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A B S T R A C T   

The End-Triassic Mass Extinction (ETME) was broadly coincident with the emplacement of the Central Atlantic 
Magmatic Province (CAMP). However, the relationship between evolutionary phases of CAMP (i.e. prolonged 
shallow intrusive pulses and later extrusives) and the ETME is not clear. Here, a high-resolution record of 
changing magmatic activity is established using mercury (Hg) isotopes through a Triassic-Jurassic sedimentary 
succession deposited on the northern flank of CAMP. Successive negative and positive mass independent frac-
tionation (MIF) of odd Hg isotopes through the end-Triassic interval in this succession suggest dominantly 
thermogenic Hg release from intrusive heating of organic-rich sedimentary rocks, followed by mainly volcano-
genic input of mantle-sourced Hg. This inferred pattern is also supported by correlations to available CAMP ages. 
Minimum calculated volumes of thermogenic and volcanogenic Hg needed to drive the observed shifts at the 
basin-scale are plausible based on likely CAMP Hg release volumes, and biotic turnover in the studied region was 
unlikely to have occurred before the onset of volcanogenic Hg release.   

1. Introduction 

The End-Triassic Mass Extinction (ETME), one of the largest Phan-
erozoic mass extinctions, resulted in the extinction of marine inverte-
brate species and major megafloral turnovers on land (McElwain et al., 
1999; van de Schootbrugge et al., 2009). The approximate temporal 
coincidence between the ETME and the emplacement of the Central 
Atlantic Magmatic Province (CAMP) suggests that voluminous carbon 
released during CAMP emplacement triggered a global environmental 
perturbation and biological crisis (Hesselbo et al., 2002; Mchone, 2003; 
Schoene et al., 2010; Blackburn et al., 2013; Wotzlaw et al., 2014; 
Davies et al., 2017; Heimdal et al., 2018; Ruhl et al., 2020; Capriolo 
et al., 2021; Lindström et al., 2021). CAMP emplacement involved 
prolonged intrusive activity, with extrusive activity indicated by rarerly 
preserved basalts around the continental area of North America, South 
America, Africa and Europe (Davies et al., 2017; Marzoli et al., 2018, 
2019). Available U-Pb zircon ages suggest that major shallow intrusive 
activity began earlier than basaltic lava pulses (Schoene et al., 2010; 
Blackburn et al., 2013; Davies et al., 2017; Heimdal et al., 2018; 

Lindström et al., 2021). CAMP volcanogenic gasses (CO2, SO2, halo-
carbons and phytotoxic pollutants including Hg and other heavy metals) 
have been considered major contributers to end-Triassic climate change 
and extinction (Marzoli et al., 2018; Lindström et al., 2019, 2021; 
Grasby et al., 2020). Recent studies have stressed thermogenic degassing 
from magma-sediment interaction in continental large igneous prov-
inces could have been a potential driver of warming and extinction in 
the geological record (Burgress et al., 2017; Heimdal et al., 2018; Berndt 
et al., 2023; Svensen et al., 2023). However, the timing and amount of 
volatiles emitted during different CAMP stages are not well understood, 
and the relative timing/pace of different CAMP stages and their rela-
tionship to the global ETME remain unclear due to the limited temporal 
resolution of available records and the common geographic separation 
between records of CAMP volcanism and stratigraphic records of 
extinction. This hinders understanding of the environmental effects of 
magmatism, and in particular the potential differences in the biotic 
impact of thermogenic gas release versus volcanic outgassing. 

Volcanoes represent a major source of mercury (Hg) in the natural 
environment. Anomalous Hg enrichments in sedimentary rocks are now 

* Corresponding author. 
E-mail address: davidkemp@cug.edu.cn (D.B. Kemp).  

Contents lists available at ScienceDirect 

Earth and Planetary Science Letters 

journal homepage: www.elsevier.com/locate/epsl 

https://doi.org/10.1016/j.epsl.2023.118438 
Received 26 June 2023; Received in revised form 29 September 2023; Accepted 10 October 2023   

mailto:davidkemp@cug.edu.cn
www.sciencedirect.com/science/journal/0012821X
https://www.elsevier.com/locate/epsl
https://doi.org/10.1016/j.epsl.2023.118438
https://doi.org/10.1016/j.epsl.2023.118438
https://doi.org/10.1016/j.epsl.2023.118438
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2023.118438&domain=pdf


