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Elevated mercury (Hg) in sedimentary strata are a widely used tracer for assessing the relationship 
between large igneous province (LIP) activity and global environmental change. A key unknown in 
applying this proxy is the extent to which Hg was sourced from contact metamorphism of sedimentary 
rocks during sill intrusions versus gaseous emissions of the magmas themselves. Here, we investigate Hg 
behaviour during contact metamorphism of shales. We show loss of 80–99% of the sedimentary Hg in 
contact aureoles in four case studies covering the interactions around dykes, sills and plutons associated 
the High Arctic LIP (Sverdrup Basin, Canada), the Karoo LIP (South Africa) and the Skagerrak-centred LIP 
(Oslo Rift, Norway). A combination of geochemical data and thermal modelling around a dyke from the 
High Arctic LIP shows 33% Hg volatilization in the aureole at 265–300 ◦C. The other cases show similar 
behaviours with significant lowering of organic-bound Hg, more significantly in the innermost 60% of the 
contact aureoles. We hypothesize that gaseous Hg is transported out of aureoles during metamorphism, 
together with CH4 and CO2. Furthermore, we estimate the thermogenic Hg mobilization from Karoo LIP 
aureoles as 72–192 t per km3 of aureole, which is between 1–3 times the estimated volumetric Hg 
release from Karoo magmas. When scaling our results to the size of the shale portions of the Karoo Basin 
affected by the LIP and a timescale of 100 kyr of sill emplacement, the average Hg flux is calculated to 
have been 78–207 t/y with maximum values up to ∼300 t/y. The pulsed nature of intrusive volcanism 
suggests that this thermogenic Hg flux could have dominated LIP Hg emissions during periods of their life 
span. Our results demonstrate that the global Hg cycle can be significantly perturbed following LIP-scale 
sill emplacement into organic-rich sedimentary rocks and our quantification of the emissions based on 
source-rock analysis provides important information for independent interpretation of the sedimentary 
Hg record.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/).
1. Introduction

There is a broad temporal correlation between the emplace-
ment of large igneous provinces (LIPs) and environmental changes 
in the geological record, particularly for the last 300 million years 
(e.g., Courtillot and Renne, 2003). These changes include car-
bon cycle perturbations, global climate change, widespread marine 
anoxia, seawater acidification, ozone layer depletion, and mass ex-
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tinctions of flora and fauna in terrestrial and marine ecosystems 
(e.g., Bond and Grasby, 2017). Nonetheless, the nature of any causal 
relationship between LIPs and environmental crises remains de-
bated in the scientific community, in part because of the multi-
ple processes occurring simultaneously that may result in similar 
proxy signals. There are several potential mechanisms by which 
LIPs could have affected surface processes and environment (e.g., 
Jones et al., 2016). Subaerial volcanic degassing can lead to cool-
ing through sulfur emissions and global warming through carbon 
emissions (Caldeira and Rampino, 1990). However, atmospheric 
lifetimes of sulfur are typically days in the troposphere and only 
a few years in the stratosphere, leading to uncertainty regarding 
le under the CC BY license (http://creativecommons .org /licenses /by /4 .0/).
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whether sulfur emissions can sustain climate cooling over millen-
nia (Schmidt et al., 2015). Alternatively, LIP carbon emissions could 
have driven long-term climate warming on a global scale, as car-
bon dioxide has a much longer atmospheric residence time than 
sulfate aerosols. Submarine LIPs, such as the Greater Ontong Java 
Plateau, are also thought to have had a considerable impact on 
Earth’s climate and environment, and have been suggested as trig-
gers for oceanic anoxic events following igneous submarine CO2
degassing (e.g., Larson and Erba, 1999; Snow et al., 2005).

It is increasingly recognized that the volatile release from LIPs 
related to contact metamorphism of sedimentary rocks intruded 
by igneous plumbing systems may play an important role in 
mediating potential environmental impacts (e.g., Svensen et al., 
2004, 2007; Heimdal et al., 2020). Sedimentary rocks are ma-
jor reservoirs of environmentally important elements that may be 
volatilised and released to the atmosphere when subjected to high 
temperatures during these metamorphic processes. Several LIPs are 
associated with large, tabular sill and dyke complexes emplaced 
into sedimentary basins, leading to a wide range of metamorphic 
and hydrothermal effects, including the generation and venting of 
thermogenic gases (e.g., Svensen et al., 2004). Thus, the formation 
of LIPs in sedimentary basins can affect >106 km3 of organic-, 
carbonate- and evaporite-bearing strata and result in metamor-
phic reactions, volatile loss, and transfer of components such as 
CO2, CH4, CO, CH3Cl, SO2, and Hg out of the contact aureoles (e.g., 
Aarnes et al., 2010; Shen et al., 2022; Yallup et al., 2013). Con-
tact metamorphism has been cited as a key mechanism during 
LIP emplacements for driving rapid environmental change during 
events including the Paleocene-Eocene thermal maximum (PETM), 
the end-Permian and end-Triassic mass extinctions, and the Toar-
cian and Early Aptian oceanic anoxic events, helping to explain the 
varying environmental impacts of different LIPs (e.g., Svensen et al., 
2004, 2009; Ganino and Arndt, 2009; Grasby et al., 2011; Aarnes 
et al., 2011b; Black et al., 2014).

Proxies for LIP activity in stratigraphic archives of major envi-
ronmental change are currently sparse. Volcanic tephra layers are 
extremely useful for stratigraphic and chronological correlations, 
but they are geographically limited in extent, only significantly 
generated by explosive volcanism (whereas LIP-style eruptions 
were likely predominantly effusive) and are typically restricted to 
regions that were relatively proximal to the source volcanoes (e.g., 
Black et al., 2021). By comparison, present-day volcanism is one of 
the main natural sources of atmospheric Hg, which can be trans-
ported over large distances due to its primary emission as gaseous 
Hg0 (Pyle and Mather, 2003; Bagnato et al., 2007). Recently, Hg 
anomalies have been proposed as a robust proxy for LIP activity 
in contemporaneous sedimentary rocks (Sanei et al., 2012; Grasby 
et al., 2019; Percival et al., 2021), with Hg concentrations typically 
normalized to the total organic carbon (TOC) content to correct for 
variations in the rate of organic matter deposition and preserva-
tion, a key host phase. Diagenetic processes, weathering and redox 
variability can also lead to changes in Hg concentrations and/or 
anomalies in the Hg/TOC ratios in sedimentary strata (e.g., Char-
bonnier et al., 2020; Park et al., 2022; Frieling et al., 2023). In 
certain depositional environments, sulphide and/or clay minerals 
can also act as important host phases of mercury in addition to 
organic material (e.g., Grasby et al., 2017; Shen et al., 2019, 2020). 
Nonetheless, there is much evidence that, although not the exclu-
sive cause, Hg enrichment is often related to prolonged large-scale 
volcanic activity, at least for some LIPs (e.g., Grasby et al., 2019; 
Percival et al., 2021).

Sedimentary rocks containing organic matter represent a large 
crustal reservoir of Hg. Mudstones, shales, and coal generally con-
tain 10–500 ppb Hg (cf. Grasby et al., 2019; Zaputlyaeva et al., 
2020). Generation and migration of oil and gas is an additional and 
potentially important, but poorly understood, part of the Hg cycle 
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(Liu et al., 2022). Source rock maturation leads to Hg enrichment 
in the oil and gas phase, and coal maturation produces Hg-rich gas 
(e.g., Guo et al., 2018).

Thermogenic degassing from contact metamorphism is a po-
tentially significant further source of Hg during LIP emplacement 
in sedimentary basins. This assumption is based on contact aure-
ole studies documenting a considerable lowering of bulk rock TOC 
during progressive metamorphism (cf. Aarnes et al., 2010), and the 
observation in other studies that Hg is associated with sedimentary 
organic matter (see Grasby et al., 2019, and references therein). 
Furthermore, even during diagenesis and volatile-generation from 
kerogen, a recent study shows that Hg is enriched in liquid phase 
(bitumen), making it likely that such a trend persists to higher 
temperatures and complete organic matter devolatilization (Za-
putlyaeva et al., 2020). The timescale of contact metamorphic de-
volatilization is geologically very short (10’s to 1000’s of years) 
and may lead to rapid pore pressure-buildup, extensive fluid flow, 
and degassing to the surface via explosive pipe-like conduits (e.g., 
Svensen et al., 2004; Aarnes et al., 2012). For these reasons, con-
tact metamorphism may be an important part of the global Hg 
cycle during LIP volcanism when it is emplaced in organic-rich 
rocks (e.g., Sanei et al., 2012; Shen et al., 2022). It has therefore 
been hypothesised that Hg is mobilized from the heated sedimen-
tary rocks in contact aureoles and emitted to the surface via hy-
drothermal vent complexes. This mechanism represents a different 
geological model for Hg mobilization and sedimentary anomalies 
compared to that of primarily mantle-sourced Hg emitted dur-
ing volcanic eruptions. While this possibility has been suggested 
in several studies of Hg/TOC stratigraphy (e.g., Sanei et al., 2012; 
Percival et al., 2015; Jones et al., 2019; Shen et al., 2019, 2022), 
the possibility of a contact metamorphic LIP-related Hg flux has 
had only limited direct study (Liu et al., 2022), and has not been 
tested through investigation of the aureoles associated with LIPs 
themselves.

The aim of this study is to understand the behaviour of Hg dur-
ing the contact metamorphism associated with LIPs and to assess 
the importance of this process in the global Hg cycle. Our approach 
is based on measurements of contact aureoles around two sills, a 
dyke, and a pluton from three LIPs. We focus on the carbon and Hg 
concentrations, combined with thermal modelling of the aureoles 
around the intrusive igneous units.

