is relatively high from 398.1 to 390.8 m before the 
CIE onset (mean 136 ng/g), and becomes more variable above 390.8 m, 

with peaks between 383.54 and 382.42 m toward the end of the CIE 
body and the early part of the CIE recovery (maximum 251 ng/g). 

At Wilson Lake, Hg contents are relatively low and stable below 
111.88 m before the CIE onset (mean 7.8 ng/g) and increase (maximum 
40.1 ng/g) steadily up until 97.48 m within the CIE (mean 21.6 ng/g). 
After the CIE, the Hg content returns to pre-CIE values (10.88 ng/g; 
Fig. 4). At Ancora, Hg concentrations show a similar trend to Wilson 
Lake through the PETM (Fig. 5). Before the CIE Hg is relatively low, with 
a mean of 11.3 ng/g below 172.38 m. There is a trend toward higher 
values across the CIE onset from 172.38 to 170.37 m (maximum 33.6 
ng/g). Hg content remains relatively high during the CIE body from 
170.37 to 165.93 m, and then decreases back to pre-CIE values (mean 
9.2 ng/g) (Fig. 5). 

At Site 1262, Hg concentrations are very low, with an average of 1.4 
ng/g. A trend in Hg through the PETM is discernable, with Hg values 
relatively high at the end of CIE onset and the upper part of the CIE body 
between 140.05 and 139.8 m (2.3 ng/g; Fig. 6). Above the CIE body, Hg 
values return to pre-CIE values, with a mean of 1.1 ng/g (Fig. 6). 

5. Discussion 

5.1. Sedimentary host phases of Hg 

As discussed in Section 2, organic matter, sulfide, clay minerals, and 
iron and manganese oxyhydroxides can all act as hosts of sedimentary 
Hg (e.g., Boszke et al., 2003; Shen et al., 2020). The strength of corre
lation between Hg and TOC, TS, Al, Fe and Mn can be used to indicate 
the likely host of Hg, based on the assumption that the correlation with 
the highest Pearson r value is the dominant host phase (Shen et al., 
2019d). 

In Well 30/14–1, the host of Hg is considered to be iron oxy
hydroxides based on the significant correlation between Hg and Fe (r =
0.50, n = 56, p-value <0.001), and lack of significant correlation with 
any other host phase (Table 1). At Ancora and Wilson Lake, the strong 
correlation between Hg and Al (a broad proxy for clay content), suggests 
that clays are the dominant host of Hg (r = 0.85, n = 41, p-value <0.001 
and r = 0.82, n = 42, p-value <0.001 respectively, Table 1). At ODP Site 

Fig. 6. Lithological and geochemical data in ODP Site 1262. δ13Corg data are from Zachos et al. (2010). Hg, Hg/TOC and Hg/Mn data are from this study. PETM CIE 
is highlighted with yellow shading. Pr = pre-CIE, O = CIE onset, B = CIE body, R = CIE recovery, Po = post-CIE. For interpretation of lithology, see key in Fig. 2. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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1262, Hg has a significant correlation with TOC, TS, Mn and Fe (r =
0.40, n = 43, p-value = 0.003; r = 0.38, n = 43, p-value = 0.013; r =
0.62, n = 43, p-value <0.001 and r = 0.33, n = 43, p-value = 0.031, 
respectively, Table 1). Indeed, there is strong correlation between all 
these proxies (e.g., r = 0.985, p-value <0.001; r = 0.740, p-value <0.001 
and r = 0.973, p-value <0.001 between TOC and TS, TOC and Mn, and 
TOC and Fe, respectively), and Hg/TOC, Hg/TS, Hg/Fe and Hg/Mn all 
show similar profiles. These high correlations are likely the result of the 
strong dilution effect of carbonate in the section (which does not host 
Hg). Manganese oxyhydroxides may be the dominant host of Hg given 
the relatively higher Pearson r values. At ACEX, there is a significant 
correlation between Hg and Fe (r = 0.38, n = 35, p-value = 0.03) which 
suggests that iron oxyhydroxides may be the dominant host of Hg. As 
discussed in Jin et al. (2023), sulfide and organic matter are inferred to 
be the dominant hosts of Hg in Well 23/16b-9. 

