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A B S T R A C T

Large igneous province (LIP) eruptions are increasingly considered to have driven mass extinction events
throughout the Phanerozoic; however, uncertainties in radiometric age dating of LIP materials, along with
difficulty in accurate age dating of sedimentary rocks that record the environmental and biological history of our
planet, create inherent uncertainties in any linkage. As such, there is interest in using geochemical proxies to
fingerprint periods of major volcanism in the sedimentary record (termed here LIP marks). The use of sedi-
mentary mercury (Hg) contents has been suggested to be the best tool to accomplish this goal, and recent work is
reviewed here. Studies to-date show that most extinction events, ocean anoxic events, and other environmental
crises through the Phanerozoic have an associated sedimentary Hg anomaly. It remains unclear though if each
Hg anomaly is truly a signature of massive volcanism, or if it is controlled by local or regional processes. As Hg
has a strong affinity to organic matter (OM), normalisation with total organic carbon (TOC) has been used to
assess anomalies. The measurement of TOC has been fraught with error throughout many studies, leaving some
claimed Hg/TOC anomalies questionable. Normalisation by other elements that can affect Hg sequestration, such
as Al and S, are less common but warrant further investigation. Stable isotope systematics of Hg have helped to
further clarify the origin of Hg spikes, and clearly show that not all Hg anomalies are directly related to vol-
canism. Although a promising tool, the Hg proxy requires more refinement to accurately understand the nuances
of an Hg anomaly in the rock record.

1. Introduction

Over the last 250 years, large volcanic eruptions (> 10 km3 magma)
have affected Earth's climate in a similar manner to that of El Niño
events, whereby global climate systems were perturbed over several
years following eruptions (Robock, 2000). Cooling effects have also
been observed in the world's oceans for decades after eruptions
(Gleckler et al., 2006). Large eruptions have even induced crop failures
and mass starvation at various points in human history (Self, 2005). It
stands to reason then, that extremely large eruptions in Earth's history
could have had extreme environmental impacts, beyond comparison to
those observed in recent history. The largest eruptions in the geologic
record (> 100,000 km3 of magma) are known as large igneous province
(LIP) events (Ernst and Youbi, 2017) – eruptions that are four orders of
magnitude greater than any known in human history. Growing evi-
dence has shown temporal linkage between LIP events and the largest
mass extinctions of the Phanerozoic (Bond and Grasby, 2017; Bond and
Wignall, 2014; Courtillot et al., 1999; Courtillot and Renne, 2003; Ernst
and Youbi, 2017; Wignall, 2001), suggesting that these sporadic events

have shaped evolution of life on the planet. There is an underlying
challenge, however, to show a true cause-and-effect relationship be-
tween LIPs and extinctions. While the volcanic rocks themselves can be
dated with increasingly high-precision radiometric isotope systems, age
uncertainties can still be larger than the time frame of extinction events
themselves. The sedimentary rocks that record the extinction events are
even more difficult to accurately date, especially if zircon-bearing ash
beds are lacking. This challenge of linking a LIP to an extinction is well
illustrated by the debate over the role of the Deccan Trap LIP event
during the end-Cretaceous mass extinction (Burgess, 2019; Schoene
et al., 2019; Sprain et al., 2019). Thus, definitive demonstration of a
temporal linkage between environmental crises recorded in the sedi-
mentary record, and LIP events that may be driving them, remains
elusive. As such, there has been strong interest in the development of
chemostratigraphic proxies for volcanic emissions. A proxy that has
received much interest in recent years is the use of mercury (Hg)
anomalies in sediments as a signature for large volcanic eruptions, as
suggested by Sanei et al. (2012).

Volcanoes are a primary source of Hg to the global atmosphere.

https://doi.org/10.1016/j.earscirev.2019.102880
Received 4 March 2019; Received in revised form 16 May 2019; Accepted 10 June 2019

⁎ Corresponding author.
E-mail address: steve.grasby@canada.ca (S.E. Grasby).

Earth-Science Reviews 196 (2019) 102880

Available online 12 June 2019
0012-8252/ Crown Copyright © 2019 Published by Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/00128252
https://www.elsevier.com/locate/earscirev
https://doi.org/10.1016/j.earscirev.2019.102880
https://doi.org/10.1016/j.earscirev.2019.102880
mailto:steve.grasby@canada.ca
https://doi.org/10.1016/j.earscirev.2019.102880
http://crossmark.crossref.org/dialog/?doi=10.1016/j.earscirev.2019.102880&domain=pdf


Estimates of average modern volcanic emission rates vary significantly
though, from 75 to 700Mg/ya (Nriagu and Becker, 2003; Pirrone et al.,
2010; Pyle and Mather, 2003; Selin, 2009). Annually, this represents
~10% of global atmospheric emissions (pre-anthropogenic; e.g.,
Driscoll et al., 2013), including recycling of Hg through various re-
servoirs back to the atmosphere. Modern volcanic emission rates reflect
background conditions that are only exceeded by major eruptions (Pyle
and Mather, 2003). For example, the 1991 Mount Pinatubo eruption led
to a two-fold increase in atmospheric Hg levels recorded in the Austrian
Alps (Ansmann et al., 1997; Slemr and Scheel, 1998). Transient in-
creases in Hg concentrations have also been suggested to record major
volcanic eruptions over the last several hundred to thousands of years,
in ice core records (Schuster et al., 2002), lacustrine sediments (de
Lacerda et al., 2017; Gelety et al., 2007; Ribeiro Guevara et al., 2010;
Roos-Barraclough and Shotyk, 2003), and peat bogs (Roos-Barraclough
et al., 2002). For LIP events, volcanic Hg emission rates would be sig-
nificantly higher than any recent major eruption and occur over much
longer time intervals. For instance, Grasby et al. (2015) estimated that
Hg emissions from the Siberian Traps LIP event (~252 Mya) were as
great as 3800 MT (10,000Mg/a, or a ~14× increase over modern
background). Similarly, Percival et al. (2015) estimated a total of 150
MT of Hg was released from the Karoo–Ferrar LIP, that occurred over
300–500 kyr (equivalent to 500–3000Mg/a). To put this into context,
recent industrial Hg emissions to the environment, that are of roughly
equal proportion to geogenic sources (representing only a 2× increase),
have been the subject of major global concern given the toxicity of Hg
and its persistence in the environment (AMAP, 2011). Thus, not only is
Hg a potential fingerprint for massive volcanism associated with ex-
tinction events, it may also be a contributing factor (Grasby et al.,
2015).

There remain, however, potential issues with the use of sedimentary
Hg as a signature of volcanism. There are other potential Hg sources
that could be released, as well as changes to sequestration pathways
that could occur, in association with climatic feedbacks of a LIP event.
Some studies have employed stable isotope systems of Hg to distinguish
sources of Hg in the geologic record (Gong et al., 2017; Grasby et al.,
2017; Huang et al., 2018; Shen et al., 2019; Sial et al., 2016; Them
et al., 2019; Thibodeau et al., 2016; Wang et al., 2018; Wang et al.,
2019; Yin et al., 2017; Zheng et al., 2018), including those that argue
not all Hg spikes in the rock record are directly sourced from volca-
nogenic outgassing (Grasby et al., 2017; Shen et al., 2019; Them et al.,
2019; Wang et al., 2018; Zheng et al., 2018). It is then clear that spikes
in sedimentary Hg concentrations cannot be simply equated to a defi-
nitive signature of volcanism; less clear is what constitutes an “Hg
spike” in the first place (i.e., what is the normal background Hg and
what exceeds this).

The rapid increase of interest in Hg in the geologic record has
produced a tremendous amount of data over the last decade. This
provides an opportunity to review published data as a whole, and to
assess the usefulness of Hg as a chemostratigraphic tool and proxy for
volcanism, as well as some of the associated pitfalls, which we attempt
here.