2. Geological settings and contact aureoles

We present data from aureole outcrops related to a plu-
ton in the Oslo Rift (Norway), three boreholes from the Karoo 
Basin (South Africa), and a dyke outcrop in the Sverdrup Basin 
(Canada). The Oslo Rift is part of the Skagerrak-centred LIP (SCLIP), 
which was marked by widespread intrusive and volcanic activ-
ity across Northern and Central Europe between 305 Ma and 260 
Ma (e.g., Heeremans et al., 2004). Carbon isotope anomalies near 
the Carboniferous-Permian boundary may be related to the initial 
SCLIP activity (Wu et al., 2021). The Karoo Basin contains a large 
volume of dolerite sills and dykes emplaced as part of the Karoo-
Ferrar LIP at around 183 Ma (e.g., Duncan et al., 1997), which 
likely contributed to climate and environmental changes during 
the Toarcian Stage (e.g., McElwain et al., 2005; Svensen et al., 2007; 
Heimdal et al., 2021). The Sverdrup Basin was affected by the ig-
neous activity of the Cretaceous High Arctic LIP (HALIP) around 
135–90 Ma, potentially contributing to the Early Aptian Oceanic 
Anoxic Event (Polteau et al., 2016).

2.1. Pluton-related contact metamorphism in the Oslo Rift

The Oslo Rift (Fig. 1A) initiated around 300 Ma and resulted in 
several stages of volcanic and igneous activity through the shallow 
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Fig. 1. A) Overview of volcanic activity around the Cretaceous-Permian boundary in Northern Europe, showing the location of the Oslo Rift. Modified from Heeremans et 
al. (2004). B) Geological map of the Gunhildrød contact aureole and the reference section for Cambrian shale at Krekling. C) Simplified geological map of the Karoo Basin 
showing the locations of the studied boreholes. D) Cross section showing the main divisions in the KL1/78 and DP1/78 boreholes. E) Core images from the lowermost sill 
and contact aureole in LA1/68. F) Published data from the lowermost contact aureole in LA1/68. From Svensen et al. (2015).
3
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Fig. 2. Simplified geological map of the Sverdrup Basin with surrounding areas. We from data from a contact aureole with location (Axel Heiberg Island, Canada) shown by 
the star symbol.
crust with Cambrian to Silurian sedimentary rocks (e.g., Heere-
mans et al., 2004). Pluton emplacement resulted in kilometre-scale 
contact aureoles in surrounding shales and carbonates, giving rise 
to devolatilization, fluid flow, and late stage hydrothermal activity 
(e.g., Jamtveit et al., 1992). We sampled a transect through Cam-
brian black shale, about 800 m outwards from the contact with 
a Permian granite pluton at Gunhildrud, Eikern (Fig. 1B). We com-
pare the aureole rocks (Hg, TOC, S) with sedimentary samples from 
a nearby and stratigraphically equivalent Cambrian shale at Krek-
ling that was comparatively unaffected by the pluton (Hammer and 
Svensen, 2017). In the unaffected sedimentary rocks, the highest 
TOC contents reach almost 14 wt.% in an interval characterized 
by a positive δ13C excursion and elevated metal concentrations 
(Hammer and Svensen, 2017). The background Cambrian shales at 
Krekling have still undergone low grade burial metamorphism and 
the organic matter is overmature, giving very low yields of hydro-
carbons during pyrolysis (“dead carbon”) (Hammer and Svensen, 
2017).

2.2. Sills and aureoles in the Karoo Basin

The dolerite sills in the Karoo Basin (Fig. 1C) are part of the 
plumbing system that fed the Karoo continental flood basalts (e.g. 
Chevallier and Woodford, 1999; Svensen et al., 2015), emplaced 
around 183 Ma (Duncan et al., 1997; Svensen et al., 2012; Gaynor 
et al., 2022). A large part of these sills intruded the marine to 
deltaic Ecca Group, metamorphosing organic-rich shales that pre-
dominantly make up that sedimentary formation, leading to de-
4

volatilization and decarbonatization (Aarnes et al., 2011a; Svensen 
et al., 2007, 2015).

We investigate three cores from the Ecca Group, which were 
drilled in 1968 (borehole LA1/68) and 1978 (KL1/78 and DP1/78) 
(Fig. 1C-F) and contain sills emplaced in the shales. A total of 
11 sills are present in the LA1/68 borehole, with a cumulative 
thickness of 266 m, with the thickest being 199 m (Svensen et 
al., 2014). Total organic carbon (TOC) data, vitrinite reflectance 
(Fig. 1F), and aureole models from these boreholes are published 
in Senger et al., 2015, 2020 and Aarnes et al. (2011a). Here, we 
show new Hg data from two aureoles around two sills that are 
both about 15 m thick, and new sulfur data from LA1/68.

In LA1/68, we focus on the contact aureole above the lowermost 
dolerite sill emplaced at the basement-Ecca contact (Fig. 1F). The 
sill in KL1/78 is emplaced in the middle of a 15 m-thick organic-
rich shale of the Whitehill Formation (Fig. 1D). DP1/78 was drilled 
3 km away from KL1/78, and also contains the Whitehill Forma-
tion, but without the sill. This makes it possible to compare geo-
chemically similar strata with and without the effects of contact 
metamorphism.

2.3. Dykes and shale in the Sverdrup Basin, Canada

Sedimentation in the Sverdrup Basin (Fig. 2) was initiated in the 
Early Carboniferous with rifting of the Ellesmerian orogenic belt 
(Embry and Beauchamp, 2019). The middle Triassic was marked by 
active nutrient upwelling and very high bioproductivity leading to 
deposition of organic rich black shales of the Murray Harbour For-
mation (Grasby et al., 2016). High Arctic LIP (HALIP) volcanic rocks 
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were emplaced across the northwestern Arctic Islands (Naber et al., 
2020) from the Barremian through to Campanian. Contemporane-
ous emplacement of sills and dykes occurred across the NE portion 
of the Sverdrup Basin. A suite of eleven shale samples from the 
organic-rich Middle Triassic Murray Harbour Formation were col-
lected along a single bedding plane, laterally from the contact with 
a 1.2 m wide dyke that is located on Raanes Peninsula, Ellesmere 
Island (78◦ 31.0′ N 86◦ 1.8′ W).

3. Methods

3.1. Total organic carbon and sulfur

New TOC measurements from the Oslo Rift locality (Gunhil-
drød) were done at the Institute for Energy Technology, Kjeller, 
Norway. We used published TOC and Rock Eval pyrolysis data from 
the Karoo Basin boreholes (Aarnes et al., 2011a; Svensen et al., 
2015) and the Sverdrup Basin (Goodarzi et al., 2018). For TOC, a 
Leco SC-632 instrument was used following HCl treatment of rock 
powders to remove carbonate. The samples were introduced into 
the Leco combustion oven, and the amount of carbon measured 
as carbon dioxide by an IR-detector. We use 0.2 wt.% TOC as the 
lower limit for reliable analyses of the organic matter content, as 
suggested by Grasby et al. (2019), but still show the data below 
0.2 wt.% TOC. Rock-Eval 6 instruments were used to identify the 
type and maturity of organic matter, and to evaluate the hydro-
carbon potential of the shales. We use the Hydrogen index (HI) 
and oxygen index (OI), e.g., Behar et al. (2001), where the mass of 
released hydrocarbons (“S2”) and CO2 (“S3”) during standard py-
rolysis in mg is multiplied by 100 and divided by TOC to obtain HI 
and OI, respectively. S2 values below 0.2 mgHC/gTOC are not con-
sidered reliable. The Tmax parameter, the temperature at which the 
S2 peak is observed during RockEval analysis, is not considered 
a reliable proxy for contact metamorphic temperatures (Evenick, 
2021) and is not used in this study.

A subset of the samples were analysed for bulk rock elemental 
sulfur on a FlashSmart CHNS/O a from Thermo scientific at the De-
partment of Geosciences, University of Oslo. Dried and powdered 
samples were combusted at 1800 ◦C in a tin sample crucible with a 
vanadium pentoxide catalyst and the gases analyzed in chromato-
graphic column. For the Sverdrup Basin samples sulfur analyses 
where conduced by 4-acid digestion of 200 mesh powders anal-
ysed by inductively coupled plasma–mass spectrometry.

3.2. Mercury analyses

Mercury analyses were performed at the University of Oxford 
(UK) using the Lumex RA-915 Portable Mercury Analyzer with 
a PYRO-915 pyrolyzer attached. Powdered samples (50–100 mg) 
were weighed and then heated to >700 ◦C in the pyrolyzer to 
volatilize the Hg present. The results were calibrated using the 
NIMT/UOE/FM/001 peat standard with a known Hg concentration 
of 169 ±7 ppb, and the NIST-SRM2587 standard for trace elements 
in soil contaminated with lead from paint (certified Hg concentra-
tion of 290 ± 5 ppb). A standard was run after every ten samples 
in order to assess any effects of sensor drift. Each sample was run 
in duplicate. Individual analytical errors are ±5%, except where 
Hg concentrations are <5 ppb, where they are higher due to the 
greater effect of background noise interfering with peak integra-
tion.

3.3. Thermal modelling of sill cooling and contact aureole heating

We used the SILLi 1D numerical model (Iyer et al., 2018), de-
veloped to model the thermal effects of sill-related heating of sed-
imentary rocks and calculate CO2 generation from heated shales 
5

and carbonates. The modelling recreates the thermal effects of sill 
and dyke emplacement in the Sverdrup Basin and the Karoo Basin. 
We did not model the temperature evolution of the Oslo Rift con-
tact aureole since it developed around a pluton with a longer and 
more complex temperature history compared to the other studied 
sheet intrusions.