At other sites with only published Hg and TOC data, Hg and TOC 
show significant correlation at a majority of sites (e.g., 22/10a-4, Fur 
Island, E-8X, BH9–05, Lussagnet, Serraduy, Esplugafreda, Millville, 
Dababiya, Table 1). The weak and insignificant correlation between Hg 
and TOC in Well 25/11–17 (r = − 0.33, p-value = 0.21) may be related to 
the extremely high concentration of Hg at this site (which could have 
been released from nearby submarine HTVCs, Jones et al., 2019). The 
negligible/weak correlations between Hg and TOC at Zumaia and Blake 
Nose (r = − 0.02, p-value = 0.89 and r = 0.27, p-value = 0.22, respec
tively) may be related to the low TOC content close to or below the 
analytical precision of the TOC data. Notably, TOC varied from 0.0 to 
0.3% at Zumaia, and the analytical precision (2σ) of these data was 0.1% 
(Tremblin et al., 2022). 

Taken together, organic matter was likely the dominant host of Hg at 
most sites during the PETM (Table 1). Mercury and TOC show a power 
law relationship for all of the samples across the PETM in the studied 
sites (Hg = 58*TOC0.72, n = 1032; using only TOC concentrations 
>0.2%). This relationship is similar with the relationship that Grasby 
et al. (2013) defined using Permian-Triassic samples (Hg =

48.5*TOC0.89) and supports a strong link between Hg and organic matter 
in the sedimentary record. At the same time, however, non-organic 
matter hosting of Hg clearly occurs. Although our data do not provide 
a thorough treatise, there is a tangible link between Hg host phase and 
the depositional environment, with clay minerals as the dominant host 
of Hg in coastal environments (e.g., Wilson Lake, Ancora), and iron and 
manganese oxyhydroxides as likely important hosts of Hg in deep ocean 
environments (e.g., 30/14–1, Site 1262) (Gobeil and Cossa, 1993). 

Correlation analysis provides an efficient and objective method of 
assessing Hg host phases, although it is not as thorough and direct as, for 
example, microprobe and scanning electron microscopy with energy- 
dispersive X-ray spectroscopy (e.g., Shen et al., 2019b, 2022a). One 
drawback of the correlation method we use is that Al content is not a 
perfect proxy for clay, and different clays have different affinities with 
Hg (Kongchum et al., 2011). Equally, TS contents in sedimentary rocks 
will typically represent a combination both sulfide and sulphate, and 
sulphate is unlikely to be a significant host of Hg. The type of organic 
matter also matters, as robust correlations between Hg and TOC arise 
mainly from soluble organic matter (Sanei and Goodarzi, 2006). 
Furthermore, correlation strength and significance can be related to the 
number of data, and/or analytical error. At the same time, correlations 
between Hg and TOC, TS, Al etc. can be strong if TOC, TS and Al are 
related, for example in anoxic settings where TOC will likely correlate 
strongly with TS (Shen et al., 2020), or where variable carbonate content 
strongly controls the abundance of other components via a dilution ef
fect (as suggested above for Site 1262). 

5.2. The temporal and spatial distribution of mercury enrichment across 
the PETM 

Previous studies have demonstrated strong spatial variability in Hg 
enrichment across the PETM (Jones et al., 2019; Tremblin et al., 2022). 

Here, we capitalize on our larger compilation and use of a unified age 
model to assess Hg enrichment (HgEF) through time at all of the studied 
sites (Fig. 7). It is clear that there is no consistent pattern in HgEF across 
the PETM at the 19 studied sites (Fig. 7). For instance, some sites display 
significant increases in HgEF across the CIE onset (22/10a-4, E-8X), and 
some sites show significant increases in HgEF across the CIE body (BH09/ 
2005, Esplugafreda). Other sites exhibit relatively constant HgEF across 
the CIE (ACEX, Bass River). 

To help establish whether clear changes and patterns occur in Hg 
enrichment through the PETM, one-sided Wilcoxon rank sum tests are 
used to assess whether HgEF in each interval (CIE onset, body, recovery 
and post-CIE) is significantly higher than the pre-CIE interval (Fig. 8). 
This was done because we assume that the pre-CIE interval most likely 
reflects background conditions not significantly affected by volcanism. 
Although this assumption may be incorrect, it is valuable to understand 
how HgEF changed during the CIE in comparison to the pre-CIE interval 
for each site. A further caveat is that the change of HgEF at some sites 
across the carbon isotope-defined stages may be gradual. For example, 
HgEF values increased gradually prior to the onset of the CIE at sites 22/ 
10a-4, E-8X, and BH09/2005. As a result, the CIE onset values are 
similar to the pre-CIE values. Equally, some sites are limited by a paucity 
of samples in the CIE onset, which spanned a relatively short duration 
(20 kyr as defined in this study). Carbonate dissolution and thus strati
graphic incompleteness during the CIE onset is also a known issue 
(Bralower et al., 2018). Thus, HgEF in the CIE onset interval may not be 
representative (e.g. Blake Nose). For intervals with few data it can be 
impossible to obtain robust p-values using Wilcoxon rank sum testing (e. 
g., ACEX, Esplugafreda, Bass River). 