Earth and Planetary Science Letters 624 (2023) 118438

2

widely used as a proxy for large-scale paleovolcanism, and have the 
potential to establish temporal links between magmatism, extinction 
and large-scale carbon release (Grasby et al., 2019; Jin et al., 2023; Shen 
et al., 2023; Svensen et al., 2023). Enrichments in sedimentary Hg have 
been recorded broadly coincident with the ETME (Thibodeau et al., 
2016; Percival et al., 2017; Lindström et al., 2019; Ruhl et al., 2020; 
Yager et al., 2021; Shen et al., 2022a, 2022b). Nevertheless, Hg abun-
dance data alone may offer only limited insights into the source and 
volume of emissions (though see Fendley et al., 2019 for an important 
exception). In particular, sedimentary Hg abundance can be compli-
cated by host phase mineral/component variations, source changes, and 
post-depositional degradation (Hammer et al., 2019; Charbonnier et al., 
2020; Shen et al., 2020; Park et al., 2022). 

Hg isotopes potentially offer a more robust understanding of Hg 
sources. Specifically, mass-independent fractionation (MIF) of odd Hg 
isotopes (expressed in delta notation as Δ199Hg) can reflect the path-
ways of Hg entering the sedimentary environment and has distinctive 
values in different reservoirs. Notably, Δ199Hg values of near-zero may 
characterize large igneous province (LIP) emissions sourced from the 
primitive mantle (Yin et al., 2022), while terrestrial and atmospheric 
fluxes are normally characterized by negative and positive values, 
respectively (Blum et al., 2014). Because odd-MIF of Hg is largely stable 
during physical, chemical and biological processes other than photo-
chemical reactions, and because there is no odd-MIF recorded during 
host phase transitions and diagenesis, sedimentary records of 
Hg-isotopes have provided insights into the sources of Hg during the 
ETME (Thibodeau et al., 2016; Yager et al., 2021; Shen et al., 2022a, 
2022b). Specifically, near-zero Δ199Hg (i.e. negligible MIF) across the 
ETME in globally distributed shallow marine sections are interpreted as 
evidence for a predominantly volcanogenic source of Hg (Thibodeau 
et al., 2016; Yager et al., 2021). However, recent observations of 
negative Δ199Hg values across the ETME from the deep ocean emphasize 
spatial variability in Hg-isotope patterns, and the likely importance of 
Hg sourced from organic matter combustion linked to volcanism (Shen 
et al., 2022a). The observed spatial heterogeneity of Hg-isotopes in 
sedimentary records, linked in part to transport distances (Shen et al., 
2022a), complicates interpretation of global Hg source variations and 
volcanogenic fluxes across the ETME. Equally, other non-volcanic fac-
tors (such as terrestrial biomass and flux changes linked to warming) 
may also complicate ETME Δ199Hg signals. 

In this study, we present new Hg-isotope and associated 

geochemistry data from a biostratigraphically well-constrained sedi-
mentary succession across the ETME in southwest England at St Audrie’s 
Bay (Bristol Channel Basin, Fig.1), deposited close to the CAMP. 
Different factors (i.e. exogenic input vs. local flux change) that may have 
driven Δ199Hg variations in this section are assessed, and quantitatively 
evaluated using a simple mass balance model. The relative timing of 
different styles of CAMP magmatism are inferred from the data, and 
evaluated based on the likely stratigraphic correlation between the data 
and other records of the ETME and end-Triassic magmatism. 

2. Geological setting and the ETME at St. Audrie’s Bay 

The St Audrie’s Bay section (southwest England, 51.182◦N, 3.286◦W; 
Fig. 1) was deposited in an epicontinental area and spans the Norian- 
Rhaetian to the Hettangian. Relative sea level and depositional envi-
ronments varied throughout the section. The Blue Anchor Formation is 
characterized by mudstones/dolostones with occasional evaporitic fea-
tures likely deposited in a hypersaline lake/ephemeral playa environ-
ment (Warrington and Whittaker, 1984). The environment transitioned 
to a marine setting towards the top of the Blue Anchor Formation 
(Williton Member), with restricted marine conditions with storm influ-
ence developed in the overlying Westbury Formation mudstones (Mac-
Quaker, 1987). Above the Westbury Formation, the lower Cotham 
Member of the Lilstock Formation was deposited in shallow marine 
conditions, with the upper Cotham Member marking the onset of a 
transgression into marine limestone and mudstones of the Langport 
Member (Hesselbo et al., 2004). The overlying shales, marls and lime-
stones of the Blue Lias Formation were deposited in deeper fully marine 
conditions under ephemeral anoxic/euxinic conditions (Hesselbo et al., 
2002; He et al., 2022). 