The general aspects of the model are described here, with fur-
ther details given in Iyer et al. (2018). First, each sedimentary 
layer in the studied basins, including eroded layers, is deposited 
sequentially in time based on the depositional age. The rate of 
sedimentation for each layer is then determined by its thickness 
and the difference in time between its top age and that of the 
layer deposited before it. A thermal solver computes the temper-
ature within the deposited sedimentary column by applying fixed 
temperatures at the top and bottom of the strata at every step, 
calculated from the prescribed geotherm and the energy diffusion 
equation. This method enables a comparison of the thermal effects 
of sills with the background burial effects. Sills are emplaced in-
stantaneously at a given time in sedimentary host rocks with a 
background temperature corresponding to the geothermal gradient 
at the given depth and time. The model takes into account the heat 
capacity of melt and the rock types in each case study, and also the 
latent heat of crystallization in the sills (Aarnes et al., 2010; Iyer 
et al., 2018).

Dehydration reactions in the host rocks are modelled by mod-
ifying the thermal diffusion equation when temperatures of the 
sediments are increasing within a certain range. We use the 
EASY%Ro method (Sweeney and Burnham, 1990) to calculate the 
thermal maturity of the sedimentary rocks. This model uses 20 
parallel Arrhenius-type first order reactions to describe the com-
plex process of kerogen breakdown due to temperature increase. 
Note that the EASY%Ro method leaves 20% of the TOC behind, 
even close to the sill. Adjustable properties in the thermal model 
such as melt temperature, geothermal gradient, thermal conductiv-
ity, and initial TOC contents were tuned in order to maximize the 
fit between the modelled and measured vitrinite reflectance and 
TOC (cf. Iyer et al., 2018). For example, the contact aureole thick-
ness and the maximum aureole temperature can be increased in 
the model by adjusting the geothermal gradient and the sill tem-
perature. A higher geothermal gradient or sill temperature results 
in a wider contact aureole at a given depth. The results from the 
modelling are then compared with aureole proxies from the rocks. 
Note that the model is set up for instantaneous emplacement of 
sills and thus does not take into account the possible temperature 
effects following prolonged emplacement. The uncertainty of the 
estimated aureole temperature at a given distance will depend on 
the uncertainty in the input data, and is generally in the ± 25 ◦C 
range.

4. Results

4.1. The Oslo Rift

At the Krekling Cambrian shale far from the igneous contact, 
the succession shows a highly variable TOC content. The shales 
reach 14 wt.% TOC at maximum, with abundant pyrite nodules 
(Hammer and Svensen, 2017) even though the section is low grade 
metamorphic. The sulfur content in these shales is mostly below 1 
wt.%, with an exception of 3.6 wt.%. Hg contents show a positive 
correlation with TOC despite the thermal maturity of the organic 
matter (see above) and reach a maximum concentration of 503 
ppb (Fig. 3 and Table S1). There is no apparent correlation with 
sulfur. The average Hg content in the most organic-rich interval is 
282 ppb. The shale is thermally mature, as shown by RockEval and 
the very low potential for the organic matter to generate hydrocar-
bons and CO2 (Table S1).
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Fig. 3. Relationship between the TOC and Hg content in Cambrian shale from Krek-
ling and the hornfels from Gunhildrød.

At Gunhhildrød, a few km away, the same succession experi-
enced high temperature contact metamorphism around a granitic 
pluton. Based on the mineralogy of the contact aureole, the mini-
mum peak temperature was around 500 ◦C (Svensen and Jamtveit, 
1998). Our data from the contact aureole at Gunhildrød show that 
the TOC is lowered in the aureole (0.5–7.3 wt.%) compared to 
the reference section at Krekling (maximum values of 13.5 wt.%). 
During metamorphism, the organic matter was transformed to 
graphite and the TOC measurements represent the graphite con-
tent. The Hg content in the shale from the contact aureole is as 
low as 0–6 ppb with an average of 3.4 ppb, i.e. below the limit of 
measurement reliability, whereas the sulfur content is higher com-
pared to samples from the reference section (average of 1.8 and 0.9 
wt.% S, respectively).

4.2. LA1/68 in the Karoo Basin

The measured TOC in the contact aureole varies from zero in 
the innermost 5 m of the aureole to maximum values of >2 wt.% 
in the background strata (Fig. 4 and Table S2). Vitrinite reflectance 
ranges from 1.0%Ro outside the contact aureole, to the highest 
values of 5.7%Ro at 9.2 m above the sill. This corresponds to a 
normalized distance of 0.8 (i.e., the distance from the sill contact 
divided by the sill thickness). Closer to the sill, the vitrinite values 
decrease notably and the quality of the vitrinite is reduced, with 
the exception of the 4.1%Ro value at the contact. Such a breakdown 
of vitrinite is a common feature in the high temperature part of 
contact aureoles where the vitrinite is exposed to supercritical flu-
ids. Note that TOC content is below the 0.2 wt.% reliability limit in 
the innermost 5.2 m of the aureole (0.3 normalized distance). The 
potential to generate hydrocarbon, shown by the S2 values (Fig. 4), 
decreases towards the sill contact, but the increasing OI suggest 
oxidation of the organic matter, consistent with the vitrinite data.

The Hg content follows TOC and has values around 40–50 ppb 
outside the aureole, and 10–25 ppb in the outer aureole. In the 
innermost 5 m of the aureole (0.3 normalized distance), Hg is 
reduced to 4–38 ppb (Table S2). 38 ppb Hg is measured in the 
sample analysed from the direct contact with the sill where the 
TOC is very low (0.03 wt.%), but sulfides are abundant (Fig. 1E) 
even though their specific zone was not included in the analyzed 
sample. For this reason, the Hg/TOC deviates from the values ob-
tained elsewhere in the aureole as some Hg is likely incorporated 
into the sulfides. The bulk sulfur content in the aureole is zero 
in the innermost zone where the organic matter is oxidized, and 
is low (0.4–0.6 wt.%) in the rest of the analyzed section, with no 
correlation to the inward decrease in Hg content. The increase in 
Hg/TOC in the innermost 5 metres of the aureole is likely due to 
the very low TOC content. The maximum temperature modelled 
6

Fig. 4. Geochemical data from the contact aureole above the 15 m thick sill in the 
basal part of LA1/68. The sample distance from the intrusion contact is normalized 
to the sill thickness. The somewhat elevated Hg (38 ppb) at the contact with the 
sill is likely due to the presence of a centimetre-thick zone with sulfides.

at the sill contact is 750 ◦C whereas the background temperature 
outside the aureole is 215 ◦C.

4.3. KL1/78 and DP1/78 in the Karoo Basin

The unmetamorphosed sedimentary rocks of the Ecca Group 
in DP1/78 show variable TOC contents, from 0.48 to 14.4 wt.% 
(Table S2). The highest values are from the Whitehill Formation 
shale. The organic matter shows a relatively low thermal matu-
rity (average vitrinite reflectivity of 0.7%) and a high hydrocarbon 
production potential (S2 between 3.8 and 22 mg/g) (Aarnes et al., 
2011a; Fig. 5). The average Hg content of the Whitehill Formation 
samples is 214 ppb, spanning from a low of 22 ppb and a high of 
476 ppb. The range in sedimentary Hg concentrations across the 
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Fig. 5. Geochemical data from the contact aureole above and below the 15 m thick 
sill in KL1/78. The sample distance from the intrusion contact is normalized to the 
sill thickness.

formation stratigraphy are likely not only due to variations in the 
TOC content as the Hg/TOC ratio varies between 1 and 109 (aver-
age of 62; Table S2).

The contact aureole developed in the Whitehill Formation 
(borehole KL1/78, Fig. 5) features a gradual reduction in TOC con-
tent towards the sill contact, where it approaches zero (<0.04 
wt.%) and the RockEval hydrocarbon and CO2 generation poten-
tial is also reduced to zero in the aureole. In the innermost 1 m of 
the aureole (normalized distance of 0.1 in Fig. 5), the TOC is lower 
than 0.6 wt.% in all samples and the Hg is between 6 and 18 ppb. 
Since the sill is emplaced in the middle of the Whitehill Formation, 
we lack a full aureole profile developed within that unit and the 
aureole extends into the shale-dominated Prince Albert and Tier-
berg formations (Figs. 2B and 7). Vitrinite data demonstrate high 
7

Fig. 6. Geochemical data from the contact aureole around the 1.2 m wide dyke from 
the Sverdrup Basin. The sample distance from the intrusion contact is normalized 
to the dyke width.

temperature metamorphism near the sill, with values up to 8%Ro 
(Fig. 5).

4.4. The Sverdrup Basin

In the contact aureole around the 1.2 m wide dyke in the Sver-
drup Basin (Fig. 6), TOC contents drop to 1.4 wt.%, compared to 
background levels of 2.1–4.0 wt.% (Table S3). This effect is only 
recorded in the innermost three samples (<0.5 m) of the aureole. 
The S2 of the aureole shows a linear decrease towards the contact 
(R2 = 0.89) whereas the OI shows a minor decrease in the outer 
aureole and higher values in the innermost 20 cm indicating oxi-
dation of the organic matter. The Hg shows a great decrease due 
to the metamorphism and is reduced from background values of 
60 ppb to below measurable levels 1 m from the contact (normal-
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Fig. 7. Data and model results from the Sverdrup Basin dyke. A) Modelled aureole 
temperature. B) Modelled and measured vitrinite reflectance. C) Mercury content 
in the aureole plotted against modelled temperature of the aureole. D) Mercury 
content in the three modelled aureoles. The grey box shows the main temperature 
interval where the Hg rapidly declines from background values. The line is drawn 
between the data points from the dyke in the Sverdrup Basin.

ized distance of 0.8, Fig. 6). The sulfur content in the shale is low 
in the outer aureole (up to 0.9 wt.% S), and decreases to below 
0.1 wt.% at 1.2 m from the contact (Table S3). The data set with 
values above the detection limit is too small (4 samples) to fully 
evaluate the potential covariance between Hg, S, and TOC. Interest-
ingly, the width of the contact aureole depends on the proxy used. 
In our case, both the Hg and vitrinite aureoles start at around 1.8 
normalized distance from the contact, and the TOC aureole from 
0.3 normalized distance (0.4 m) from the contact with the dyke. 
By combining the geochemical data with modelling of conductive 
heat transport, a 33% decrease in Hg in the temperature inter-
val 265–300 ◦C is calculated (Fig. 7). Additionally, Hg contents fall 
gradually towards the contact, even while the TOC remains steady 
at background values and the shale only experienced intermediate 
8

metamorphic temperatures. At >385 ◦C (<1 m from the contact) 
the Hg content in the shale is negligible.