Ultimately, 5 out of 13 sites show significantly higher CIE onset HgEF 
values compared to the pre-CIE (22/10a-4, 30/14–1, E-8X, Ancora and 
Wilson Lake, Fig. 8). The other 6 sites in our compilation had one or no 
data points in the CIE onset interval, and therefore could not be tested 
(25/11–17, ACEX, Esplugafreda, Bass River, Millville, Blake Nose, 
Fig. 8). Eight out of 18 sites show significantly higher CIE body HgEF 
values compared to the pre-CIE (22/10a-4, 30/14–1, BH09/2005, Lus
sagnet, Esplugafreda, Ancora, Wilson Lake and Millville, Fig. 8). Only 4 
sites out of 14 show significantly higher HgEF values in the CIE recovery 
relative to the pre-CIE interval (30/14–1, Lussagnet, Wilson Lake and 
Blake Nose), and 4 sites out of 14 show significantly higher HgEF values 
after the CIE compared to the pre-CIE (23/16b-9, 30/14–1 and Wilson 
Lake and Site 1262). 

The 5 sites that show significantly increased HgEF values through the 
CIE onset are from the North Sea Basin (i.e., close to NAIP) and New 
Jersey coastal plain (Fig. 8). Six out of the remaining 14 quantifiable 
sites (25/11–17, 23/16b-9, BH09/2005, Lussagnet and Serraduy, 
Esplugafreda) also show higher HgEF through the CIE onset compared to 
the pre-CIE interval, but the difference is not statistically significant 
(Fig. 8). These sites are also reasonably close to NAIP (i.e., North Sea 
Basin, Arctic and the Pyrenean foreland basin; all within 4000 km of the 
NAIP). Sites that clearly show no increase in HgEF at the CIE onset 
include Blake Nose, Dababiya and Site 1262, which are relatively far 
from the NAIP. Taken together, the data support the inference of 
increased magmatic activity during the CIE onset relative to the pre-CIE 
interval, with this increase most likely to be significant within 4000 km 
of the NAIP. 