Due to the lack of the typical Triassic ammonoid Choristoceras marshi 
and the Jurassic ammonite Psiloceras spelae, the ETME interval at St 
Audrie’s Bay is not well established and relies on δ13Corg correlation 
(Hillebrandt et al., 2013). Negative CIEs across the ETME interval (i.e. 
‘Initial CIE’ and ‘Main CIE’ in Hesselbo et al., 2002; ‘Marshi CIE’, ‘Spalae 
CIE’ and ‘top-Tilmanni CIE’ in Lindström et al., 2017, 2021) have been 
linked to voluminous emission of 13C-depleted carbon associated with 
magmatism. Hesselbo et al. (2002) recognized a sharp CIE in the Lilstock 
Formation (Initial CIE, known as the Spalae CIE in Lindstrom et al., 
2021) and suggested that this marks the onset of major basaltic volca-
nism from CAMP and floral and faunal turnover (Fig. S1). More recently, 

Fig. 1. Paleogeography and location of the studied St Audrie’s Bay section. a, Paleogeographic map of the European seaway. BCB: Bristol Channel Basin. Red 
rectangle shows the location of St Audrie’s Bay. Red lines denote the approximate boundary of the European seaway (used for mass balance calculations in main 
text). b, Global paleogeographic reconstruction for the Triassic-Jurassic, with the location of the Central Atlantic Magmatic Province (CAMP) highlighted. Modified 
from He et al. (2022), with paleogeographic location and extent of CAMP based on Marzoli et al. (2018). 

X. Hua et al.                                                                                                                                                                                                                                     



Earth and Planetary Science Letters 624 (2023) 118438

3

it has been shown that the Initial CIE at St. Audrie’s Bay likely orginates 
from a change in organic matter source linked to sea level/envir-
onmental change, and not from an exogenic input of 12C-enriched vol-
canic carbon (Fox et al., 2020). In addition, a newly established ETME 
correlation scheme using abundance of P. polymicroforatus across NW 
Europe suggests that the major marine invertebrate extinctions and 
terrestrial ecosystem changes took place prior to the Initial/Spalae CIE 
at St Audrie’s Bay (40.85 m), and the base of the ETME may correlate to 
an excursion named the Marshi CIE, which is tentatively recognised in 
the Westbury Formation (35.85 m, Bonis et al., 2010; Lindström et al., 
2012, 2017, 2021; Fig. 4). The Marshi CIE may coincide with the major 
intrusive phase of CAMP (Lindström et al., 2017, 2021; Fig. 4). 

3. Materials and methods 

A total of 100 samples were collected across a 49.1 m interval 
spanning the Blue Anchor Formation to the Blue Lias Formation at St 
Audrie’s Bay section. Samples were dried and ground to 200 mesh for 
subsequent geochemical analysis. 

3.1. Element and total organic carbon concentrations 

All 100 samples were analysed for Hg concentration using a Mile-
stone DMA-80 Evo at the School of Earth Sciences, China University of 
Geosciences (Wuhan). 70 ± 5 mg of dry and powered whole rock sample 
was weighed out and the precise mass was recorded. The material was 
heated to 1000 ◦C under oxygen flow to be thermally decomposed. 
Mercury species were then catalysed to be reduced and trapped on a 
gold amalgamator followed by subsequent release and measuring. A soil 
Reference Standard (GBW07423, 32 ± 3 ng/g Hg) was analyzed after 
every ten samples to monitor accuracy. Analytical precision based on 
these standards was better than ± 2.44 ng/g (2σ). 

Samples were analyzed for total organic carbon (TOC) using a Vario 
EL Cube elemental analyser at the Faculty of Materials Science and 
Chemistry, China University of Geosciences (Wuhan). For each sample, 
approximately 1 g of dried powdered rock was digested in 2 M HCl for at 
least 24 h to remove carbonate minerals. After drying at 45 ◦C, samples 
were loaded into tin capsules ready for measurement. Carbonate content 
was determined by the mass percentage loss during decalcification. 
Sulfanilamide was used as a calibration standard, and analytical preci-
sion was better than ± 0.06 wt% (2σ). 

Samples were analyzed for sulfide concentration using a LECO CS844 
instrument by ALS Chemex (Guangzhou) Co., Ltd. A sodium carbonate 
leach was used to remove sulfate, and the insoluble sulfide residue was 
filtered and analysed. Analyses of standards OREAS − 45e, OREAS − 72a, 
OREAS − 74a yielded analytical precision better than ± 0.02% (2σ). 