5. Discussion

5.1. Representative cases and aureole proxies

The contact aureoles presented in this study represent realistic 
and illustrative cases for investigating the behaviour of Hg during 
contact metamorphism associated with LIPs. We cover examples of 
aureoles related to a pluton, sills, and a dyke, from outcrops and 
from boreholes. However, even though contact metamorphism is a 
well understood process (cf. Kerrick, 1991), comparing data from 
different contact aureoles is challenging. These difficulties are due 
to both the variability between geological settings (e.g., sill/dyke 
thickness and temperature, depth of emplacement, geothermal gra-
dients, weathering and preservation), and which aureole proxies 
are used (Aarnes et al., 2012). Some data, such as TOC, pyrolysis 
data, and δ13C compositions of the organic matter, are very use-
ful when sampling geochemically homogeneous layers across the 
aureole. However, when studying aureoles around sills, sampling 
is generally perpendicular to stratigraphy; thus, the TOC aureole 
profiles represent the thermal effects in addition to any original 
stratigraphic variations. This complexity makes the contact meta-
morphic effects harder to isolate and interpret, cf. the data scatter 
from the KL1/78 aureole from the Karoo Basin (Fig. 5), often re-
sulting in a poor model-data fit. Contact aureoles around dykes 
may be easier to interpret as aureole samples can be collected 
from a specific sedimentary horizon with increasing horizontal or 
at least sub-vertical distance from the dyke contact. Investigating 
single stratigraphic horizons makes it easier to understand and 
quantify how the aureole geochemistry and proxies are affected by 
the heating. However, dykes in sedimentary basins are usually thin 
compared to sills, which means that they may not result in high 
temperature aureoles with hornfels and a full or significant trans-
formation of TOC to CH4 or CO2. And they are less likely to be 
good analogues for the large magmatic intrusions associated with 
LIP formation.

The evolution and extent of a contact aureole and its miner-
alogy depends on the thickness or volume of the intrusions, in 
addition to the emplacement temperature of the magma and the 
thermal properties of the sedimentary rocks. For example, a thick 
sill (50–100 m) results in a well-developed aureole, whereas thin 
sills (less than a few m) may be associated with no apparent visual 
metamorphic effects. Still when analyzed, thin sheet intrusions 
usually have aureoles sharing some of the key proxy characteris-
tics as thick sheets, e.g., a reduction in TOC content towards the 
contact, and a decrease in the potential to generate hydrocarbons 
and CO2 as shown by pyrolysis parameters such as S2 and HI (e.g., 
Agirrezabala et al., 2014). As these factors usually vary between 
case studies, the aureoles have to be compared and interpreted 
with care.

The 1.2 m wide dyke from the Sverdrup Basin shows a similar 
aureole trend to the 15 m thick sills from the Karoo Basin, with 
a gradual TOC reduction towards the contact and an increase in 
vitrinite reflectance. The innermost zone around thick sills, where 
hornfels is developed, is characterized by a complete loss of the 
initial organic matter, or the presence of graphite if the initial sed-
imentary TOC was high (as is typical for a organic-rich shale). The 
sulfur (bound to pyrite or organic matter) is also affected by con-
tact metamorphism and is often but not always (e.g., the Oslo Rift 
case) lowered towards intrusion contacts (Yallup et al., 2013). The 
Sverdrup Basin case stands out as our most illustrative case for un-
derstanding the behaviour of Hg during aureole heating, as it was 
possible to sample perpendicular to the dyke contact along a sin-
gle bedding plane in adjacent shale.
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5.2. Behaviour of Hg in a contact aureole

During heating in a contact aureole, both the hydrous minerals 
and the organic matter are gradually devolatilized (cf. Aarnes et 
al., 2010). The organic matter releases carbon-bearing compounds, 
eventually lowering both the bulk rock TOC content and reducing 
the potential for the remaining organic matter to generate hy-
drocarbons (e.g., lowered S2, S3, HI and OI values). This process 
of devolatilization is independent of the type of organic matter 
present in the contact aureoles (e.g., Agirrezabala et al., 2014) as 
also shown in our case studies, resulting in low-TOC and low S2 
and HI aureoles. During heating, the organic matter is structurally 
transformed towards higher crystallinity, and above ca. 650 ◦C the 
transition to graphite is considered complete (e.g., Beyssac et al., 
2003). Graphite formation depends on the timescale of metamor-
phism, with long timescales, such as those expected for contact 
aureoles around plutons, making this process more likely to occur 
(Beyssac et al., 2003; Mori et al., 2017).

In the Oslo Rift case, TOC is present as graphite in the aureole, 
whilst the Hg concentrations are very low and close to the limit of 
detection (Table S1). The relationship between TOC and Hg in sev-
eral of our cases (Fig. 3 and Table S2) shows that organic matter 
is the main host of the Hg, demonstrated from the Oslo Rift case 
by a R2 value of 0.79. The co-variation is also evident from LA1/68 
(R2 = 0.76, excluding data from the innermost 4.6 m of the au-
reole where the TOC is below 0.2 wt.%) whereas the KL1/78 and 
Sverdrup Basin cases show a large scatter due to limited TOC loss 
in the outer aureole (Sverdrup Basin) and stratigraphic variations 
in the initial TOC (KL1/78). Note the samples from the Sverdrup 
Basin and the Oslo Rift were collected from outcrops. Weathering 
may result in preferential loss of Hg relative to TOC in shale, and 
moreover a lowering of the shale HI and an increase in the OI (e.g., 
Charbonnier et al., 2020; Park et al., 2022). We carefully avoided 
weathered zones during sampling and our aureole data from out-
crops show consistent trends as a function of the distance to the 
intrusions, suggesting a minimal weathering effect on TOC and Hg 
at our study sites. This conclusion is, moreover, supported by the 
fact that the samples with the lowest Hg, HI, and OI values come 
from the contact aureole, and that metamorphism makes the rocks 
more resistant to weathering than background shale.

Significant Hg may be bound to pyrite in certain depositional 
environments (Shen et al., 2019, 2020) adding complexity when 
interpreting co-variation between elements in contact aureoles. In 
our dataset we do not find any correlation between S and TOC, 
or S and Hg/TOC (Fig. 8), supporting a dominant organic host of 
the mercury. Thus it is expected that loss of TOC during meta-
morphism would be accompanied by a lowering of Hg contents 
(Fig. 7D). The only potential exception to organic-affiliated Hg in 
our data is the somewhat elevated Hg in the innermost sample 
from the LA1/68 contact aureole (38 ppb versus 5–9 ppb in other 
samples; Table S2). In the 38 ppb sample, the hornfels contains a 
∼0.5 cm-thick zone with sulfides at the sill-sediment contact, rep-
resenting a local phenomena on this sub-cm scale.

In short-lived contact aureoles, such as around the thin dyke in 
the Sverdrup Basin, less than half (35%) of the TOC from within the 
innermost 20 cm of the contact aureole (average TOC of 1.6 wt.%) 
is lost compared to the background rock content (average TOC of 
2.5 wt.%). Still, the Hg is completely lost from the contact aure-
ole, showing the strong effect of aureole temperature on Hg de-
volatilization (Fig. 7D). The aureole model from the Sverdrup Basin 
case shows that the content of Hg is reduced from background lev-
els starting from a temperature of about 270 ◦C (Fig. 7D). The Hg 
is further reduced to zero at 385 ◦C, whereas the TOC remains un-
affected until 60 cm from the contact (corresponding to 480 ◦C). 
The lowering of Hg from around 1.9 m from the contact corre-
sponds to where the organic matter shows a geochemical response 
9

Fig. 8. Comparison between bulk rock total sulfur and Hg content. Pyrite-bound Hg 
should have resulted in positive trends between S and Hg.

to the heating. At that distance, the pyrolysis S2 parameter (Fig. 6), 
shows a decline from background values, indicating that the kero-
gen in the aureole was affected by thermal devolatilization. This is 
also the distance from the contact at which the vitrinite reflectance 
starts to increase from background values.

Our cases show that the organic-rich shales lost a significant 
fraction of the Hg during the contact metamorphism and that the 
Hg migrated out of the aureoles. Moreover, permeable pathways 
and fractures are common along sill/dyke contacts, and degassing 
pipes generated from phreatic eruptions and hydrothermal vent 
complexes are frequent phenomena in these settings (Svensen et 
al., 2007, 2020; Aarnes et al., 2012; Senger et al., 2015; Galerne 
and Hasenclever, 2019). Mercury-rich deposits are not known in 
either of the study areas, making it likely that the Hg migrated out 
of the contact aureoles and perhaps fully out of the basins.

5.3. Implications for LIP-related studies

The remaining Hg content in the innermost contact aureoles 
is negligible. Therefore, Hg devolatilization from sediments follow-
ing contact metamorphism appears to be highly efficient, liberating 
the majority of Hg from sedimentary rocks within the high tem-
perature parts of contact aureoles. In our case studies, this trans-
lates to 60–250 ppb Hg liberation. From a bulk contact aureole 
perspective, the net Hg loss can be estimated from the aureole 
thickness and the areal extent of the sill-aureole system. Thus an 
upscaling of the Hg loss from individual aureoles to a LIP scale 
is possible, but critically depends on how well characterized the 
sill/dyke-basin system is.