2. Hg in the modern environment

In the natural environment, the dominant phase of mercury emitted
from volcanoes is gaseous Hg0 with an atmospheric residence time of
0.5–1 year, but oxidized (HgII) and particulate Hg (HgP) phases are also
released and have residence times on the order of weeks (Bagnato et al.,
2007; Driscoll et al., 2013; Hinkley et al., 1999; Lin and Pehkonen,
1999; Pyle and Mather, 2003; Schroeder and Munthe, 1998; Selin,
2009; Witt et al., 2008). This volcanic-sourced Hg is recycled through
numerous surface reservoirs such that the dominant source to the at-
mosphere, on an annual basis, is evasion from the upper ocean and from
plants/soil/snow. The phases of mercury with short atmospheric re-
sidence times tend to be deposited proximally to emission sources. In

contrast, Hg0 has a long residence time relative to atmospheric mixing,
allowing for efficient global cross-hemispheric distribution. Large vol-
canic eruptions can also generate plumes over 20–40 km high, and thus
can inject ash and aerosols into high-velocity stratospheric winds
(Thordarson et al., 2009), making global distribution of gaseous Hg and
even ash-bound Hg possible (Schuster et al., 2002). For example, ob-
servations of the 1883 Krakatau eruption showed that the resulting
aerosol cloud injected into the stratosphere circled the globe in 2 weeks
(Symons, 1888), and the 1982 El Chichón as well as 1991 Pinatubo
aerosol clouds circled the globe in 3 weeks (Bluth et al., 1992; Robock
and Matson, 1983).

Volcanogenic Hg is deposited through oxidation of the dominant
gaseous form (Hg0) to reactive Hg2+, which is soluble in water and can
be deposited onto land/water through [wet and dry] precipitation. The
less dominant particulate forms of Hg, with shorter residence time, are
more likely to fall out with ash rapidly. On land, Hg may be deposited
onto soil or taken up directly by plant foliage, with Hg concentration of
plant tissue increasing as a function of air concentration (Ericksen et al.,
2003; Fleck et al., 1999; Frescholtz et al., 2003). Mercury is transferred
to oceans through either direct atmospheric deposition (~70%) or
riverine transport of Hg bound to terrestrial materials (~30%) such as
organic matter (OM) or soil/sedimentary particles (Amos et al., 2014;
Holmes et al., 2010). The majority of Hg transported with suspended
riverine particles is deposited in ocean margin sediments, with only
~28% reaching the open ocean (Amos et al., 2014). Mercury is also
emitted directly to the ocean through subaqueous volcanism and mid-
ocean ridge activity (Bagnato et al., 2017; Bowman et al., 2015;
Lamborg et al., 2006). In the case of submarine LIP events, Hg dis-
tribution may be more limited, due to slower ocean mixing times (e.g.
Percival et al., 2018; Scaife et al., 2017).

The Hg cycle (Fig. 1) ultimately ends in long-term (geologic) se-
questration in marine sediment, thought to be typically by adsorption of
Hg onto OM that settles out of the water column (Fitzgerald and
Lamborg, 2014). Amos et al. (2014) suggest in the modern that the
dominant long-term Hg sink is in ocean-margin sediments, consistent
with these settings also having the highest rates of OM burial. The same
authors also suggest that a large and rapid Hg flux to the atmosphere
would be cycled through the atmosphere, terrestrial environments, and
ocean waters, to be largely sequestered by OM to marine sediments
over timescales of centuries, and completely within several millennia.
The Amos et al. (2014) modeling results support the hypothesis that Hg
released during a LIP event could ultimately lead to an Hg spike in the
sedimentary record. Modern studies of anthropogenic Hg release also
support that sediments can faithfully record transient (multi decadal)
increased Hg flux to the environment in both oxic and anoxic settings,
but not always (Gobeil and Cossa, 1993; Goodsite et al., 2013; Lockhart
et al., 2000). Studies of modern systems have also shown that Hg is
quite immobile and exhibits stable sediment profiles once deposited
(Feyte et al., 2012; Outridge and Wang, 2015; Percival and Outridge,
2013) over at least the decadal times scales possible to study, and ex-
cepting some marine settings with extremely low sedimentation rates
(Gobeil et al., 1999).

Beyond volcanoes, there are other potential mechanisms to create
Hg spikes in sedimentary records. These include wood combustion
during massive wildfires (e.g., as suggested to have occurred during the
Latest Permian Extinction (Shen et al., 2011)) that may create terrest-
rially sourced Hg spikes localised in nearshore marine environments
(Grasby et al., 2017; Them et al., 2019; Wang et al., 2018). Such spikes
are consistent with models for increased fire frequency related to cli-
mate warming that suggest global Hg flux from forest fires could
be>600Mg/a (Kumar et al., 2018). These Hg fluxes, however, are
within the range of background volcanic emissions, far less than Hg
fluxes thought to be associated with a LIP event. If magma intruded into
sedimentary basins and induced combustion of coal and other organics
(e.g. Grasby et al., 2011; Ogden and Sleep, 2012; Reichow et al., 2009;
Saunders and Reichow, 2009), then this could also provide additional
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sources of Hg to the environment. Although, like wildfires, the Hg flux
from coal combustion would be orders of magnitude less than the Hg
associated with volcanic emissions themselves (Sanei et al., 2012).
Furthermore, some studies have suggested little volatile materials are
released to the atmosphere during the subsurface intrusion of igneous
rocks into coals (e.g. Gröcke et al., 2009; Yoksoulian et al., 2016).
Permafrost has also been shown to store significant amounts of Hg
(Schuster et al., 2018) that could be destabilised during global warming
related to LIP-associated CO2 emissions, potentially providing another
significant source of Hg to the environment. Permafrost melting, how-
ever, is a self-limiting endothermic reaction, such that melt and release
of Hg would occur over several hundred ka (Majorowicz et al., 2014;
Majorowicz et al., 2012a; Majorowicz et al., 2012b). As such, perma-
frost melting should not represent a significant increase in Hg loading
rates on short timescales, but rather may lead to an increased Hg flux
over 10–100 s of ka. Additional increased Hg fluxes, as indirect con-
sequences of a LIP event, could also include continental denudation of
soil cover (Sephton et al., 2005; Them et al., 2017), or those related to
changes in glacial cover (de Lacerda et al., 2017). For all these alter-
native Hg sources, once released they would move through the Hg cycle
in similar ways that result in long-term marine sequestration. Key here
then are the three main mechanisms that can contribute Hg to marine
reservoirs: 1) dispersed atmospheric deposition (Sanei et al., 2012), 2)
focused terrestrial influx from river systems that may locally over-
whelm any signature of atmospheric-sourced Hg in nearshore areas
(Grasby et al., 2017; Them et al., 2019; Wang et al., 2018), and 3) Hg

released from submarine volcanics that would have limited mixing
(Percival et al., 2018). The rock record appears to support such multiple
Hg sources as distal marine sediments appear dominated by atmo-
spheric deposition of Hg, which is a function of increased loading rates
of Hg to the atmosphere; whereas nearshore sediments appear to be
dominated by Hg released from the disruption of terrestrial environ-
ments (i.e., weathering, wildfires, and erosion (e.g., Grasby et al., 2017;
Them et al., 2019)).

3. Hg in the geologic record

The study by Hildebrand and Boynton (1989) was one of the earliest
examinations of Hg across an extinction event, whereby they report an
Hg anomaly at the KPg boundary and suggest potential association with
increased acid rain and leaching of metals related to a bolide impact.
Similarly, an Hg anomaly was also observed at the KPg boundary by
(Palinkaš et al., 1996). Nascimento-Silva et al. (2011) further studied
the Hg record at the KPg boundary and suggested that, rather than a
signature of bolide impact, it could instead be associated with volcanic
emissions of the Deccan Traps. The paper of Sanei et al. (2012) ex-
amined Hg anomalies at the Latest Permian Extinction event (LPE), the
most severe mass extinction in Earth history. They demonstrated a
significant spike in both absolute mercury concentrations and the ratio
of mercury to total organic carbon content (Hg/TOC) associated with
the LPE. These authors argued that the observed Hg spike at the LPE
was derived from the Siberian Traps LIP, one of the volumetrically