5.3. Evaluating magmatism through the PETM based on compiled HgEF 
curves 

To gain a high-resolution overview of the temporal evolution of HgEF 
through the PETM, HgEF values from the 19 studied sites are compiled 
together. To build this compilation, HgEF data for samples with <0.2% 
TOC were removed following Grasby et al. (2019) (see Section 2; Fig. 9). 
A total of 986 datapoints are plotted, yielding a composite record of age- 
calibrated HgEF across the PETM (Fig. 9F). To minimize bias and capture 
the pattern of relative changes in HgEF, the HgEF data at each of the 19 
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Fig. 7. Compilation of Hg and HgEF from all 19 studied sites plotted against age, and ordered by distance from the NAIP (i.e., 25/11–17 = closest, ODP Site 1262 =
furthest). PETM CIE is highlighted with yellow shading. Pr = pre-CIE, O = CIE onset, B = CIE body, R = CIE recovery, Po = post-CIE. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Box and whisker plots of HgEF data from all 19 studied sites, with data at each site divided into pre-CIE (Pr), CIE onset (O), CIE body (B), CIE recovery (R), and 
post-CIE (Po) stages. Asterisks indicate that the median HgEF value for the corresponding stage is significantly higher than the median of the pre-onset HgEF value (at 
the 0.05 significance level), as determined by Wilcoxon rank sum tests. See main text for details. 
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Fig. 9. Compiled temporal changes in HgEF across the PETM, with the δ13Corg and Δ199Hg from Well 23/16b-9 in the North Sea Basin also shown for reference. All 
data are plotted using the PETM age model of Westerhold et al. (2018) and Cui et al. (2011) (see main text for details). HgEF data from samples with <0.2% TOC are 
not used. See main text for details of PETM subdivisions. (A) Organic carbon-isotopes of Well 23/16b-9 (δ13Corg) (Jin et al., 2022). (B) Δ199Hg from Well 23/16b-9 
(Jin et al., 2023) (C) Median HgEF of all sites and the 95% confidence interval determined using bootstrapping. (D) Median HgEF of sites relatively proximal (<2500 
km) to the NAIP (sites in the North Sea Basin, Spitsbergen, Arctic, France and Spain) and the 95% confidence interval determined using bootstrapping. (E) Median 
HgEF of sites relatively distal (>2500 km) from the NAIP (sites in New Jersey coastal plain, Atlantic and Egypt) and the 95% confidence interval determined using 
bootstrapping. See main text for details of median curve construction and bootstrapping. (F) Raw HgEF of the 19 sites, from 300 kyr before the CIE onset to 400 kyr 
after the CIE onset. 0 kyr marks the onset of the CIE. Dashed vertical orange line shows approximate timing of the increase in median HgEF in all curves, 30 kyr prior 
to the onset of the CIE. See main text for details. Pr = pre-CIE, O = CIE onset, B = CIE body, R = CIE recovery, Po = post-CIE. 
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sites were standardized to zero mean and a standard deviation of 1 
(Fig. 9C). To investigate the effect of distance from the NAIP, the 19 sites 
were also split into 2 groups. Group one (Fig. 9D) includes sites rela
tively proximal to the NAIP (<2500 km, i.e., sites in the North Sea Basin, 
Spitsbergen, Arctic, France and Spain), and group two (Fig. 9E) contains 
sites distal to NAIP (>2500 km, i.e., sites in New Jersey coastal plain, 
North Atlantic, Egypt and Walvis Ridge). For these two groups, the raw 
HgEF data were standardized by dividing by the standard deviation, but 
the mean values were not subtracted (as done in Fig. 9C) in order to 
visualize differences in HgEF depending on distance from the NAIP 
(Figs. 9D and E). The median HgEF over time in Figs. 9C–E was calcu
lated by binning the data into bins that each contain the same number of 
data points, and calculating the median for each bin). In Fig. 9C (all 
sites) and Fig. 9D (sites proximal to NAIP), each bin contains ~30 data 
points, and in Fig. 9E (sites distal to NAIP), each bin contains ~10 data 
points. In practice, this binning means that in time intervals with few 
data the bins span wider time intervals, and vice versa. Bootstrapping of 
data within each bin was employed to generate 95% confidence in
tervals for each calculated median value (shading in Figs, 9C-E). 

Among the 19 sites, the majority of datapoints are from unweathered 
borehole samples and samples from 6 sites were from outcrops with Hg 
all mainly hosted by organic matter (Fur Island, Jones et al., 2019, 2023; 
Zumaia, Serraduy and Esplugafreda, Tremblin et al., 2022; Dababiya, 
Keller et al., 2018). At Fur Island, exposed unweathered sediments were 
sampled (Jones et al., 2019). At Dababiya, it is possible that relatively 
high Hg/TOC values (Keller et al., 2018) were caused at least in part by 
diagenesis and weathering processes (Jones et al., 2019), which could 
lead to loss of TOC relative to Hg and hence increase Hg/TOC (Char
bonnier et al., 2020). Sample weathering information at Zumaia, Ser
raduy and Esplugafreda has not been published (Tremblin et al., 2022). 
At Serraduy and Esplugafreda, the influence of weathering may be low, 
and there are no extremely high Hg/TOC values that might indicate 
post-depositional alteration (e.g., Hg/TOC ratios >1000 ppb/wt%, 
Charbonnier et al., 2020). There are extremely high Hg/TOC ratios of up 
to 5740 ppb/wt% and 13,053 ppb/wt% in the Zumaia and Lussagnet 
cores, respectively. The majority of these high Hg/TOC samples from the 
Pyrenean foreland have <0.2% TOC and were therefore not used to 
build the median HgEF curves in Fig. 9. 

Using median HgEF to make the curves helps to minimize the influ
ence of any extreme HgEF values that might be attributable to post- 
depositional processes. For completeness, we also built HgEF median 
curves using all available data (i.e., including samples with <0.2% TOC 
(Fig. S1). This approach means that data from deep sea sections (where 
TOC is generally <0.2%) is better represented in the compilation. Both 
approaches yield similar curves (cf. Figs. 9 and S1). This suggests that 
low TOC data do not significantly influence the pattern of HgEF change 
through the PETM, but do make it somewhat noisier. One obvious 
drawback of our approach is that in time intervals with few data the 
median curve is of relatively low resolution (as partly reflected by large 
bootstrap errors). Another caveat is that sites with the most data points 
will have the biggest influence on the median curve. 