Many (though not all) continental LIPs are characterized by in-
trusion through sedimentary basins with abundant sills and dykes 
(e.g., Chevallier and Woodford, 1999; Svensen et al., 2014). Our 
measurements here and those of Aarnes et al. (2012) indicate that 
the volume of a contact aureole is related to the sill volume, with 
an aureole volume roughly double the sill volume (a 1:1 thickness 
relationship on both sides of a sill). We can use this relationship 
as a way to estimate the aureole volume on a basin scale. Similar 
approaches have been used to quantify the generation of thermo-
genic carbon emissions from LIPs (cf. Svensen et al., 2004). The 
actual volumes used for individual sills or pulses of sills, require 
detailed field and/or seismic mapping and a consideration of the 
original volume. Due to these case-dependent complexities, we use 
our data only from the Karoo Basin, which is the best geologically 
characterized basin included in our study, as a case to further un-
derstand the importance of thermogenic Hg sources. Previous work 
has shown that a significant volume of sills were emplaced into 
the Ecca Group shale of the Karoo Basin in a short time period (ca. 
100k years) between 183.147 ±0.059 Ma and 183.187 ±0.133 Ma, 
broadly coeval with the Toarcian Oceanic Anoxic Event (Gaynor et 
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Fig. 9. A) Histogram of sill thicknesses from the Karoo Basin grouped according to whether they are emplaced in the Ecca Groups shale or in other formations. Data from 
Svensen et al. (2014). B) Results from upscaling the loss of Hg in contact aureoles to basin scale fluxes averaged over 100 kyr of sill emplacement. The three lines are derived 
from the average (108,000 km3), lower (56,000 km3) and upper (160,000 km3) estimates of the proportion of Ecca Group aureole volumes where Hg is significantly affected. 
These volumes are derived from using 1/3 of the Karoo Basin sill volume (270,000±130,000 km3) multiplied with a factor 1.2 to account for the relevant aureole volume 
with Hg loss.
al., 2022). The number of sills vary from 0 to 10 in boreholes pen-
etrating the Ecca group within the basin, locally comprising 55% 
of the Ecca Group stratigraphy and up to a total of 315 m of sills 
(Svensen et al., 2014). The volume of the sills emplaced in the Ka-
roo Basin is estimated as 270, 000 ± 130, 000 km3 with 1/3 of the 
total volume representing sills emplaced in the Ecca Group shales 
(Svensen et al., 2014; Fig. 9A). The Karoo cases presented here 
show a significant Hg loss from normalized distances of about 0.6 
of aureole width. This implies that multiplying the sill volume by 
1.2 will estimate the high temperature part of the aureole with Hg 
loss (0.6 times the aureole volume on each side of the sills, see 
above). Note that this approach will provide an upper limit to the 
Hg loss in cases where the sills are closely spaced and the contact 
aureoles overlap (cf. Aarnes et al., 2011a).

The results from the Ecca Group aureoles account for Hg losses 
between 30 and 80 ppb (Fig. 4, 5), giving a range in Hg mobilized 
from the aureole reservoir of 72–192 t per km3 of aureole (as-
suming a shale density of 2.4 g/cm3). This yields a total emission 
of 4–31 Mt Hg from aureoles of the Ecca Group (taking the aure-
ole volumes where Hg is significantly reduced as 56,000–160,000 
km3 of affected country rock). The Hg flux from the contact aure-
oles will depend on the details of sill emplacement and the likely 
pulsed nature of the emplacement, but when assuming 100 kyr 
years of basin scale sill emplacement in the Ecca Group (Gaynor 
et al., 2022), thermogenic release plausibly averaged Hg fluxes of 
78–207 t/year (Fig. 9B). In a scenario with pulsed emplacement 
spanning a time interval of 10 kyr years, the flux will be consider-
ably higher.

Although there are many uncertainties with these basin-scale, 
thermogenic estimates of Hg fluxes, they are based on direct mea-
surements of the Hg source rocks and fully independent of esti-
mates of other LIP magmatic volatile fluxes. Estimates of the mag-
matic Hg flux from the Karoo LIP by scaling with proposed SO2
emissions suggest that the entire emplacement may have emitted 
up to 150 Mt of Hg over an emplacement period of ∼1 Myr (Per-
cival et al., 2015), but again with possible pulses of heightened 
activity. Of significance is that the estimated igneous Hg release 
per unit lava is 75 t/km3 lava (Percival et al., 2015), and that 
the average thermogenic Hg release estimate is up to three times 
higher (72–192 t/km3). For further comparison, the estimates for 
the current annual global volcanic Hg emissions vary considerably, 
with values from 46–106 t/y (Pyle and Mather, 2003; Edwards et 
al., 2021).

Although magmatic degassing of Hg is not well understood, 
our new data suggest that during periods of LIP activity in the 
10
Karoo when intrusive activity was equal to or greater than extru-
sive, thermogenic Hg fluxes might plausibly have dominated the 
magmatic source. We conclude that LIP sills emplaced in organic-
rich rocks may have affected the global Hg cycle during parts of 
their formation history. Furthermore this process was likely par-
ticularly relevant for LIPs with a significant sill and organic-rich 
sedimentary association such as the Karoo LIP, the Central Atlantic 
Magmatic Province, the Siberian Traps, and the North East Atlantic 
Igneous Province (e.g., Heimdal et al., 2020; Svensen et al., 2004, 
2009; Black et al., 2021). These nuances highlight the complexity 
associated with interpreting perturbations of the global Hg cycle 
during times of LIP formation, and the interactions between these 
vast episodes of volcanism and the wider Earth system.

6. Conclusions

Understanding mercury release during contact metamorphism 
when volcanics intrude into sediments is important in terms of 
understanding the Hg signals associated with LIPs recorded in 
the geological record. We have studied four representative con-
tact aureoles developed in shale around a granitic pluton (the 
Oslo Rift), two dolerite sills (the Karoo Basin), and a dyke (the 
Sverdrup Basin). We combined measurements of key aureole pa-
rameters with new mercury measurements and thermal modelling 
in order to understand the changes in Hg concentrations with in-
creasing thermal maturity. We show that the shale-hosted Hg is 
bound to the organic matter, and that the sedimentary content 
of both Hg and TOC in the shale decrease with increasing matu-
rity and metamorphic grade towards the contact with the igneous 
intrusions. The Hg content is reduced to negligible values during 
contact metamorphism, demonstrating the efficiency of Hg loss 
from the sediments and the aureoles. Thermal modelling of the au-
reoles surrounding the sills and the dyke enable a quantification of 
the temperature interval where this loss takes place. We show that 
Hg mobilization from the aureoles begins at temperatures around 
265–300 ◦C. We estimate that the thermogenic Hg release per km3

of aureole may be up to three times higher than from the equiv-
alent volume of erupted/intruded igneous rocks. Thermogenic Hg 
total emissions from the Ecca Group shales in the Karoo Basin are 
estimated 4-31 Mt Hg with fluxes maybe as high as 78–207 t/y 
(maximum 307 t/y) when averaged over 100,000 years of sill em-
placement. The pulsed nature of intrusive volcanism suggests that 
this flux may be considerably higher and could dominate LIP emis-
sions during some periods of their life span. Our findings have 
major implications for the understanding of the solid Earth part 
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of the Hg cycle. Mercury anomalies in sedimentary rocks can be 
explained by rapid devolatilization and Hg loss following LIP-scale 
sill emplacement in organic-rich lithologies.

CRediT authorship contribution statement

Henrik H. Svensen: Writing – review & editing, Writing – orig-
inal draft, Validation, Project administration, Methodology, Inves-
tigation, Funding acquisition, Formal analysis, Data curation, Con-
ceptualization. Morgan T. Jones: Writing – review & editing, Writ-
ing – original draft, Methodology, Investigation, Conceptualization.
Lawrence M.E. Percival: Writing – review & editing, Writing – orig-
inal draft, Validation, Investigation, Conceptualization. Stephen E. 
Grasby: Writing – review & editing, Writing – original draft, In-
vestigation, Data curation, Conceptualization. Tamsin A. Mather:
Writing – review & editing, Writing – original draft, Validation, 
Methodology, Funding acquisition, Formal analysis, Conceptualiza-
tion.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

We gratefully acknowledge support from the Norwegian Re-
search Council (grant number 263000 to M.T.J., and grant number 
223272 to CEED). We also would like to thank the Council of Geo-
science and the National Core Library in South Africa, for access 
to cores. T.A.M. acknowledges funding from ERC consolidator grant 
(ERC-2018-COG-818717-V-ECHO). LMEP thanks the Research Foun-
dation – Flanders (FWO: grant 12P4522N) for funding. We would 
also like to thank Sverre Planke and Øyvind Hammer for discus-
sions, fieldwork, and lasting enthusiasm, and Michael Heeremans 
for providing the map in Fig. 1A.

Appendix A. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi .org /10 .1016 /j .epsl .2023 .118306.

References

Aarnes, I., Fristad, K., Planke, S., Svensen, H., 2011b. The impact of host-rock com-
position on devolatilization of sedimentary rocks during contact metamorphism 
around mafic sheet intrusions. G-Cubed v12, G10019. https://doi .org /10 .1029 /
2011GC003636.

Aarnes, I., Podladchikov, Y., Svensen, H., 2012. Devolatilization-induced pressure 
build-up: implications for reaction front movement and breccia pipe formation. 
Geofluids 12 (4), 265–279.

Aarnes, I., Svensen, H., Connolly, J.A.D., Podladchikov, Y.Y., 2010. How contact 
metamorphism can trigger global climate changes: modeling gas generation 
around igneous sills in sedimentary basins. Geochim. Cosmochim. Acta 74 (24), 
7179–7195.

Aarnes, I., Svensen, H., Polteau, S., Planke, S., 2011a. Contact metamorphic de-
volatilization of shales in the Karoo Basin, South Africa, and the effects of 
multiple sill intrusions. Chem. Geol. 281 (3–4), 181–194.