Fig. 1. (A) Schematic diagram illustrating Hg cycle under normal coditions, including estimates of inventories (white text) and fluxes (black text) between reservoirs,
after Schuster et al. (2018) and Selin (2009). (B) Illustration of disruptions to the normal global Hg cycle under influence of a LIP event (red text). (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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largest volcanic eruptions in Earth history – and thus provided the first
direct linkage between the extinction and the putative eruptions. They
also suggested that Hg should be used to test evidence for temporal
linkage of LIP events associated with other mass extinctions in the rock
record. Various research groups have taken up this challenge, having
since examined most of the mass extinction boundaries in the Phaner-
ozoic record including the Late Ordovician (Gong et al., 2017; Jones
et al., 2017), Frasnian-Famennian (Racki et al., 2018), Capitanian
(Grasby et al., 2015; Huang et al., 2018), Late Permian (Grasby et al.,
2015; Grasby et al., 2013b; Grasby et al., 2017; Sanei et al., 2012),
Smithian-Spathian (Grasby et al., 2015; Grasby et al., 2013b), Late
Triassic (Percival et al., 2017; Thibodeau et al., 2016), and End Cre-
taceous (Font et al., 2016; Keller et al., 2018; Sial et al., 2019; Sial et al.,
2016; Sial et al., 2014; Sial et al., 2013), as well as several ocean anoxic
events (OAEs) (Charbonnier and Föllmi, 2017; Charbonnier et al., 2017;
Fantasia et al., 2018; Percival et al., 2015; Sabatino et al., 2018; Scaife
et al., 2017; Them et al., 2019), the end of Snowball Earth conditions
(Sial et al., 2010), the Cambrian SPICE event (Pruss et al., 2019), the
Hangenberg Event (Paschall et al., 2019), as well as the Palaeoce-
ne–Eocene Thermal Maximum (PETM; Jones et al., 2019; Keller et al.,
2018). These studies have the remarkable finding that all of the major
mass extinction events in the Phanerozoic (the big 5 or big 6 depending
on your viewpoint – see Bond and Grasby (2017)) have associated Hg
anomalies that have been linked by various authors to LIP activity, as
well as several ocean anoxia events and other 2nd order-extinctions and
climatic perturbations (Fig. 2, Table 1). In addition, it has been sug-
gested that volcanoes do not all result in negative consequences for life
and the environment, whereby the Great Ordovician Biodiversification
Event (GOBE), which is also marked by an Hg anomaly, is suggested to
have been driven by enhanced volcanic loading of bioessential nutrients
into marine systems (Liu et al., 2019).

4. Mercury anomalies

Since 2012, over 4500 Hg analyses in the rock record have been
published across various major extinction boundaries in the
Phanerozoic record (see Table 1 for reference list). As most studies have
focused on anomalous intervals of Earth history when the planet ex-
perienced mass extinctions and LIP events, there is a potential data bias
as the range of Hg values under background conditions are not as well-
studied. This raises the question if observed Hg spikes are truly
anomalous, or occur elsewhere in the sedimentary record (i.e. between
mass extinctions). Grasby et al. (2016) did demonstrate that constant
background Hg levels occur over at least a 12Ma-long Hg record (from
the Late Permian to the Middle Triassic), exceeded only during periods
of LIP eruptions. A multi-million-year Hg record reported by Them et al.
(2019) also shows background Hg and Hg/TOC values similar in
magnitude to the Early Jurassic Toarcian OAE. The reported Hg values
from all of these previous studies show a log normal distribution, ran-
ging from lower detection limits for Hg (~ 0.16 μg/Kg) to the highest
reported Hg value of 9540 μg/Kg, as shown by the histogram in Fig. 3.
Metalliferous black shales have been reported with extremely high Hg
values, up to 20,700 μg/Kg (Yin et al., 2017); these shales, however, are
thought to represent an unusual environment of hydrogenous metal
enrichment and do not reflect Hg sequestration under typical marine
conditions. Similarly, Jones et al. (2019) reported Hg values of
90,100 μg/Kg that they suggest may be related to localised hydro-
thermal vent complexes at the PETM. The extremely high Hg values
from these two studies are considered localised outliers and are not
considered further in this review.

For published studies, the mean of all reported Hg concentration in
sedimentary rocks (dominantly shales) is 62.4 μg/kg, slightly higher
than the 50 μg/kg average value for the upper continental crust
(Rudnick and Gao, 2014). Previous compilations, based on more lim-
ited data, indicate that sedimentary rocks have a range of Hg values
30–50 μg/kg (Fleischer, 1970), which are similar to the mean value

reported here. Approximately half of the reported Hg values have a
clear indication of lithology, and of these ~26% are limestone. The
mean Hg concentration for limestone is 34.3 μg/kg, suggesting that
there may also be lithological controls on Hg concentrations (c.f. Them
et al., 2019).

It is instructive to examine Hg spikes, or peak mercury concentra-
tions above local background, for various extinction events as plotted in
Fig. 2 and listed in Table 1 relative to the data mean from all studies
examined here. Reported “Hg spikes” range from 34.7 μg/kg at the
Cambrian SPICE event to 9539 μg/Kg at the Ordovician/Silurian
boundary (Gong et al., 2017). At the low end, the Hg spikes fall well
below the mean average Hg concentrations and therefore must be
questioned as to whether they truly constitute Hg spikes. At the high
end, Hg spikes have been suggested to be related to sulphide draw-
down, rather than increased Hg loading (Shen et al., 2019), requiring
further research to refine. Some extinction boundaries subject to mul-
tiple studies also show a range of peak Hg values (Table 1). For in-
stance, studies of Hg spikes at the K/Pg show a high degree of varia-
bility, ranging from 46.6 to 576 μg/kg. This variability in peak Hg
values may reflect many different processes, such as range of atmo-
spheric transport of Hg from the LIP source, areas of higher primary
productivity having greater Hg drawdown, disturbance of local Hg

Fig. 2. Reported Hg concentrations at key extinction boundaries and oceanic
anoxic events through geologic time. The verticle dashed line represents the
mean Hg value of all reproted data. PETM=Palaeocene–Eocene Thermal
Maximum, Cret= Cretaceous, Pal= Paleogene, OAE=Ocean Anoxic Event,
Trias=Triassic, Jur= Jurassic, Perm=Permian, Fran=Frasnian,
Fam=Famennian, Ord=Ordovician, Sil = Silurian, GOBE=Great
Ordovician Biodiversification Event, SPICE= Steptoean Positive Carbon
Isotope Excursion.
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reservoirs as a side effect of a LIP event, subareal versus submarine
eruptions, or lithologic changes across an extinction boundary (e.g.
Percival et al., 2018). Furthermore, as many time intervals studied are
associated with local and global redox changes, increased anoxia may
play a role in the variability of Hg records through enhanced Hg se-
questration (e.g. Sanei et al., 2012; Grasby et al., 2016; Them et al.,
2019; Shen et al., 2019).

It is worthwhile to also compare data from the geologic record with
Hg data from Pleistocene sediments from the Mediterranean Sea, where

Gehrke et al. (2009) show Hg contents of the same order of magnitude
(50.9–488 μg/kg) as many ancient sedimentary Hg enrichments linked
to massive volcanism. The Hg enrichments in the Mediterranean are
suggested by Gehrke et al. (2009) to be all driven by local redox
changes and enhanced primary productivity. While one of their Hg
spikes does not survive normalisation by TOC, the larger one remains. It
remains unclear though if these anomalies are truly related to local
redox change, or perhaps provide an Hg record of local volcanism in the
Mediterranean (there are 58 recorded volcanic events in the Medi-
terranean during the Pleistocene (Global Volcanism Program, 2013)).
In either case, the Mediterranean record demonstrates that large loca-
lised Hg anomalies are possible and are potentially non-unique in the
geological record. In general, the data analysis we show here indicates
that Hg abundance alone needs to be carefully examined relative to
average values in sedimentary rock, and ideally from several locations,
to assess if they truly represent anomalous values to warrant the term
“mercury spike”.

5. Mercury normalisation

A key challenge in study of Hg anomalies is to assess if increased Hg
concentrations are simply related to increased sequestration, rather
than increased Hg loading (Sanei et al., 2012). Changes in local bio-
productivity, and/or OM flux to a water body, may strongly influence
rates of Hg extraction, and consequently Hg concentrations in the un-
derlying sediments. This is observed in modern sediments as a strong

Table 1
Summary of studies of mercury (Hg) at extinction boundaries and ocean anoxic events (OAEs) through the Phanerozoic showing maximum (peak) reported Hg
concentrations and Hg/TOC ratios (TOC= total organic carbon).