Samples were analyzed for Al using an Agilent-5110 ICP-OES by ALS 
Chemex (Guangzhou) Co., Ltd. A four-acid digestion method of HNO3‒ 
HClO4‒HF‒HCl was conducted in three steps to dissolve most of the 
minerals. HNO3 and HClO4 were firstly used for pre-oxidation followed 
by addition of HF for digestion of silicate and aluminate. The solution 
was then evaporated and HCl was added before measurements. Multiple 
replicate analyses of one sample and standards yielded analytical pre-
cision better than ± 0.42% (2σ). 

3.2. Hg isotopes 

A subset of 26 samples was analyzed for Hg isotopes at the State Key 
Laboratory of Environmental Geochemistry, Institute of Geochemistry, 
Chinese Academy of Sciences, Guiyang. Hg preconcentration was pro-
ceeded by a double-stage tube furnace coupled with 40% (HNO3/HCl =
2/1, v/v) trapping solution (Huang et al., 2015). This method, which 
enables a complete release of Hg from samples under 850 ◦C and an 
efficient capture of the released Hg in the trapping solution, yielded 
good Hg recoveries of 90 to 110% for the samples, avoiding any po-
tential Hg isotope fractionation during sample processing. The trapping 

solutions were then diluted to ~0.5 ng/mL Hg in 10–20% (v/v) acids 
using Milli-Q water, and analyzed using a Neptune Plus multiple col-
lector inductively coupled plasma mass spectrometer (Thermo Electron 
Corp, Bremen, Germany), following a previous method (Yin et al., 
2016a). Hg isotope results are expressed as delta (δ) values in units of 
per mille (‰) relative to the bracketed NIST 3133 Hg standard, as 
follows: 

δ202Hg =

[(
202Hg/198Hg

)

sample

/(
202Hg/198Hg

)

standard
− 1

]

× 1000 

MIF values were calculated for 199Hg and 200Hg, and expressed as per 
mille deviations from the predicted values based on the mass-dependent 
fractionation (MDF) law (Bergquist et al., 2007): 

Δ199Hg = δ199Hg − 0.2520 × δ202Hg
Δ200Hg = δ200Hg − 0.5024 × δ202Hg 

Standard reference materials (GSS-4, soil) were prepared and 
measured in the same way as the samples. NIST-3177 secondary stan-
dard solution, diluted to 0.5 ng/mL Hg, was measured in every 5 to 10 
samples. Analytical uncertainty was estimated based on replicate ana-
lyses of the NIST-3177 secondary standard solution and GSS-4 (±0.1‰, 
±0.04‰ and ±0.06‰, 2σ for δ202Hg, Δ199Hg and Δ200Hg, respectively). 

To obtain our final Hg isotope record, the data measured in this study 
are integrated with the previously published Hg isotope data from Yager 
et al. (2021) according to lithostratigraphic (bed by bed) correlation. 

3.3. Organic geochemistry 

A subset of 32 samples were prepared and measured for n-alkane, 
pristane and phytane content at State Key Laboratory of Biogeology and 
Environmental Geology, China University of Geosciences (Wuhan). 
Powdered rock samples (ca. 20–40 g) were extracted for bitumen com-
pounds using a 9:1 dichloromethane:methanol (DCM:MeOH, v/v) so-
lution in an accelerated solvent extractor (ASE 150, Dionex) at a 
pressure of 1500–1600 Pa and a temperature of 100 ◦C, with extractions 
proceeding through 3 cycles of 15 min cycle− 1. Activated copper turn-
ings (sonicated for 30 mins in 2 M HCl, brought to a neutral pH using 
ultrapure water, cleaned using 9:1 DCM:MeOH, v/v) were used to 
remove elemental sulfur. After solvent removal under reduced pressure, 
the extract was fractionated into saturate fraction (n-hexane) using silica 
gel column chromatography. The n-alkane analyses were carried out 
using an Agilent 8890 gas chromatograph (GC) with helium as carrier 
gas, equipped with a Rtx-5 column (30 m × 0.25 mm) and a flame 
ionization detector (FID). The oven temperature was programmed from 
70 ◦C to 210 ◦C at 10 ◦C/min, then to 300 ◦C at 3 ◦C/min and held for 30 
mins. An internal standard of cholestane was used for correction of 
quantitative analyses. The carbon preference index (CPI), average chain 
length (ACL), terrestrial aquatic ratio (TAR) were based on the relative 
abundance of the long chain n-alkanes, according to the following 
equations (Poynter and Eglinton, 1990; Peters et al., 2005):  