Agirrezabala, L.M., Permanyer, A., Suárez-Ruiz, I., Dorronsoro, C., 2014. Contact meta-
morphism of organic-rich mudstones and carbon release around a magmatic sill 
in the Basque-Cantabrian Basin, western Pyrenees. Org. Geochem. 69, 26–35.

Bagnato, E., Aiuppa, A., Parello, F., Calabrese, S., D’Alessandro, W., Mather, T.A., Mc-
Gonigle, A.J.S., Pyle, D.M., Wängberg, I., 2007. Degassing of gaseous (elemental 
and reactive) and particulate mercury from Mount Etna volcano (Southern Italy). 
Atmos. Environ. 41, 7377–7388. https://doi .org /10 .1016 /j .atmosenv.2007.05 .060.
11
Behar, F., Beaumont, V., De B. Penteado, H.L., 2001. Rock-eval 6 technology: perfor-
mances and developments. Oil Gas Sci. Tech. - Rev. IFP 56 (2), 111–134. https://
doi .org /10 .2516 /ogst:2001013.

Beyssac, O., Brunet, F., Petitet, J.P., Goffé, B., Rouzaud, J.N., 2003. Experimental study 
of the microtextural and structural transformations of carbonaceous materials 
under pressure and temperature. Eur. J. Mineral. 15, 937–951.

Black, B.A., Lamarque, J.F., Shields, C.A., Elkins-Tanton, L.T., Kiehl, J.T., 2014. Acid rain 
and ozone depletion from pulsed Siberian Traps magmatism. Geology 42 (1), 
67–70.

Black, B.A., Karlstrom, L., Mather, T.A., 2021. The life cycle of large igneous provinces. 
Nat Rev Earth Environ 2, 840–857. https://doi .org /10 .1038 /s43017 -021 -00221 -4.

Bond, D.P.G., Grasby, S.E., 2017. On the causes of mass extinctions. Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 478, 3–29.

Caldeira, K., Rampino, M.R., 1990. Carbon dioxide emissions from Deccan volcanism 
and a K/T boundary greenhouse effect. Geophys. Res. Lett. 17.

Charbonnier, G., Adatte, T., Föllmi, K.B., Suan, G., 2020. Effect of intense weath-
ering and postdepositional degradation of organic matter on Hg/TOC proxy 
in organic-rich sediments and its implications for deep-time investigations. 
Geochem. Geophys. Geosyst. 21, e2019GC008707. https://doi -org .ezproxy.uio .no /
10 .1029 /2019GC008707.

Chevallier, L., Woodford, A., 1999. Morpho-tectonics and mechanism of emplace-
ment of the dolerite rings and sills of the western Karoo, South Africa. S. Afr. J. 
Geol. 102 (1), 43–54.

Courtillot, V.E., Renne, P.R., 2003. On the ages of flood basalt events. C. R. Geosci. 335 
(1), 113–140. https://doi .org /10 .1016 /S1631 -0713(03 )00006 -3.

Duncan, R.A., Hooper, P.R., Rehacek, J., Marsh, J., Duncan, A.R., 1997. The timing and 
duration of the Karoo igneous event, southern Gondwana. J. Geophys. Res., Solid 
Earth 102, 18127–18138.

Edwards, B.A., Kushner, D.S., Outridge, P.M., Wang, F., 2021. Fifty years of volcanic 
mercury emission research: knowledge gaps and future directions. Sci. Total En-
viron. 757, 143800. https://doi .org /10 .1016 /j .scitotenv.2020 .143800.

Embry, A.F., Beauchamp, B., 2019. Sverdrup Basin. In: Miall, Edited by A. (Ed.), The 
sedimentary basins of the United States and Canada, 2nd, pp. 559–592.

Evenick, J.C., 2021. Examining the relationship between Tmax and vitrinite re-
flectance: an empirical comparison between thermal maturity indicators. J. Nat. 
Gas Sci. Eng. 91, 103946. https://doi .org /10 .1016 /j .jngse .2021.103946.

Frieling, J., Mather, T.A., März, C., Jenkyns, H.C., Hennekam, R., Reichart, G.-J., Slomp, 
C.P., van Helmond, N.A.G.M., 2023. Effects of redox variability and early diagen-
esis on marine sedimentary Hg records. Geochim. Cosmochim. Acta 351, 78–95. 
https://doi .org /10 .1016 /j .gca .2023 .04 .015.

Galerne, C.Y., Hasenclever, J., 2019. Distinct degassing pulses during magma inva-
sion in the stratified Karoo Basin—New insights from hydrothermal fluid flow 
modeling. Geochem. Geophys. Geosyst. 20, 2955–2984.

Ganino, C., Arndt, N.T., 2009. Climate changes caused by degassing of sediments 
during the emplacement of large igneous provinces. Geology 37 (4), 323–326.

Gaynor, S.P., Svensen, H.H., Polteau, S., Schaltegger, U., 2022. Local melt contami-
nation and global climate impact: dating the emplacement of Karoo LIP sills 
into organic-rich shale. Earth Planet. Sci. Lett. 579. https://doi .org /10 .1016 /j .epsl .
2022 .117371.

Goodarzi, F., Gentzis, T., Grasby, S.E., Dewing, K., 2018. Influence of igneous intru-
sions on thermal maturity and optical texture: comparison between a bitumi-
nous marl and a coal seam of the same maturity. Int. J. Coal Geol. 198, 183–197. 
https://doi .org /10 .1016 /j .coal .2018 .09 .013.

Grasby, S.E., Sanei, H., Beauchamp, B., 2011. Catastrophic dispersion of coal fly ash 
into oceans during the latest Permian extinction. Nat. Geosci. 4, 104–107.

Grasby, S.E., Beauchamp, B., Knies, J., 2016. Early Triassic productivity crises delayed 
recovery from world’s worst mass extinction. Geology 44 (9), 779–782.

Grasby, S.E., Shen, W., Yin, R., Gleason, J.D., Blum, J.D., Lepak, R.F., Hurley, J.P., 
Beauchamp, B., 2017. Isotopic signatures of mercury contamination in latest Per-
mian oceans. Geology 45, 55–58.

Grasby, S.E., Them II, T.R., Chen, Z., Yin, R., Ardakani, O.H., 2019. Mercury as a proxy 
for volcanic emissions in the geologic record. Earth-Sci. Rev. 196, 102880.

Guo, S., Zhang, L., Niu, X., Gao, L., Cao, Y., Wei, X-X., Li, X., 2018. Mercury release 
characteristics during pyrolysis of eight bituminous coals. Fuel 222, 250–257. 
https://doi .org /10 .1016 /j .fuel .2018 .02 .134.

Hammer, Ø, Svensen, H.H., 2017. Biostratigraphy and carbon and nitrogen geochem-
istry of the SPICE event in Cambrian low-grade metamorphic black shale, South-
ern Norway. Palaeogeogr. Palaeoclimatol. Palaeoecol. 468, 216–227.

Heeremans, M., Faleide, J.I., Larsen, B.T., 2004. Late Carboniferous - Early Permian 
of NW Europe: an introduction to a new regional map. Geol. Soc. Spec. Publ. 
(ISSN 0305-8719) 223 (8719), 75–88.

Heimdal, T.H., Goddéris, Y., Jones, M.T., Svensen, H.H., 2021. Assessing the impor-
tance of thermogenic degassing from the Karoo Large Igneous Province (LIP) 
in driving Toarcian carbon cycle perturbations. Nat. Commun. 12, 6221. https://
doi .org /10 .1038 /s41467 -021 -26467 -6.

Heimdal, T.H., Jones, M.T., Svensen, H.H., 2020. Thermogenic carbon release from 
the Central Atlantic Magmatic Province caused major end-Triassic carbon cycle 
perturbations. Proc. Natl. Acad. Sci. https://doi .org /10 .1073 /pnas .2000095117.

Iyer, K., Svensen, H.H., Schmid, D.W., 2018. SILLi 1.0: a 1D numerical tool quantifying 
the thermal effects of sill intrusions. Geoscientific model development. https://
doi .org /10 .5194 /gmd -2017 -132.