Age Age Ma Event LIP event Peak Hg ppb Peak Hg/
TOC

Max Hg/TOC
TOC > 0.2%

Source

Palaeocene-Eocene 55 PETM North Atlantic Igneous
Province

315 1289 1091 Keller et al. (2018)
90,100 95,676 95,676 Jones et al. (2019)a

262 375 324 Jones et al. (2019)
End Cretaceous 66 KPg Deccan 257 3131 300 Sial et al. (2016)

47 960 1.42 Font et al. (2016)
415 n/a n/a Sial et al. (2013)
576 2590 694 Keller et al. (2018)

Cenomanian-Turonian 93 OAE2 HALIP and others 728 96.5 96.5 Scaife et al. (2017)
Aptian-Albian 120 OAE1b Southern Kerguelen Plateau 433 3357 1204 Sabatino et al. (2018)
Aptian 121 OAE1a Greater Ontong Java ~20 ~175 ? Charbonnier and Föllmi

(2017)
Valanginian 132 Weissert Event Parana-Etendeka 71 1115 201 Charbonnier et al. (2017)
Upper Jurassic 183 Toarcian OAE Karoo-Ferrar 838 2590 2590 Percival et al. (2015)

319 174 174 Them et al. (2019)
61.6 234 145 Fantasia et al. (2018)

Late Triassic 201.3 End Triassic CAMP 108 588 410 Thibodeau et al. (2016)
555 8850 741 Percival et al. (2017)

Early Triassic Late Smithian Event Siberian Traps? 65 184 184 Grasby et al. (2016)
116 150 150 Grasby et al. (2013b)

Late Permian 252 LPE Siberian Traps 641 1893 1893 Grasby et al. (2017)
134 275 275 Grasby et al. (2016)
641 1526 1526 Sanei et al. (2012)
396 926 255 Wang et al. (2018)
199 442 442 Wang et al. (2019)

Middle Permian 262 Captitanian Emeishan flood basalts 48 113 113 Grasby et al. (2016)
26.6 64.1 64.1 Huang et al. (2018)

Devonian-Carboniferous 359 Hangenberg ? 1090 1557 1557 Paschall et al. (2019)
Devonian 376 Frasnian-Famennian Center Hill 2517 7102 2044 Racki et al. (2018)
Late Ordovician 443.7 Hirnantian ? 406 342.5 342.5 Gong et al. (2017)

444.7 ? 9539 57,785 626 Jones et al. (2017)
Middle Ordovician 460 GOBD ? 338 139 139 Liu et al. (2019)
Cambrian 500 SPICE ? 35 1577 – Pruss et al. (2019)

The maximum Hg/TOC ratio is also given for only samples with reported TOC>0.2 wt%, unless TOC data are not available and then it is listed as n/a. For Pruss et al.
(2019) all TOC data are< 0.2 wt% so there are no reported results. The large igneous province (LIP) event thought to be associated with the Hg anomaly is also
provided, except for those that do not yet have a clear assocaition (marked by '?'). Note for the Aptian there is no raw data published so values are approximated from
the figures.

a For the Jones et al. (2019) study extraordinarily high Hg values are reported for the Grane section that are interpreted as a local volcanic source. These values are
separated from the other PETM sections they report.

Fig. 3. Histogram showing distribution characteristics of observed mercury
values from all previous studies considered here (see Table 1 for references).
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linear correlation between Hg and total OM (Benoit et al., 2001; Gehrke
et al., 2009; Outridge et al., 2007; Sanei et al., 2014; Stern et al., 2009),
consistent with laboratory studies showing fixed equilibrium constants
for Hg binding to OM (Lamborg et al., 2016). Similar observations have
been made for the 12Ma record of (Grasby et al., 2016), suggesting that
under background conditions OM is the dominant control on Hg se-
questration over geologic time scales. There are other Hg sequestration
pathways to also consider. Since they became abundant in the Cretac-
eous, diatoms may have played a role in Hg sequestration (Zaferani
et al., 2018). Mercury can also be extracted from water bodies through
adsorption onto clay minerals (Krupp, 1988), leading to a potential
relationship between Hg and Al (Sanei et al., 2012; Sial et al., 2016; Sial
et al., 2013). While adsorption of Hg onto OM is thought to limit the
formation of insoluble Hg sulfide complexes under normal marine
conditions (Lindberg et al., 1975; Ravichandran, 2004), Hg-sulphides
can form in anoxic environments (Bower et al., 2008; Han et al., 2014).
Euxinic conditions could cause local Hg drawdown due to increased
localised pyrite burial (Benoit et al., 2001; Sanei et al., 2012; Shen
et al., 2019; Them et al., 2019). As well, under oxic conditions Hg can
be bound by Fe-oxides in addition to OM (e.g. Kim et al., 2004;
Mangold et al., 2014). As such, it becomes critical to examine records of
Hg spikes in context of normalised values to OM (as total organic
carbon, or TOC), as well as with Al and total sulphur (TS) to help refine
our understanding of the principal Hg phases within the sediments, and
help to resolve whether Hg anomalies were related to increased at-
mospheric Hg deposition, or instead other environmental changes in
terrestrial and/or marine environments. To date, most studies have
restricted analyses to either Hg records alone, or Hg normalised to TOC.

To avoid potential misinterpretation of Hg anomalies associated
only with increased OM burial, both absolute Hg concentrations along
with Hg normalised to TOC content of the sediment should be examined
(Grasby et al., 2013b; Sanei et al., 2012). While this has become fairly
standard practice in the literature, not all studies examine both. If only
the Hg/TOC value is examined, then a drop in TOC could create an
apparent anomaly even if Hg contents did not change. An even larger
issue is that when TOC is used to normalise Hg, any measurement error
in the denominator (TOC) is magnified in the resultant ratio. Under-
estimation of TOC will create an artificially high Hg/TOC value. Such
potential errors will be magnified as measured TOC levels reach the
lower detection limits of the methods used for analyses. Grasby et al.
(2013b) suggest that to avoid potential errors related to error in TOC,
Hg/TOC values should not be calculated for< 0.2 wt% TOC. Numerous
authors, however, have used very low TOC values to assess Hg/TOC
anomalies that could lead to spurious results (discussed below). Of
the>4500 reported samples examined here, ~ 84% include TOC
analyses, 24% of which are< 0.2 wt% and include extraordinarily low
values reported, down to 0.003 wt% TOC (Pruss et al., 2019). Given the
use (and abuse) of Hg/TOC values in the recent literature, we review
the methods for determining TOC and various errors associated with
them prior to examining Hg in the geologic record.

5.1. Total organic carbon (TOC)

Total organic carbon consists of three fractions: (1) extractable OM;
(2) pyrolysable carbon (PC); and (3) residual carbon (RC). The ex-
tractable OM is composed of the carbon contained in generated hy-
drocarbon (free oil and gas) in the rock. This fraction is generally a
small fraction of TOC. The PC and RC are both part of kerogen and
represent labile and inert fractions of OM, respectively (Jarvie, 1991).
There are several analytical methods to determine TOC in sedimentary
rocks. Among them, loss on ignition (LOI), LECO Carbon Analyzer, and
open-system programmed pyrolysis (Rock-Eval and HAWK TOC ana-
lyzer) are the most commonly used in geological studies. LOI and LECO
methods are based on OM combustion and provide just the TOC con-
tent, while pyrolysis methods provide the proportion of the different
TOC constituents in the sample (Behar et al., 2001; Lafargue et al.,

1998).
Sequential LOI (Dean, 1974; Heiri et al., 2001) is based on weight

loss after combustion oxidation of OM. Before combustion, samples are
oven-dried and the mass is recorded. OM is then combusted to ash and
carbon dioxide, typically between 500 and 550 °C, and then the LOI is
calculated based on:

= ×LOI ((DW –DW )/DW ) 100550 105 550 105 (1)

where LOI550 represent %LOI, DW105 represent the sample dry mass
before combustion and DW550 the dry mass after heating the sample to
550 °C. The mass loss should then be proportional to the amount of
organic carbon contained in the sample. Accuracy of LOI measurements
can be affected by: (1) incomplete combustion of residual carbon at
temperatures< 550 °C; (2) dehydration of clay minerals and metal
oxides; (3) decomposition of siderite, magnesite or rhodochrosite at
temperatures< 500 °C; and (4) sample exposure time and location in
the muffle furnace (Bisutti et al., 2004; Heiri et al., 2001). All of these
can lead to overestimation of TOC, particularly at low levels of OM in
rocks.

For LECO analyses, samples are first treated with hydrochloric (HCl)
or phosphoric acid to remove any carbonates. The rinsed and dried
sample is then combusted in an oxygen atmosphere at ~1100 °C, gen-
erating CO2 from conversion of carbon that is measured by an infrared
(IR) cell. The mass is converted to percent carbon using sample dry
weight. The acid treatment step in this analysis can be a source of error
as part of the OM can be hydrolyzed and released to the aqueous phase,
as well as floating OM washed out through decarbonation, especially
for coal samples (Behar et al., 2001), leading to underestimation of
TOC.