As discussed in Section 3.3, HgEF is calculated by normalizing to an 
average expected Hg/host phase value (i.e., Hg/hostbackground). An 
alternative method to establish a non-volcanically influenced back
ground composition of mercury (Hg) in a given PETM section involves 
assuming that there was negligible release of volcanic Hg 300 kyr prior 
to the PETM, and thus defining Hg/hostbackground as the mean of the five 
lowest host-phase normalized Hg values in the pre-CIE interval of each 
record (e.g., Fig. S2). Both approaches yield similar curves (cf. Figs. 9 
and S2), providing confidence that our methods provide a robust way of 
tracing trends in Hg enrichment through the PETM. 

The median curve through the composite HgEF record of all 19 sites 
(Fig. 9C) is relatively stable up until 30.2 kyr before the CIE onset (mean 
= − 0.41). An increase then occurs to a value of 0.35 at − 2 kyr (actual 
bin width of − 6 to 0 kyr for this median value). During the onset and 
early part of the CIE body (0 to 23 kyr), HgEF values remain relatively 

high (mean = 0.14) and then gradually decrease to relatively lower 
values during and after the latter part of the CIE body between 80 and 
277 kyr (mean = − 0.50). 

The median HgEF profile for proximal sites (Fig. 9D) shows an 
increasing trend beginning at − 42 kyr (i.e., before the CIE onset) and 
values remain relatively elevated from − 14 to 20 kyr across the CIE 
onset (mean = 1.1) before decreasing. In contrast to Fig. 9C, median 
HgEF values for proximal sites between − 116 kyr and − 42 kyr (mean =
0.86) are higher than the HgEF values during the CIE recovery and post- 
CIE (mean = 0.27 and 0.29, respectively). 

For distal sites (Fig. 9E), the median HgEF curve shows relatively low 
HgEF values up to − 32 kyr (mean = − 0.10), and an increasing trend 
from − 32 to 28 kyr across the pre-CIE and CIE onset intervals. HgEF 
values then begin to decrease at 105 kyr before increasing again at 165 
kyr in the CIE recovery. HgEF values are higher during and after the CIE 
body but are likely not robust, as suggested by the wide 95% confidence 
interval determined by bootstrapping. The relatively high HgEF values 
from 194 to 271 kyr are biased by the high HgEF data from Bass River 
and Dababiya. 

Prior to the CIE onset, the median HgEF curve for the proximal sites 
shows enrichment in Hg relative to the curve for the distal sites (Figs. 9D 
and E). This observation supports the idea that in the proximal sites prior 
to the PETM some Hg was derived from submarine volcanism and/or 
HTVCs with a limited dispersal range, and hence local NAIP magmatic 
activity was likely occurring in the late Paleocene well before (~120 
kyr) the PETM. 

All three composite records demonstrate a clear increase in HgEF 
beginning ~30 kyr before the CIE onset (Figs. 9C–E). This observation 
suggests a significant increase in magmatic activity just prior to the 
PETM. This finding aligns with geochronological data for the NAIP 
suggesting limited volcanic activity in the late Paleocene, increasing into 
the latest Paleocene (Wilkinson et al., 2017). Further support for vol
canic activity immediately prior to the PETM comes from the presence of 
a negative shift in Os isotopes and an ash layer (SK1) just before the CIE 
onset at Fur Island (Jones et al., 2019, 2023). The negative shift in Os 
isotopes, as a tracer of globally averaged variations in the proportions of 
radiogenic versus unradiogenic Os, suggests an increased flux of unra
diogenic Os from basalt weathering (Jones et al., 2023). At the same 
time, however, Os isotope data from ACEX and Tethys Ocean sites do not 
show a negative shift before the CIE onset (Dickson et al., 2015 and 
references therein). The absence of a negative shift in Os isotopes in the 
Tethys Ocean may be attributable to the limited preservation of pre- 
PETM strata at these localities, and it is possible that the Arctic was 
largely cut off from the global ocean in the case of the ACEX site (Jones 
et al., 2023). Recent work supports significant Hg release via thermo
genic sources across the CIE onset, in addition to volcanic sources. Most 
pertinently, stable carbon isotope stratigraphy and high-resolution 3D 
seismic imaging provide compelling evidence that HTVCs on the mid- 
Norwegian margin formed just before the onset of the PETM and refil
led during the onset and body of the CIE (Berndt et al., 2023), likely 
releasing substantial carbon and Hg at this time. HgEF in all 3 median 
curves reach a peak just prior to the start of the CIE (Figs. 9C–E). The 
elevated HgEF within the CIE onset itself, and the overall increase in 
HgEF from ~30 kyr prior to the CIE onset, is broadly consistent with the 
increasing Δ199Hg values observed across this interval in Well 23/16b-9 
(Jin et al., 2023; Fig. 9B). 