https://doi.org/10.1016/j.epsl.2023.118306
https://doi.org/10.1029/2011GC003636
https://doi.org/10.1029/2011GC003636
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib5F65DBF1171516610DEF1A71C77BC3E1s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib5F65DBF1171516610DEF1A71C77BC3E1s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib5F65DBF1171516610DEF1A71C77BC3E1s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibD02F51A8786D19B61CE17612F46A6BF7s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibD02F51A8786D19B61CE17612F46A6BF7s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibD02F51A8786D19B61CE17612F46A6BF7s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibD02F51A8786D19B61CE17612F46A6BF7s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibBE90FEB6F08C16D0EFD0797F8AF29557s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibBE90FEB6F08C16D0EFD0797F8AF29557s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibBE90FEB6F08C16D0EFD0797F8AF29557s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibE86ED687E5ED69110C402C8DBD81B158s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibE86ED687E5ED69110C402C8DBD81B158s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibE86ED687E5ED69110C402C8DBD81B158s1
https://doi.org/10.1016/j.atmosenv.2007.05.060
https://doi.org/10.2516/ogst:2001013
https://doi.org/10.2516/ogst:2001013
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib595A75F14D437ECBF6FD3EE62887D9DEs1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib595A75F14D437ECBF6FD3EE62887D9DEs1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib595A75F14D437ECBF6FD3EE62887D9DEs1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib0BA37EFBD2DAF0F6854F47026FC6E66Es1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib0BA37EFBD2DAF0F6854F47026FC6E66Es1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib0BA37EFBD2DAF0F6854F47026FC6E66Es1
https://doi.org/10.1038/s43017-021-00221-4
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib740B4E119DBB1E2B8FA8267287B1A3DAs1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib740B4E119DBB1E2B8FA8267287B1A3DAs1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib35A9D6A2D8E9FC15FF2C6022940CDEB8s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib35A9D6A2D8E9FC15FF2C6022940CDEB8s1
https://doi-org.ezproxy.uio.no/10.1029/2019GC008707
https://doi-org.ezproxy.uio.no/10.1029/2019GC008707
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibDC3396F0EFF73141207FAF1DC40882B3s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibDC3396F0EFF73141207FAF1DC40882B3s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibDC3396F0EFF73141207FAF1DC40882B3s1
https://doi.org/10.1016/S1631-0713(03)00006-3
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibB26223A9AD1425C478884E0148EA0F23s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibB26223A9AD1425C478884E0148EA0F23s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibB26223A9AD1425C478884E0148EA0F23s1
https://doi.org/10.1016/j.scitotenv.2020.143800
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibD54F3B1706E8C4758769E6F3B8517F92s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibD54F3B1706E8C4758769E6F3B8517F92s1
https://doi.org/10.1016/j.jngse.2021.103946
https://doi.org/10.1016/j.gca.2023.04.015
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib3E7D6AD8D94337DCF602DA451FCAAE74s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib3E7D6AD8D94337DCF602DA451FCAAE74s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib3E7D6AD8D94337DCF602DA451FCAAE74s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibAAFEC93B72059429C0DB6B901A4AA102s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibAAFEC93B72059429C0DB6B901A4AA102s1
https://doi.org/10.1016/j.epsl.2022.117371
https://doi.org/10.1016/j.epsl.2022.117371
https://doi.org/10.1016/j.coal.2018.09.013
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibE01AB8C78527A5B8096AB6A759CDC325s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibE01AB8C78527A5B8096AB6A759CDC325s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib8F14FCD1DB81666E103266CAC74C0C30s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib8F14FCD1DB81666E103266CAC74C0C30s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibAEEA4665CA8F8FFC9EDF933ECC865D2As1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibAEEA4665CA8F8FFC9EDF933ECC865D2As1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibAEEA4665CA8F8FFC9EDF933ECC865D2As1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibCE3DB3A2236C01DC6D19120B49F382F4s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibCE3DB3A2236C01DC6D19120B49F382F4s1
https://doi.org/10.1016/j.fuel.2018.02.134
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib94F540122EDA9B55CF9295AC320BBF5As1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib94F540122EDA9B55CF9295AC320BBF5As1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib94F540122EDA9B55CF9295AC320BBF5As1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib96641E296DF86CA326B084E77E85E53Cs1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib96641E296DF86CA326B084E77E85E53Cs1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib96641E296DF86CA326B084E77E85E53Cs1
https://doi.org/10.1038/s41467-021-26467-6
https://doi.org/10.1038/s41467-021-26467-6
https://doi.org/10.1073/pnas.2000095117
https://doi.org/10.5194/gmd-2017-132
https://doi.org/10.5194/gmd-2017-132


H.H. Svensen, M.T. Jones, L.M.E. Percival et al. Earth and Planetary Science Letters 619 (2023) 118306
Jamtveit, B., Bucher-Nurminen, K., Stijfhoorn, D.E., 1992. Contact metamorphism of 
layered shale-carbonate sequences in the Oslo Rift: I. Buffering, infiltration, and 
the mechanisms of mass transport. J. Petrol. 33 (2), 377–422.

Jones, M.T., Jerram, D.A., Svensen, H.H., Grove, C., 2016. The effects of large igneous 
provinces on the global carbon and sulphur cycles. Palaeogeogr. Palaeoclimatol. 
Palaeoecol. 441, 4–21.

Jones, M.T., Percival, L.M.E., Stokke, E.W., Frieling, J., Mather, T.A., Riber, L., Schubert, 
B.A., Schultz, B., Tegner, C., Planke, S., Svensen, H.H., 2019. Mercury anomalies 
across the Palaeocene–Eocene Thermal Maximum. Clim. Past 15 (1), 217–236.

Kerrick, D.M., 1991. Overview of contact metamorphism. In: Kerrick, D.M. (Ed.), Con-
tact Metamorphism, Reviews in Mineralogy, vol. 26, pp. 1–12.

Larson, R.L., Erba, E., 1999. Onset of the Mid-Cretaceous greenhouse in the 
Barremian-Aptian: igneous events and the biological, sedimentary, and geo-
chemical responses. Paleoceanography 14 (6), 663–678. https://doi .org /10 .1029 /
1999PA900040.

Liu, Z., et al., 2022. Mercury loss and isotope fractionation during thermal matura-
tion of organic-rich mudrocks. Chem. Geol. 612, 121144.

McElwain, J.C., Wade-Murphy, J., Hesselbo, S.P., 2005. Changes in carbon dioxide dur-
ing an oceanic anoxic event linked to intrusion into Gondwana coals. Nature 435 
(7041), 479–482.

Mori, H., Mori, N., Wallis, S., Westaway, R., Annen, C., 2017. The importance of heat-
ing duration for Raman CM thermometry: evidence from contact metamorphism 
around the Great Whin Sill intrusion, UK. J. Metamorph. Geol. 35, 165–180. 
https://doi -org .ezproxy.uio .no /10 .1111 /jmg .12225.

Naber, T.V., Grasby, S.E., Cuthbertson, J.P., Rayner, N., Tegner, C., 2020. New con-
straints on the age, geochemistry, and environmental impact of High Arc-
tic Large Igneous Province magmatism: tracing the extension of the Alpha 
Ridge onto Ellesmere Island, Canada. GSA Bull. 133 (7–8), 1695–1711. https://
doi -org .ezproxy.uio .no /10 .1130 /B35792 .1, 2020.

Park, J., Stein, H.J., Georgiev, S.V., Hannah, J.L., 2022. Degradation of Hg signals on in-
cipient weathering: core versus outcrop geochemistry of Upper Permian shales, 
East Greenland and Mid-Norwegian Shelf. Chem. Geol. 608, 121030. https://
doi .org /10 .1016 /j .chemgeo .2022 .121030.

Percival, L.M.E., Witt, M.L.I., Mather, T.A., Hermoso, M., Jenkyns, H.C., Hesselbo, S.P., 
Al-Suwaidi, A.H., Storm, M.S., Xu, W., Ruhl, M., 2015. Globally enhanced mercury 
deposition during the end-Pliensbachian extinction and Toarcian OAE: a link to 
the Karoo–Ferrar Large Igneous Province. Earth Planet. Sci. Lett. 428, 267–280. 
https://doi .org /10 .1016 /j .epsl .2015 .06 .064.

Percival, L.M.E., Tedeschi, L.R., Creaser, R.A., Bottini, C., Erba, E., Giraud, F., Svensen, 
H., Savian, J., Trindade, R., Coccioni, R., Frontalini, F., Jovane, L., Mather, T.A., 
Jenkyns, H.C., 2021. Determining the style and provenance of magmatic ac-
tivity during the Early Aptian Oceanic Anoxic Event (OAE 1a). Glob. Planet. 
Change 200, 103461. https://doi .org /10 .1016 /j .gloplacha .2021.103461.

Polteau, S., Hendriks, B.W.H., Planke, S., Ganerød, M., Corfu, F., Faleide, J.I., Midtkan-
dal, I., Svensen, H., Myklebust, R., 2016. The Early Cretaceous Barents Sea sill 
complex: distribution, 40Ar/39Ar geochronology, and implications for carbon 
gas formation. Palaeogeogr. Palaeoclimatol. Palaeoecol. 441, 83–95.

Pyle, D.M., Mather, T.A., 2003. The importance of volcanic emissions for the global 
atmospheric mercury cycle. Atmos. Environ. 37 (36), 5115–5124.

Sanei, H., Grasby, S., Beauchamp, B., 2012. Latest Permian mercury anomalies. Geol-
ogy 40, 63–66.

Schmidt, A., Skeffington, R.A., Thordarson, T., Self, S., Forster, P.M., Rap, A., Ridg-
well, A., Fowler, D., Wilson, M., Mann, G.W., Wignall, P.B., Carslaw, K.S., 2015. 
Selective environmental stress from sulphur emitted by continental flood basalt 
eruptions. Nat. Geosci. 91 (9), 77–82. https://doi .org /10 .1038 /ngeo2588.

Senger, K., Buckley, S.J., Chevallier, L., Fagereng, Å., Galland, O., Kurz, T.H., Ogata, K., 
Planke, S., Tveranger, J., 2015. Fracturing of doleritic intrusions and associated 

contact zones: implications for fluid flow in volcanic basins. J. Afr. Earth Sci. 102, 
70–85. https://doi .org /10 .1016 /j .jafrearsci .2014 .10 .019.

Shen, J., Algeo, T.J., Chen, J., Planavsky, N.J., Feng, Q., Yu, J., Liu, J., 2019. Mercury in 
marine Ordovician/Silurian boundary sections of South China is sulfide-hosted 
and non-volcanic in origin. Earth Planet. Sci. Lett. 511,p, 130–140. https://doi .
org /10 .1016 /j .epsl .2019 .01.028.

Shen, J., Feng, Q., Algeo, T.J., Liu, J., Zhou, C., Wei, W., Liu, J., Them, T.R., Gill, B.C., 
Chen, J., 2020. Sedimentary host phases of mercury (Hg) and implications for 
use of Hg as a volcanic proxy. Earth Planet. Sci. Lett. 543, 116333. https://doi .
org /10 .1016 /j .epsl .2020 .116333.

Shen, J., Yin, R., Algeo, T.J., Svensen, H.H., Schoepfer, S.D., 2022. Mercury evidence for 
combustion of organic-rich sediments during the end-Triassic crisis. Nat. Com-
mun. 13, 1307. https://doi .org /10 .1038 /s41467 -022 -28891 -8.