Detailed pyrolysis-based TOC analyses are discussed in Lafargue
et al. (1998) and Behar et al. (2001). Briefly, a sample is thermally
decomposed sequentially in a pyrolysis and oxidation oven to obtain
TOC and mineral carbon (MinC), respectively. Hydrocarbons and both
carbon dioxide (CO2) and carbon monoxide (CO) are simultaneously
detected via a flame ionization detector (FID for hydrocarbons) and
infrared cells (IR cells for CO2 and CO). In the pyrolysis stage, the
sample is introduced into a pyrolysis oven under nitrogen atmosphere
and held at 300 °C for 3min resulting in desorption of free hydro-
carbons (referred to as the S1 peak, in mg HC/g Rock). Temperature is
then increased at a rate of 25 °C per min up to 650 °C, leading to the
thermal cracking of kerogen and subsequent release of hydrocarbons
(S2 peak, mg HC/g Rock), organic carbon-sourced CO2 (S3 peak, mg
CO2/g Rock), and a portion of mineral-sourced carbon (S3′ peak, mg
CO2/g Rock). Following completion of pyrolysis, samples are moved to
an oxidation oven where temperature is increased from 300 °C to 850 °C
at a rate of 20 °C per min. This phase oxidizes any residual organic
carbon (S4CO2, mg CO2/g Rock; S4CO, mg CO/g Rock) and the re-
mainder of mineral-sourced carbon (S5, mg CO2/g Rock). The TOC of
the samples is represented as the sum of pyrolysable carbon (PC) and
residual carbon (RC).

The comparison of TOC values measured by Rock-Eval 6 and LECO
(Behar et al., 2001) showed a significant correlation (R2= 0.988) at
high TOC, but displayed more scattered data for< 15wt% samples.
This is expected given issues associated with acid treatment in the LECO
method (Behar et al., 2001). In general, pyrolysis-based TOC analysis
methods are considered to provide the most accurate estimation of TOC
in addition to having the benefit of quantifying different fractions of
TOC. Caution is needed still where authors do not report the specifics of
the pyrolysis instruments, as TOC results are only considered accurate
for later model equipment (Rock-Eval6 and HAWK (Carvajal-Ortiz and
Gentzis, 2015)).

One inherent problem with use of pyrolysis techniques, however, is
that the analytical equipment was developed mainly for the petroleum
industry, and as such has a focus on calibration over a range of higher
TOC values of interest for petroleum source rock or coal assessment
(> 1wt% TOC). It often becomes difficult to find any clear statement of
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the lower detection limit of the technique, although 0.2 wt% is a
common reported lower limit for pyrolysis. Despite this, instruments
(and authors) still report data at much lower values.

To assess accuracy of pyrolysis techniques, we examined the his-
torical records of measured results for TOC standards from the
Geological Survey of Canada (GSC). The GSC has routinely measured
TOC of an in-house standard for the purpose of QA/QC of the Rock-Eval
6 procedure. A finely powdered (< 212 μm) Cretaceous Second White
Speckled shale sample, with a 5.1 wt% TOC content, is analyzed at both
the beginning and end of every batch of samples as well as between
every 6 and 10 samples within the batch, to ensure the consistency of
the data generated over time. From this,> 12,500 analyses over
20 years were accumulated and allows us to derive possible measure-
ment error. Figs. 4A, B are the time series and histogram of these TOC
measurements. Large deviations represent obvious equipment errors
and are removed from analyses. The mean and two standard deviation
of the remaining measurements are 5.06% and 0.164, respectively.
Standard deviation is used to express confidence level of the measure-
ment. For a normal distribution, a 95% confidence level covers mea-
surement range from mean plus 2 to mean minus 2 standard deviations,
which means that with 95% probability the variation of a measurement
can be within a range of 2 standard deviations from the mean in the
either side. If a measured value of TOC is close to a 2-standard error, the
measured value may not be trustworthy. The 2-standard deviation of
TOC from historical measurements of standards is 0.17%, which is
consistent with reported 2-standard error of 0.2 for their laboratory
source rock standards (55,000 and 64,190) of Behar et al. (2001),
supporting the argument of any TOC measurement below 0.2 wt%
being unreliable. The robustness of TOC measurements< 0.5 wt% can
further complicate Hg/TOC analyses, as an error of 0.17% can result in
large relative errors when Hg is normalised to TOC.

5.2. TOC normalisation

There are over 3400 TOC values reported as part of Hg studies.
These TOC data are plotted in Fig. 5, showing a bimodal lognormal
distribution. The reported TOC values range from 0.003 to 26.7% and
have a mean value of 2.05%. As discussed, the extremely low TOC
values (< 0.2 wt%) are likely unreliable for even the most accurate
methods of TOC determination, and caution should be applied when
interpreting any records with TOC less than ~0.5 wt%. When ex-
amining all published TOC data though, only 2500 TOC values (~75%
of the data) are> 0.2 wt%, suggesting that up to 25% of reported Hg/
TOC values in the literature are potentially spurious. Furthermore, 44%
of the data have TOC < 0.5%, which may also cause spurious Hg/TOC
anomalies due to measurements errors. At the other extreme, very high
TOC levels represent extraordinarily high OM content of the sediment
and are instead probably influenced by local variations in biopro-
ductivity and/or preservation of organic carbon.

To examine Hg/TOC values, we plotted all reported data in Fig. 6.
These data show a range from 0.55 to 57,800 μg/kg/wt%, with a mean

value of 144 μg/kg/wt%. The same Hg/TOC data are plotted in Fig. 7 as
a function of geologic time, showing reported Hg/TOC anomalies re-
lative to the main extinction events as well as OAEs throughout the
Phanerozoic. Similar to the Hg concentrations alone, most extinction
events and OAEs show large Hg/TOC spikes. That being said, some
events, like Cretaceous OAE2, do not have anomalous Hg/TOC values
relative to the data mean.

To further illustrate the pitfalls of using spurious TOC values to
calculate Hg/TOC, we illustrate the Early Triassic record of the
Festningen section. In the study of (Grasby et al., 2016), only Hg/TOC
values for TOC > 0.2 wt% were reported and plotted. We show in
Fig. 8 these original data along with all Hg/TOC values for samples with
TOC < 0.2 wt%. This Figure illustrates that large and spurious Hg/
TOC anomalies appear that are driven by TOC values that are below
0.2 wt%. Again, this demonstrates the necessity to avoid using samples
with TOC contents below analytical precision of instruments to

Fig. 4. (A) Time series of measured TOC values. The
higher variability early in the record reflects the in-
itial user learning period, and sporadic large devia-
tions through time reflect instrument malfunctions.
(B) Histogram of measured TOC values measured as
part of standard QA/QC procedures, showing the
normal data distribution for 12,542 measurements of
the in-house standard.

Fig. 5. Histogram showing distribution characteristics of observed TOC values
from all previous studies considered here (see Table 1 for references).

Fig. 6. Histogram showing distribution characteristics of observed Hg/TOC
values for all reported TOC values from previous studies considered here (see
Table 1 for references).
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calculate Hg/TOC values.
The effect of using inappropriately low TOC values (< 0.2 wt%) to

calculate Hg/TOC anomalies can also be observed in a cross plot.
Fig. 9A illustrates that the highest reported Hg/TOC values in the lit-
erature are restricted to samples with low TOC contents. Fig. 9A also
shows that for TOC contents> 2.0 wt%, Hg/TOC values tend to
be< 100 (with one exception). These observations suggest that it could
be the very low TOC, rather than high Hg, that is responsible for the
largest reported Hg/TOC anomalies in the rock record. This can be
observed more clearly in Fig. 9B that illustrates only data for TOC va-
lues< 2.0 wt%, so as to expand the lower range of the plot shown in
Fig. 9A. The data for< 0.2 wt% TOC is shown in the grey box, illus-
trating that the highest reported Hg/TOC values are restricted to TOC
measurements below the lower detection limits of TOC analyses, and
thus are most likely spurious and the results cannot therefore be in-
terpreted with any confidence. The mean Hg/TOC value for data>
0.2 wt% TOC is 71.9 μg/kg/wt%, which is ~ 50% of the mean Hg/TOC
value for all reported data. If we accept that Hg/TOC values calculated
for TOC contents above the 0.2 wt% TOC cut-off as accurate, then the
highest reasonable Hg/TOC value reported is 2590 μg/kg/wt%. Fig. 9B
also shows that for a portion of the data (those with the highest Hg/
TOC values), there is trend of decreasing Hg/TOC with increasing TOC
values. Between 1 and 2% TOC, there are no Hg/TOC values> 1000
μg/kg/wt%, and 97% of the data are< 100 μg/kg/wt%. For TOC va-
lues< 1%, only 9 samples have Hg/TOC>1000 μg/kg/wt%, and all of
these are associated with TOC < 0.5 wt%. Below 1wt% TOC, Hg/TOC

values> 100 μg/kg/wt% are more common, 398 in total (15% of the
data), but even these values tend to be restricted to TOC < 0.5 wt%
(88% of samples). It becomes difficult to determine though if this
lowering of peak Hg/TOC values with increasing TOC represents an
analytical artifact, or instead is reflective of natural processes. For in-
stance, it could be possible the increased Hg loading into environments
with lower bioproductivity could obtain, on average, higher Hg/TOC
values.