Although an increase in volcanic and thermogenic Hg release can be 
inferred immediately before and throughout the CIE onset, our median 
curves show decreasing HgEF through the CIE body, suggesting 
decreasing Hg fluxes (Figs. 9C and D). This finding contradicts the 23/ 
16b-9 Δ199Hg record, which shows an increasing trend across the CIE 
body toward values of − 0.09 ‰ (Fig. 9B), and has been interpreted as 
evidence that volcanic Hg fluxes were sustained and protracted (Jin 
et al., 2023). The contrasting relationship between HgEF and Hg isotopes 
here could potentially be due to Hg isotope data in Well 23/16b-9 being 
affected by a change in local Hg sources. 
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HTVCs are likely to emit highly variable amounts of Hg and the 
volatiles released may have a very limited distribution range (<20 km, 
Svensen et al., 2004, 2023). It has been proposed that multiple releases 
of thermogenic methane from hydrothermal vents were responsible for 
the long duration of the CIE body (Frieling et al., 2016). If the Hg 
released from such venting really did have a limited distribution as 
Svensen et al. (2023) suggest, then this hypothesis may be consistent 
with the decreasing HgEF trends observed through the CIE body 
(Figs. 9Cand D). The trend toward higher Δ199Hg values during the CIE 
body in Well 23/16b-9, several hundred kilometers from known hy
drothermal vents on the Norwegian shelf (Frieling et al., 2016), may 
indicate a protracted decline in terrestrial Hg fluxes relative to volcanic 
sources, rather than an increase in volcanic Hg fluxes. Alternatively, 
other volcanism besides hydrothermal venting may have operated at 
this time, but at an overall lower level than the pre-CIE volcanism (Jin 
et al., 2023). A shift in Hg sources further away from the 23/16b-9 site 
could also theoretically lead to an increase in Δ199Hg, because atmo
spheric photochemical reactions during transport can lead to higher 
Δ199Hg (Shen et al., 2022b). This is perhaps unlikely, however, 
considering the relatively short distance between the 23/16b-9 site and 
the NAIP (~500 km). Overall, the declining HgEF during the CIE body 
may suggest an overall decrease in volcanism during the CIE body, 
though data on precise Hg emission rates and styles are currently 
lacking. 

During the CIE recovery and post-CIE intervals, HgEF values remain 
consistently low, suggesting little global influx of volcanogenic Hg 
(Figs. 9C and D). As discussed in Section 5.2, only a handful of sites show 
significantly higher HgEF values during the CIE recovery or post-CIE 
interval compared to pre-CIE interval, and some of these data are 
likely not robust due to the limited amount of data (e.g., Blake Nose and 
Site 1262). Nevertheless, tephras commonly occur toward the end of the 
CIE body and in the post-CIE interval at Fur Island (Jones et al., 2019). In 
addition, the shift to more radiogenic Os isotope values at the very end 
of the CIE body at Fur Island may indicate at least in part waning 
volcanism (Jones et al., 2023). As noted by Larsen et al. (2003), ashes 
across the CIE onset and ashes from the end of the CIE body to post-CIE 
interval at Fur Island have heterogeneous compositions and were 
sourced from different volcanic centers within the NAIP (e.g., on the 
British Isles, East Greenland, and around the northeast Atlantic margin). 
The mineral assemblages are also different between the CIE onset ashes 
and the post CIE body ashes (Stokke et al., 2021). As such, it is possible 
that different volcanic source regions had different Hg fluxes, thus 
helping to account for changes in HgEF through the PETM. 

5.4. Factors influencing Hg abundance through the PETM 

5.4.1. Distance from the NAIP 
Not all volcanic activity results in a disruption of the global Hg cycle 

(Percival et al., 2018), something perhaps evident in the compilation 
and alluded to in the discussion above. The impact of volcanism on Hg 
dispersal range depends on factors such as the specific style of volcanism 
(e.g., submarine versus subaerial) and eruption characteristics (height, 
volume, composition, duration, frequency) (Pyle and Mather, 2003; 
Percival et al., 2018). Explosive volcanism has the potential to cause 
global scale Hg disturbances due to the rapidity of atmospheric mixing 
relative to Hg residence time (0.5–1 year). The thickness of medium 
sand to clay-sized volcanic ash, which occurs in beds up to 8 cm thick in 
Fur Island during the CIE onset (700–1500 km from the NAIP), implies 
that plume heights were likely higher than 15 km (Stokke et al., 2020), 
likely indicating very wide dispersal. 