Snow, L.J., Duncan, R.A., Bralower, T.J., 2005. Trace element abundances in the Rock 
Canyon Anticline, Pueblo, Colorado, marine sedimentary section and their rela-
tionship to Caribbean plateau construction and oxygen anoxic event 2. Paleo-
ceanography 20, PA3005. https://doi .org /10 .1029 /2004PA001093.

Svensen, H., Jamtveit, B., 1998. Contact metamorphism of shales and carbonates 
from the Grua area, the Oslo rift, Norway: a phase petrological study. Norwegian 
J. Geol. 78, 81–98.

Svensen, H., Corfu, F., Polteau, S., Hammer, O., Planke, S., 2012. Rapid magma em-
placement in the Karoo Large Igneous Province. Earth Planet. Sci. Lett. 325, 1–9.

Svensen, H., Planke, S., Chevallier, L., Malthe-Sorenssen, A., Corfu, F., Jamtveit, B., 
2007. Hydrothermal venting of greenhouse gases triggering Early Jurassic global 
warming. Earth Planet. Sci. Lett. 256 (3–4), 554–566.

Svensen, H., Planke, S., Malthe-Sorenssen, A., Jamtveit, B., Myklebust, R., Rasmussen 
Eidem, T., Rey, S.S., 2004. Release of methane from a volcanic basin as a mech-
anism for initial Eocene global warming. Nature 429 (6991), 542–545.

Svensen, H., Planke, S., Polozov, A.G., Schmidbauer, N., Corfu, F., Podladchikov, Y.Y., 
Jamtveit, B., 2009. Siberian gas venting and the end-Permian environmental cri-
sis. Earth Planet. Sci. Lett. 277 (3–4), 490–500.

Svensen, H.H., Hammer, Ø, Chevallier, L., Jerram, D.A., Silkoset, P., Polteau, S., Planke, 
S., 2020. Understanding thermogenic degassing in Large Igneous Provinces: in-
ferences from the geological and statistical characteristics of breccia pipes in 
the western parts of the Karoo Basin. In: Geological Society of America Books, 
Special Paper, vol. 544.

Svensen, H.H., Planke, S., Neumann, E.R., Aarnes, I., Marsh, J.S., Polteau, S., Harstad, 
C., Chevallier, L., 2015. Sub-volcanic intrusions and the link to global climatic 
and environmental changes. In: Breitkreuz, C., Rocchi, S. (Eds.), Physical Geology 
of Shallow Magmatic Systems. Advances in Volcanology. Springer.

Svensen, H., Polteau, S., Cawthorn, G., Planke, S., 2014. Sub-volcanic intrusions in 
the Karoo Basin. In: Breitkreuz, C., Rocchi, S. (Eds.), Physical Geology of Shallow 
Magmatic Systems. In: Advances in Volcanology. Springer.

Sweeney, J., Burnham, A.K., 1990. Evaluation of a simple model of vitrinite re-
flectance based on chemical kinetics, 536. AAPG Bulletin 74, 1559–1570.

Wu, Q., et al., 2021. High-precision U-Pb age constraints on the Permian floral 
turnovers, paleoclimate change, and tectonics of the North China block. Geol-
ogy 49 (6), 677–681. https://doi -org .ezproxy.uio .no /10 .1130 /G48051.1.

Yallup, C., Edmonds, M., Turchyn, A.V., 2013. Sulfur degassing due to contact 
metamorphism during flood basalt eruptions. Geochim. Cosmochim. Acta 120, 
263–279. https://doi .org /10 .1016 /j .gca .2013 .06 .025.

Zaputlyaeva, A., Mazzini, A., Blumenberg, M., Scheeder, G., Kürschner, W., Kus, J., 
Jones, M.T., Frieling, J., 2020. Recent magmatism drives hydrocarbon generation 
in north-east Java, Indonesia. Sci. Rep. 10, 1786.
12

http://refhub.elsevier.com/S0012-821X(23)00319-9/bibA49E80B38C87B0C26E274706EDC820B5s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibA49E80B38C87B0C26E274706EDC820B5s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibA49E80B38C87B0C26E274706EDC820B5s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib208AC1579C720605F50E2FA211CA0869s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib208AC1579C720605F50E2FA211CA0869s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib208AC1579C720605F50E2FA211CA0869s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibE75869CA7A55E5E6D5CD02D411053262s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibE75869CA7A55E5E6D5CD02D411053262s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibE75869CA7A55E5E6D5CD02D411053262s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibA461F6FFB62D145DE14DBAFEEBAFB4DCs1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibA461F6FFB62D145DE14DBAFEEBAFB4DCs1
https://doi.org/10.1029/1999PA900040
https://doi.org/10.1029/1999PA900040
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib3BC2CDE7878884CE47AD6EDDE1F557BBs1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib3BC2CDE7878884CE47AD6EDDE1F557BBs1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib629BD03C2DED60E5B18B8ACB92FDFC4Bs1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib629BD03C2DED60E5B18B8ACB92FDFC4Bs1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib629BD03C2DED60E5B18B8ACB92FDFC4Bs1
https://doi-org.ezproxy.uio.no/10.1111/jmg.12225
https://doi-org.ezproxy.uio.no/10.1130/B35792.1
https://doi-org.ezproxy.uio.no/10.1130/B35792.1
https://doi.org/10.1016/j.chemgeo.2022.121030
https://doi.org/10.1016/j.chemgeo.2022.121030
https://doi.org/10.1016/j.epsl.2015.06.064
https://doi.org/10.1016/j.gloplacha.2021.103461
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibB8395C2857D12B6C3704D1F80F0E6225s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibB8395C2857D12B6C3704D1F80F0E6225s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibB8395C2857D12B6C3704D1F80F0E6225s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibB8395C2857D12B6C3704D1F80F0E6225s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibB3101F868EA02B8FD266D84BA85CA2C4s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibB3101F868EA02B8FD266D84BA85CA2C4s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib6D2EA5F27F0D190935BFDA01AED68F20s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib6D2EA5F27F0D190935BFDA01AED68F20s1
https://doi.org/10.1038/ngeo2588
https://doi.org/10.1016/j.jafrearsci.2014.10.019
https://doi.org/10.1016/j.epsl.2019.01.028
https://doi.org/10.1016/j.epsl.2019.01.028
https://doi.org/10.1016/j.epsl.2020.116333
https://doi.org/10.1016/j.epsl.2020.116333
https://doi.org/10.1038/s41467-022-28891-8
https://doi.org/10.1029/2004PA001093
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibE5AEEBB8BB906EEF56A9E489FE33549Es1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibE5AEEBB8BB906EEF56A9E489FE33549Es1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibE5AEEBB8BB906EEF56A9E489FE33549Es1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib34D11C863F9CA590A701EE053ABF91CBs1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib34D11C863F9CA590A701EE053ABF91CBs1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib80EF7300812FCE0676BB6E9DBEB3E508s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib80EF7300812FCE0676BB6E9DBEB3E508s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib80EF7300812FCE0676BB6E9DBEB3E508s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibC8AE63F220A53487D4D2B3F494590D57s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibC8AE63F220A53487D4D2B3F494590D57s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibC8AE63F220A53487D4D2B3F494590D57s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibA86D4A1A78FA5013E9E685994A0B1ED1s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibA86D4A1A78FA5013E9E685994A0B1ED1s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibA86D4A1A78FA5013E9E685994A0B1ED1s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibA0FD14A3160A67354E36B73DB28D7619s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibA0FD14A3160A67354E36B73DB28D7619s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibA0FD14A3160A67354E36B73DB28D7619s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibA0FD14A3160A67354E36B73DB28D7619s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibA0FD14A3160A67354E36B73DB28D7619s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibD3CA47DDDF77EEB52D7C5D166BBF4BA9s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibD3CA47DDDF77EEB52D7C5D166BBF4BA9s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibD3CA47DDDF77EEB52D7C5D166BBF4BA9s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibD3CA47DDDF77EEB52D7C5D166BBF4BA9s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib2C712D8E41EF04D8CAF0294A860B755Es1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib2C712D8E41EF04D8CAF0294A860B755Es1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib2C712D8E41EF04D8CAF0294A860B755Es1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibB72C899A2F76195B211AF9B6D273AD6Ds1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bibB72C899A2F76195B211AF9B6D273AD6Ds1
https://doi-org.ezproxy.uio.no/10.1130/G48051.1
https://doi.org/10.1016/j.gca.2013.06.025
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib573A8CDE2216DF1346A467B3EA6E4A04s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib573A8CDE2216DF1346A467B3EA6E4A04s1
http://refhub.elsevier.com/S0012-821X(23)00319-9/bib573A8CDE2216DF1346A467B3EA6E4A04s1

	Release of mercury during contact metamorphism of shale: Implications for understanding the impacts of large igneous provin...
	1 Introduction
	2 Geological settings and contact aureoles
	2.1 Pluton-related contact metamorphism in the Oslo Rift
	2.2 Sills and aureoles in the Karoo Basin
	2.3 Dykes and shale in the Sverdrup Basin, Canada

	3 Methods
	3.1 Total organic carbon and sulfur
	3.2 Mercury analyses
	3.3 Thermal modelling of sill cooling and contact aureole heating

	4 Results
	4.1 The Oslo Rift
	4.2 LA1/68 in the Karoo Basin
	4.3 KL1/78 and DP1/78 in the Karoo Basin
	4.4 The Sverdrup Basin

	5 Discussion
	5.1 Representative cases and aureole proxies
	5.2 Behaviour of Hg in a contact aureole
	5.3 Implications for LIP-related studies

	6 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary material
	References