To remove spurious data, Fig. 10 illustrates the same reported Hg/
TOC values throughout the Phanerozoic as in Fig. 7, but after samples
with TOC<0.2 wt% are removed. Hg/TOC anomalies are still ob-
served in most studies; for many, however, the maximum Hg/TOC
anomaly (after excluding data associated with low TOC values) can be
up to an order of magnitude lower than that reported by various au-
thors (Table 1). The SPICE event is removed entirely as all TOC data
from that study (Pruss et al., 2019) are well below analytical certainty.
This is not to say that a mercury anomaly does not exist in these studies,
but instead that the maximum values reported could greatly exaggerate
the true scale of the anomaly due to inappropriate use of TOC data.
These results require careful consideration of whether it is high Hg, or
low TOC, that creates an apparent anomaly in the Hg/TOC value. Based
on the mean Hg/TOC value for TOC>0.2 wt%, we suggest that
71.9 μg/kg/wt% be considered an average value, above which may be
considered anomalous.

6. Controls on Hg sequestration

Sanei et al. (2012) discussed potential mechanisms for Hg seques-
tration over geologic time. They argue that under background marine
conditions that OM sequestration is sufficient to mitigate background
Hg loading to the oceans. The implication here is that background Hg

Fig. 7. Plot of Hg/TOC values for all reported TOC values. Vertical dashed line
represents the mean value for all data. Abbreviations are defined in Fig. 2.

Fig. 8. Plot of data from Grasby et al. (2016) showing difference in results for
Hg/TOC values calculated for only TOC > 0.2% (black dots) and with TOC
values lower that analytical resolution (white squares). Numerous large Hg/
TOC excursions are produced by spuriously high Hg/TOC values created by
errors in TOC measurement at low concentrations. The vertical dashed line
reflects background Hg/TOC values. The horizontal orange line is the Latest
Permian Extinction boundary. Fm=Formation, KS=Kapp Starostin Forma-
tion.
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emissions are balanced by OM drawdown, preventing any long-term
build-up of Hg in the marine reservoir. The study of Grasby et al.
(2013b) suggested that OM drawdown of Hg could be defined by a
power law relationship:

=Hg 48. 5TOC0.89 (2)

implying that the marine Hg pool can even be depleted as primary
productivity increased, which is consistent with the results of (Gehrke
et al., 2009). Extreme Hg loading associated with a LIP event could
overwhelm this normal Hg sequestration system (Sanei et al., 2012) as
there appears to be a limit on OM drawdown capacity, as suggested by
Lamborg et al. (2016). Without additional mechanism to draw down
excess Hg released by LIPs there is potential for development of toxic
ocean conditions (Grasby et al., 2015). Development of more expansive
oxygen minimum zones as a feedback to LIP CO2 emissions has been
argued to drive the more efficient Hg-sulphide drawdown system
(Grasby et al., 2013b; Sanei et al., 2012), mitigating excess Hg in the
environment. The large anomalies in Hg concentrations observed at LIP
events, with associated peaks in Hg/TOC, are thus thought to reflect
increased Hg-sulphide deposition. Whilst most Hg studies do not in-
clude sulphur data or paired redox data, we examined the relationship
for total sulphur (TS) and Hg in the shale-dominated sequence of the
Late Permian through Middle Triassic presented by Grasby et al.
(2013a); Grasby et al. (2013b). We show the combined data from these
two previous studies in Fig. 11, illustrating that there is no obvious
relationship between Hg and TS at low values of TS at these sites.
Anomalously high Hg values (greater than the mean average for all
data), however, are restricted to TS > 1wt%.

We analyzed controls on Hg drawdown further by plotting all
available Hg and TOC data through the Phanerozoic in Fig. 12A. The
logarithmically transformed Hg and TOC concentrations have an
overall linear correlation, with a correlation coefficient of 0.63. This
relatively strong correlation is again consistent with OM drawdown
being a dominant mechanism for Hg sequestration over geologic time.

Fig. 9. (A) Plot of all data where TOC is available (~3200 analyses) for Hg/TOC values against reported TOC. (B) Detailed plot of same data as in (A) but showing
only data<2% TOC.

Fig. 10. Plot of Hg/TOC values for samples with TOC > 0.2%. Vertical dashed
line represents the mean value for all data with TOC > 0.2%. All data from
Pruss et al. (2019) for the SPICE interval are removed as there are no TOC
values> 0.2%. Abbreviations are defined in Fig. 2.

Fig. 11. Plot of Hg vs TS for data from the Sverdrup Basins Late Permian to
Early Triassic record.
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The entire dataset in Fig. 12A, in Hg-TOC space, can be compared to the
ellipsis derived from Grasby et al. (2013b) labeled A through C), that
represent different proposed modes of Hg sequestration. Most data fall
within Zone A, and are low in both TOC and Hg, reflecting OM-medi-
ated Hg drawdown under normal marine conditions and background
Hg emissions. Data in Zone B are high in TOC (>~1.5 wt%) and have
variable Hg, reflecting high primary productivity environments where
OM drawdown begins to limit marine Hg levels. Data in Zone C are low
in TOC (0.2 wt% < TOC < 2wt%) and high in Hg (> 100mg/kg),
reflecting excess Hg drawdown in systems with high rates of pyrite
burial. Data points in Zone D (Fig. 12A) are samples with TOC below
the 0.2 wt% detection limitation, and are therefore unreliable.

Fig. 12B removes all data points with TOC < 0.2 wt%. Here, based
on the remaining data, in additional to the power law function of TOC
by Grasby et al. (2013b) in Eq. (2), we propose a similar power law
equation to separate the bulk of data in Zones A & B from Zone C, and
describe the maximum capacity of mercury sorption by TOC (line of
maximum OM drawdown in Fig. 12B). The relationship can be written
as:

=Hg TOC150 0.83 (3)

Data points in Fig. 12B that fall below the maximum normal
drawdown line defined in Eq. (3) would represent settings where Hg
concentration is below the maximum sorption capacity of OM. During a
LIP event, when Hg loading rates can exceed the capacity of this normal
OM drawdown system (zone C of Fig. 12B), a similar power law re-
lationship between the maximum mercury concentration and TOC is
proposed to represent the maximum capacity of a joint drawdown by
TOC and sulphide (LIP drawdown line of Fig. 12B) as below:

=Hg TOC750 0.83 (4)

From the similarity of the two equations, two inferences can be
made: a) the two parallel equations may indicate that sulphide and TOC
are closely correlated; b) sulphide-Hg drawdown is more efficient way
to deplete mercury than TOC in marine setting as indicated by a ratio of
two proportionality coefficients 750/150= 5, meaning that OM se-
questers only 1/5 of mercury in Hg spike event. This again points to the
importance of normalising Hg data to Al and sulphide to assess other
potential drawdown mechanisms. It should also be noted that although
TS records are useful for approximating sulphide contents of the sedi-
ments and rocks, the sulphurization of OM may lead to an over-
estimation of sulphide due to these organosulfur compounds (e.g.
Raven et al., 2015; Raven et al., 2018). Therefore, pyrite wt% data is
ideally required to assess Hg drawdown related to redox changes. For
instance, Them et al. (2019) identified a strong correlation between
pyrite wt% and total Hg from one section in Germany across the Early
Jurassic T-OAE. Shen et al. (2019) have also shown that the Hg in se-
diments deposited during the Late Ordovician Mass Extinction was
hosted by pyrite as a result of local redox variations. These studies again
point to the need to separate local redox variations from larger global
processes that may form Hg anomalies.