Our compilation reveals a significant non-linear correlation between 
Hg content and distance from the NAIP during the CIE onset, with a 
Spearman correlation coefficient (ρ) of − 0.763 (Fig. 10A, n = 18, p- 
value <0.001). Interestingly, however, there is no correlation between 
either normalized Hg (Hg/host phase) or HgEF with distance from the 
NAIP during the CIE onset (Figs. 10B and C). Indeed, the normalized Hg 
and HgEF values for all available sites are broadly comparable during the 
CIE onset (Figs. 10B and C). 

The differing behaviors of Hg and normalized Hg in relation to dis
tance from the NAIP suggest that the availability of Hg host phases in 
sedimentary environments plays a role in controlling the regional 
sequestration of Hg. For example, the deposition of tephra in areas 
proximal to volcanism can supply more nutrients to marine environ
ments (Jones and Gislason, 2008; Olgun et al., 2013). The fertilizing 
effect of this ashfall could increase ocean productivity and lead to higher 
organic matter fluxes for areas closer to the NAIP, which may then lead 
to proportionally greater sequestration of Hg, whilst leaving Hg/TOC 
ratios relatively stable. 

5.4.2. Water depth 
As discussed above, the correlation between Hg abundance and 

distance from the NAIP is not a simple linear relationship, as each region 
exhibits a certain degree of heterogeneity (e.g., sites in the North Sea 
Basin and New Jersey coastal plain, Fig. 11). One plausible cause of this 
heterogeneity is the influence of water depth, which has the potential to 
modify Hg signals related to the distance from land (Them II et al., 2019; 
Yager et al., 2021). To investigate the impact of water depth on regional 
Hg distribution, sites were chosen that are far from the NAIP, thus 
largely avoiding the issue of NAIP distance affecting the results. Thus, 
the Hg data during the CIE onset from three New Jersey coastal plain 
sites and two Atlantic sites with well-constrained paleowater depth data 
were investigated (Fig. 12). The results show a significant correlation 
between water depth and Hg content during the CIE onset, but no cor
relation between water depth and normalized Hg or HgEF. This implies 
that water depth can affect the distribution of non-volcanogenic (i.e., 
terrestrial) Hg, which in the case of the New Jersey coastal plain sites is 

Fig. 10. Cross-plot showing influence of distance from NAIP on Hg content in the CIE onset interval. (A) Cross-plot of distance from NAIP versus median Hg content 
(B) Cross-plot of distance from NAIP versus median normalized Hg (i.e. Hg/host phase ratio). (C) Cross-plot of distance from NAIP versus median HgEF (Hg 
enrichment factor, see main text for details). Correlation coefficients are the Spearman ρ values. Note logarithmic axes. 
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likely derived from clay minerals in rivers that flow into the coastal 
ocean (Liu et al., 2021c). This result concurs with Them II et al. (2019) 
and Shen et al. (2020), who suggested that the concentration of terres
trial Hg varies with distance from river mouths. This may be a more 

plausible explanation than water depth-dependent organic matter 
degradation, as suggested by Yager et al. (2021). It is possible that other 
sites may also be influenced by water depth, but the effect is difficult to 
disentangle from the influence of NAIP distance, and because 

Fig. 11. Maps showing changes in Hg across the PETM onset. (A) Map showing the percent change in Hg content (ng/g) across the pre-CIE to CIE onset intervals. (B) 
Map showing the percent change in median HgEF across the pre-CIE to CIE onset intervals. Red colours indicate that Hg or HgEF in the CIE onset was higher than in 
the pre-CIE interval. Blue colours indicate the opposite. Map modified from Tierney et al. (2020). Inset map shows the location of the NAIP and sites close to the NAIP 
(modified from Jones et al. (2019) and Stokke et al. (2020). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 12. Cross-plots showing the influence of water depth on Hg content in the CIE onset interval. (A) Cross-plot of water depth versus median Hg content. (B) Cross- 
plot of water depth versus median normalized Hg (i.e., Hg/host phase ratio). (C) Cross-plot of water depth versus median HgEF. Correlation coefficients are the 
Spearman ρ values. Note logarithmic axes. 
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paleowater depths are uncertain for many sites. 
At a global scale, the correlation between water depth and Hg con