7. Hg isotopes

Mercury has seven natural stable isotopes (196Hg, 198Hg, 199Hg,
200Hg, 201Hg, 202Hg and 204Hg). In the last decade, research into Hg
stable isotope geochemistry has provided new insights into the behavior
of Hg in the environment (Bergquist and Blum, 2009; Blum et al., 2014;
Yin et al., 2014). While investigations of the natural variations of Hg
abundances have a longer history dating back to the 1920s (Aston,
1925), it remained challenging until the development of modern
techniques using cold-vapor generation multicollector inductively
coupled plasma mass spectrometry (CV-MC-ICP-MS) at the beginning of
this century (Lauretta et al., 2001). This technique uses a gas-liquid
separator, which enables complete separation of Hg from other matrices
and continuous introduction of gaseous Hg(0) to the plasma, resulting
in low matrix effects, small sample size requirements, and steady signal
strength, which are all major challenges for high-precision analysis
(Blum and Bergquist, 2007; Foucher and Hintelmann, 2006). Today,
mercury isotope compositions are measured exclusively using CV-MC-
ICP-MS, with a precision that is at least two orders of magnitude smaller
than natural variations (Blum and Johnson, 2017).

Mercury has active redox chemistry, high volatility, and a tendency
to form covalent bonds, which provides many opportunities for isotopic
fractionation (Bergquist and Blum, 2007). Both mass dependent frac-
tionation (MDF) and mass independent fractionation (MIF) of Hg iso-
topes are now well documented in experimental studies (Bergquist and
Blum, 2009; Blum et al., 2014; Yin et al., 2014). MDF of Hg isotopes is
reported using the delta notation, δ, which is the per mil (‰) deviation
from a reference material (Bergquist and Blum, 2007):

= − ×δ Hg(‰) (( Hg/ Hg )/( Hg/ Hg ) 1) 1000xxx xxx 198
sample

xxx 198
standard (5)

where xxxHg is the isotope of interest. NIST SRM 3133 is the most
commonly used reference standard (this is not universally accepted,
however). The observation of MIF makes Hg isotope an unusual tracer.

Fig. 12. (A) Cross-plot of Hg and TOC data for all studies considered here, and
showing ellipses derived from Grasby et al. (2013b) - labeled A through C, that
represent different proposed modes of Hg sequestration. (B) TOC-Hg plot with
the dataset from Grasby et al. (2016) superimposed to show variations of TOC
and Hg in a relation to records of the largest know LIP event (Siberian Trap
eruptions).
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MIF is reported using capital delta notation, Δ, which means the de-
viation of the measured isotope ratio from the theoretical ratio pre-
dicted by MDF:

≈ − × ∗ΔxxxHg δxxxHg δ202Hg β (6)

where β is an independent isotope-specific constant determined by the
theoretical laws of MDF (Bergquist and Blum, 2007).

To date, large variations of Hg isotopic ratios (~10‰ for δ202Hg
and Δ199Hg values and ~1‰ for Δ200Hg) have been reported for nat-
ural samples (Reviewed by Blum et al., 2014). δ202Hg alone may not be
directly used to identify specific sources because MDF is ubiquitous and
occurs during all biological reactions (e.g., reduction, methylation,
demethylation), abiotic chemical reactions (e.g., chemical reduction,
photoreduction, oxidation) and physical processes (e.g., volatilization,
evaporation, adsorption, and dissolution) (Bergquist and Blum, 2009;
Blum et al., 2014; Yin et al., 2014). The Δ199Hg, Δ200Hg and Δ201 values
of Hg isotopes also provide unique fingerprints of specific reaction
pathways of Hg. Δ199Hg and Δ201Hg anomalies have been pre-
dominantly observed on Earth's surface environment in soils, sedi-
ments, waters, atmosphere and biological samples, and aqueous Hg
photoreactions (e.g., Hg(II) photoreduction and MeHg photodegrada-
tion). These Hg photoreactions are thought to play the foremost role in
the generation of Δ199Hg and Δ201Hg anomalies in natural samples
(Blum et al., 2014; Sonke, 2011; Yin et al., 2016). Aqueous Hg photo-
chemical reactions produces Δ199Hg/Δ201Hg ratios of 1.0–1.3, which is
in accordance with the Δ199Hg/Δ201Hg reported in natural samples
(Bergquist and Blum, 2007; Yin et al., 2016). Δ200Hg anomalies have
been only reported in gaseous elemental Hg (GEM), gaseous oxidized
Hg (GOM) species and precipitation (mainly containing GOM), and
GEM photo-oxidation seems to be the major cause of MIF for 200Hg
(Chen et al., 2012; Gratz et al., 2010; Sun et al., 2016). Overall, com-
bining MDF and MIF, each fractionation process imparts a diagnostic
pattern of isotopic variation, and thus Hg isotope ratios can be used to
unravel sources and biogeochemical processes of Hg in the environment
(Blum et al., 2014).

Over geologic time, Hg is mobilized from deep reservoirs in the
earth to the atmosphere through volcanic and hydrothermal activities,
and these sources have been shown to have Δ199Hg and Δ201Hg values
close to zero (Sherman et al., 2009; Zambardi et al., 2009), although
there are not many data from these sources. Aqueous Hg photoreduc-
tion (in cloud droplets and surface waters) imparts positive Δ199Hg and
Δ201Hg values in residue Hg(II) phase and negative Δ199Hg and Δ201Hg
values in Hg0, largely altering the MIF signals in geochemical reservoirs
(Bergquist and Blum, 2007). Precipitation and seawater, which contain
Hg(II) species, are characterized by positive Δ199Hg and Δ201Hg values
(Chen et al., 2012; Gratz et al., 2010; Štrok et al., 2015). In contrast,
terrestrial reservoirs (e.g., plants and soils), which primarily accumu-
late Hg0, are generally characterized by negative Δ199Hg and Δ201Hg
values, although few positive Δ199Hg values are reported (Biswas et al.,
2008; Demers et al., 2013; Enrico et al., 2016; Obrist et al., 2017; Yin
et al., 2013; Zhang et al., 2013; Zheng et al., 2016). A summary of
reported values from modern environments shows Δ199Hg mean values
of gaseous Hg=0.11‰, wet deposition=0.39‰, foliage/
litter=−0.39‰, and organic soils=−0.25‰ (Sun et al., 2019),
supporting the use of Δ199Hg values to distinguish atmospheric versus
terrestrial contributions to marine systems. There is some minor
overlap with the lowest most range of wet deposition with the highest
possible range of terrestrial sources, such that there is room for some
non-unique values from −0.2 to 0.1‰ (Sun et al., 2019). Although is
difficult to measure the seawater Hg isotopic composition due to ex-
tremely low concentrations, coastal seawater Δ199Hg values have a
range from ~0 to 0.55‰ (Štrok et al., 2015).

Under normal conditions, natural atmospheric and fluvial Hg
emissions appear balanced over geologic time by OM drawdown
(Grasby et al., 2013b). Atmospheric deposition represents the major
input of Hg to upper open oceans, whereas watershed-derived Hg is

predominantly buried in ocean margins (Sunderland and Mason, 2007;
Zhang et al., 2015). This is consistent with modern coastal sediments
having negative Δ199Hg and Δ201Hg values, which have been explained
by watershed input of terrestrially sourced Hg (Yin et al., 2015). In
comparison, modern open ocean sediments have positive Δ199Hg and
Δ201Hg values, consistent with direct atmospheric deposition (Foucher
and Hintelmann, 2009; Gehrke et al., 2009; Yin et al., 2015). In contrast
to these steady state conditions, extinction events and OAEs are often
associated with rapid increase in the overall input of Hg (and almost all
other natural materials) to the atmospheric-ocean-terrestrial system,
with simultaneous environmental perturbations such as wildfires, in-
creased soil erosion, and enhanced loading of aerosols, which can po-
tentially be revealed by Hg isotope signals. In recent work, Hg isotopes
(especially MIF of 199Hg and 201Hg) have provided critical insights into
the sources of Hg in the geologic past (Gong et al., 2017; Grasby et al.,
2017; Huang et al., 2018; Sial et al., 2016; Them et al., 2019;
Thibodeau et al., 2016; Wang et al., 2018).

We examined all published Hg isotope data from extinction studies
to-date to provide an overview of the range of values, with a focus on
the two more important systems: Δ199Hg and δ202Hg. These data are
plotted in Fig. 13 and show mean (and range) of values of
Δ199Hg= 0.052‰ (−0.3 to 0.27‰) and δ202Hg=−1.07‰
(−2.3–0.23‰). The range of Hg isotope values reported for extinction
studies are thus similar to the range of values reported by Blum et al.
(2014) for rocks and pre-anthropogenic marine sediments, indicating
that the range of Hg sources to the environment (atmosphere/terres-
trial/volcanic) and their associated fractionations may have been con-
sistent through geologic time.