tent during the onset is more complex. For example, significant differ
ences in Hg abundance exist between deep sea sites of comparable depth 
(Well 22/10a-4 and Blake Nose). This suggests that Hg content at these 
sites was not predominantly influenced by the non-volcanogenic factor 
of water depth. Overall, the effect of water depth is perhaps less 
important than the effect of NAIP distance in controlling Hg enrichment 
during the PETM. A similar pattern of spatial distribution has been 
observed by Them II et al. (2019) during the Toarcian Oceanic Anoxic 
Event (T-OAE), which was associated with large-scale southern hemi
sphere volcanism. Them II et al. (2019) suggested that the proximity of 
landmasses to deposition sites affected both Hg and Hg/TOC during the 
T-OAE. In their work, they inferred that this dependency on geographic 
proximity to land implied that the primary source of Hg must have been 
terrestrial (Them II et al., 2019). 

5.4.3. Sedimentation rates and organic matter burial rates 
Changes in sedimentation rate have the potential to affect the con

centration of Hg via dilution. For example, a decrease in sedimentation 
rate may result in higher atmospherically-sourced Hg concentration in a 
sediment, and an increased sedimentation rate could result in a lower 
atmospherically-sourced Hg concentration in a sediment, other things 
being equal. At the same time, however, the dilution effect linked to a 
change in clastic sediment flux could also reasonably lead to concomi
tant changes in marine organic matter and sulfide, leaving Hg/TOC and 
Hg/TS ratios unchanged. Nevertheless, if terrestrially-derived Hg and 
organic matter fluxes were significant (e.g. Them II et al., 2019) then 
changes in terrigenous sedimentation rate could indeed alter Hg/TOC 
ratios. To investigate this, we assessed the correlation between esti
mated sedimentation rates for each interval of the PETM (onset, body 
and recovery) at each of the 19 sites with the median values of Hg, TOC, 
Hg/TOC and Hg/host phase ratio for those intervals (Fig. S3). Results 
indicate that sedimentation rates do not correlate with Hg, TOC, Hg/ 
TOC or Hg/host phase ratio (Fig. S3). Thus, in this study at least, sedi
mentation rate is unlikely to significantly influence calculated HgEF. 

It is possible that a local excess supply of organic matter may result in 
lowered Hg/TOC ratios, and indeed there is evidence that organic 
matter burial increased dramatically during the PETM, especially in 
marginal seas (e.g., Kaya et al., 2022; Papadomanolaki et al., 2022). 
Nevertheless, among the 19 studied sites, only 2 sites showed a decrease 
in Hg/TOC that could conceivably have been caused by elevated TOC 
content (in the latter part of the CIE body at Fur Island and Dababiya), 
which is unlikely to significantly affect our compiled HgEF median 
curves (Figs. 9C–E). 

6. Conclusions 

We have compiled and analyzed Hg data from globally distributed 
PETM sites, allowing us to determine the spatial and temporal distri
bution of Hg across this event. Our results indicate that Hg enrichments 
(as quantified by HgEF) increased ~30 kyr prior to and within the onset 
of the PETM CIE, particularly at sites within 4000 km of the NAIP. This 
finding supports the view that large-scale NAIP volcanism and/or 
thermogenic degassing from contact metamorphism was active just 
prior to the PETM and plausibly triggered the event. The observed 
decline in HgEF during the CIE body ostensibly suggests waning 
magmatic activity, and this is perhaps supported by the absence of 
tephras around the NAIP area during this interval. However, Hg isotope 
and Os isotope data may indicate ongoing release of volcanic Hg through 
the CIE body. Generally low HgEF values are observed in the CIE re
covery, despite some evidence for renewed volcanism (such as the re- 
appearance of tephra deposits at Fur Island). Taken together, these 
apparent discrepancies likely underline how changing magmatic style 
plays an important role in controlling Hg emission fluxes and dispersion 
distances. 

Although a clear signal of large-scale magmatism is apparent across 
the PETM onset, our work also highlights important caveats that need to 
be considered when using Hg as a proxy for paleo-volcanism, including 
water depth of the depositional site, distance from likely Hg sources, and 
changes in sedimentation rate and/or organic matter burial rates. Our 
analysis suggests that distance from the NAIP likely had a greater impact 
on Hg content than water depth. 
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