Sial et al. (2016) examined Hg enrichments across several KPg
boundary sections and observed positive Δ199Hg associated with Hg
enrichments, arguing for direct atmospheric deposition to the marine
environment of Hg2+− attributed to the Deccan Traps. In a similar
study, Thibodeau et al. (2016) observed Hg enrichments across the
Triassic/Jurassic boundary from Muller Canyon, Nevada (USA) and
argue that Δ199Hg and Δ201Hg values are consistent with atmospheric
loading, which they attributed to eruption of the Central Atlantic
Magmatic Province. Gong et al. (2017) also recognised positive Δ199Hg
values associated with the Hg spike at the Ordovician-Silurian mass
extinction from marine section in the Yichang area of South China
(attributed to an uncertain LIP event).

A similar stable isotope signature was observed for Hg enrichments
across the Latest Permian extinction from deep water records at
Buchanan Lake, Arctic Canada, with small positive Δ199Hg values
(Grasby et al., 2017) attributed to volcanic loading from the Siberian
Traps. Grasby et al. (2017) also demonstrate, however, that a shallow

Fig. 13. Plot of stable isotope values of mercury from reported data (dots) along
with the 67% data range ellipsoids of Blum et al. (2014) for pre-anthropogenic
marine sediments and rocks.
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marine record across the LPE (Meishan section, South China) that also
has Hg enrichments shows a sharp decrease in Δ199Hg values. They
suggest that in this case the shallow water setting records an Hg en-
richment related to terrestrial sources driven by massive wildfires (as
evidenced by high PAH values) and enhanced soil erosion. This study
provided critical new insight that not all Hg anomalies can be directly
attributed to enhanced volcanic input, and terrestrial disruption could
also be a source of high Hg in the marine record. A similar stable iso-
tope study demonstrated atmospheric-sourced Hg as the dominant
cause of Hg spikes in deep-water records across the LPE (Daxiakou and
Shangsi sections of South China), in contrast to terrestrially sourced Hg
in shallow water sections (Wang et al., 2018).

Them et al. (2019) demonstrated for the Toarcian Oceanic Anoxic
Event that 1) Hg spikes are limited to nearshore environments and not
present in deeper marine records, 2) there are stratigraphic enrichments
suggesting temporal offsets in Hg loading to particular sites, and 3)
local redox played a significant role in Hg sequestration. The Hg stable
isotope data from this study also suggest that these nearshore Hg spikes
most likely had a terrestrial source. These results draw into question the
conclusion of Percival et al. (2015) that Toarcian Hg spikes are directly
linked to volcanogenic outgassing of Hg from the Karoo–Ferrar Large
Igneous Province. It could be argued, however, that the terrestrially
derived Hg spike was caused by landscape devastation related to vol-
canism (Them et al., 2017), and thus still an indirect linkage (Them
et al., 2019). Regardless, there is a bias toward the preservation of se-
dimentary successions in epicontinental, epeiric, and marginal marine
environments, so Hg enrichments from these locations require multiple
geochemical datasets to confidently link their accumulation directly to
LIPs.

Mercury stable isotopes have also been employed to address the
ongoing controversy of the relative impact of the Deccan Trap eruptions
versus bolide impact for the KPg extinction (as discussed in Burgess,
2019). Here, Sial et al. (2016, 2019) have examined Hg stable isotopes
from several sections that suggest the Hg spike at the KPg extinction
boundary is largely volcanically sourced. These authors caution, how-
ever, that these results are not definitive and more research on Hg
isotope systematics are required.

A compilation of all Hg stable isotope data to-date compared to
reported Hg concentrations provides some interesting trends as ob-
served in Fig. 14. There are two significant trends associated with
Δ199Hg and Δ201Hg values and Hg contents; one is a slight positive shift
and the other is more sharply negative. Consistent with previous in-
terpretations (Grasby et al., 2017), these trends suggest the largest
observed Hg spikes may be volcanically sourced (whether proximal or
distal to the study location), and the slight positive shift could reflect
Hg2+ absorbed from the atmosphere by volcanic plume particles, rather
than direct atmospheric deposition. A lesser Hg spike associated with a
negative Δ199Hg signature can be related to terrestrial Hg sources.
These results support a general model of how Hg spikes can be formed
in response to a LIP eruption. The LIP eruption itself can greatly in-
crease the direct Hg flux to the atmosphere, which is then diffused by
global circulation and transport, and deposited in dominantly in ocean
basins.

To-date, data suggest that Hg signatures related to LIPs may be best
recorded in deep marine sections, but not all LIP events have such an
associated Hg record from these environments. This may reflect cases
where the there is either insufficient net increase in Hg loading rates to
the atmosphere or conditions to drawdown excess Hg loading to marine
systems are not sufficient to record an Hg spike (e.g., as suggested for
the Toarcian). In contrast, devastation of terrestrial environments by
LIP events can release a lower overall mass of Hg (see above). In this
case, Hg is transported through riverine systems and as such more
limited in its dispersal to the marine environment to nearshore areas.
Although estimates of these terrestrial fluxes are less significant than Hg
released from a LIP event, they are more localised and concentrated.
For instance, Them et al. (2019) estimated landscape disturbance

through the Toarcian OAE cycled an additional 330 Mt. Hg to the en-
vironment over ~300 ky. This can locally overwhelm any atmospheric
signature, as shown for the LPE (Grasby et al., 2017; Wang et al., 2018),
or be the only signature as for the Toarcian (Them et al., 2019).

8. Conclusions

Over the last decade there has been significant interest is examining
Hg chemostratigraphy at times of major environmental crises
throughout the Phanerozoic. Numerous researchers have suggested Hg
anomalies directly link LIP events as the ultimate driver of these crises.
The body of this work clearly demonstrates that Hg anomalies are a
common feature in sedimentary records at times of mass extinction and
ocean anoxic events, which are also contemporaneous with widespread
environmental disturbances. It is clear that these Hg spikes are not al-
ways a definitive signature in themselves of enhanced volcanic emis-
sions. As more data are generated in the future, there may be more
confidence in assigning a volcanic driver to Hg spikes, as there are
several strong cases already, and conceptually an Hg anomaly would be
expected during LIPs. Yet there is much complexity in the global Hg
cycle that needs to be resolved in the modern to fully understand what
an Hg spike reflects in the sedimentary record. Care is required to fully
examine all potential pathways for Hg sequestration, which includes
drawdown by OM and sulphide minerals as well as sorption onto clay
minerals and Fe oxides, before definitive links to volcanism can be
made. Certain basics standards are also required for future work that
includes use of appropriate analytical methods and using care not to
interpret data below detection limits of analytical equipment (as occurs
far too often). Incorporation of Hg stable isotopes to better resolve
sources and pathways will also help elucidate the true nature of ob-
served Hg anomalies.

The tremendous volume of data produced over the last several years
does provide much greater insight into Hg in the geologic record. We
propose a new average value for Hg in clastic sedimentary rocks of
62.4 μg/kg, a lower value for limestone of 34.3 μg/kg, as well an
average value of Hg/TOC in sediments of 71.9 μg/kg/wt%. If such va-
lues are used as reference to what constitutes an “anomaly,” then sev-
eral studies fail to pass this bar and perhaps should be reassessed.
Studies based on TOC values below analytical certainty (0.2 wt%)
should be questioned. Furthermore, the local depositional environment
must be characterized as locally reducing water column or sediments
may result in values higher than these averages. We also demonstrate
that the range of values of Hg isotopes, both MDF and MIF in the rock
record are similar to pre-anthropogenic sediments, indicating that the
processes controlling the global Hg cycle have likely been relatively
consistent through the Phanerozoic, and may make good signatures.

The underlying enthusiasm for use of Hg as a proxy for volcanism is
that its release during an eruption should be widespread and recorded
in sediments. Mercury is but one volcanogenic metal with potential to
be released by LIP events (Grasby et al., 2015). The authors in that
study estimated rates of metal loading rates by the Siberian Trap
eruptions that ranged from 107% to 977% for Se and Co, respectively.
The list of metals with enhanced loading rates also include: As, Cd, Co,
Cr, Cu, Hg, Mn, Mo, Ni, Pb, Sb, Se, V, and Zn. Thus, other metals should
also be assessed in sedimentary records as a mark left by massive vol-
canic eruptions, but widespread reducing conditions and changes in the
global redox state of the oceans (e.g. Ostrander et al., 2017; Them et al.,
2018) may make this difficult as many of these elements are also sen-
sitive to the reduction-oxidation (redox) potential of the oceans. We
suggest these geochemical proxies be collectively be reference to as
“LIP marks”. Collectively, these can provide further understanding of
the potential role of LIP events as a major driver of environmental crisis
throughout Earth history.
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