CPI = 0.5 × [([C25] + [C27] + [C29] + [C31] + [C33])/([C24] + [C26] + [C28] +
[C30] + [C32]) + ([C25] + [C27] + [C29] + [C31] + [C33])/([C26] + [C28] +
[C30] + [C32] + [C34])]                                                                           

ACL = (25 × [C25] + 27 × [C27] + 29 × [C29] + 31 × [C31] + 33 × [C33])/ 
([C25] + [C27] + [C29] + [C31] + [C33])                                                    

TAR = ([C27] + [C29] + [C31])/([C15] + [C17] + [C19])                               

3.4. Mass balance calculation 

A mass balance equation is used to evaluate the mass of Hg of a given 
isotopic composition needed to drive changes in Δ199Hg. The equations 
are modified from McInerney and Wing (2011): 
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Madded = Minitial × (Δ199Hginitial – Δ199Hgfinal)/(Δ199Hgfinal – Δ199Hgadded),     

Msubtracted = Minitial × (Δ199Hgfinal – Δ199Hginitial)/(Δ199Hgfinal – 
Δ199Hgsubtracted),                                                                                    

where Minitial is the Hg reservoir size, Madded/substracted is the mass of Hg 
added into/substracted from a given reservoir, Δ199Hginitial is the value 
prior to the positive/negative Δ199Hg shift, and Δ199Hgfinal is the final 
value of the positive/negative shift. Δ199Hgadded/substracted is the isotopic 
composition of the Hg source causing the isotopic shift. 

Due to the short residence time of Hg in the ocean relative to the 
timescale of ocean circulation (Zhang et al., 2014; see also Results and 
Discussion 4.2), the mass balance model may be suitable for constrain-
ing local to regional scale changes. The natural global ocean Hg reser-
voir size before significant anthropogenic influence was estimated as 
1.22 × 105 to 1.98 × 105 Mg (total of surface, intermediate and deep 
ocean; Amos et al., 2013). The areal extent of the Bristol Channel Basin 
and European seaway, as a proportion of the global ocean, is estimated 
as ~0.01% and 1%, respectively, using a global paleogeographical 
basemap (Scotese et al., 2014). Assuming the near-shore Bristol Channel 
Basin is composed of surface ocean water (e.g., <50 m), the Hg reservoir 
size (Minitial) of the Bristol Channel Basin is estimated as ~5.6 Mg 
considering enhanced terrestrial input in a near-shore environment (i.e. 
the riverine Hg concentration into the modern North Atlantic ocean of 
~9.1 pM in Amos et al., 2014), and a total global surface ocean volume 
of 3.07 × 1016 m3. The Minitial of the European Seaway (1 % of the global 
ocean reservoir) is estimated to be ~1.23 × 103 to 2.01× 103 Mg Hg. 

The Δ199Hg values of various Hg sources are not well-constrained. 
For volcanically sourced Hg outgassed from effusive eruption, we use 
Δ199Hg = 0.02 ± 0.06‰ (Yin et al., 2016b). For terrestrially sourced Hg, 

we assume Δ199Hg = –0.6 ± 0.04‰ based on the average of the lowest 5 
Δ199Hg values in the predominantly terrestrial Blue Anchor Formation 
(Fig. 2). The same terrestrial value is used to represent thermogenically 
sourced Hg outgassed via contact metamorphism of organic-rich sedi-
ments (broadly consistent with Yin et al., 2016b, i.e. median = –0.32‰, 
range: –0.65 to 0.1‰ for terrestrial plants). 

4. Results and discussion 

4.1. Hg, Hg-isotopes and host phase transitions through the Late Triassic 
to Early Jurassic at St. Audrie’s Bay 

Total Hg concentrations range from 0 to 233 ng/g (mean = 41.3 ng/ 
g) through the St. Audrie’s Bay succession, which spans from the Norian 
(Late Triassic) through to the Hettangian (Early Jurassic) (Fig. 2). Hg is 
relatively elevated and variable (0 to 233 ng/g, mean = 49.4 ng/g) 
within the predominantly non-marine Blue Anchor Formation at the 
base of the succession (2.1 to 30.5 m). By contrast, Hg is lower and less 
variable upwards through the succeeding marine Westbury, Lilstock and 
Blue Lias Formations (30.5 to 45.85 m, 5 to 77 ng/g, mean = 35.8 ng/g), 
which encompass the ETME interval (~35.1 to 42.1 m in the upper part 
of the Westbury Formation and Lilstock Formation based on correlation 
of Lindström et al., 2017, 2021; see also Fig. 4). 

The δ202Hg values range from –1.62‰ to +0.35‰ (mean = –0.82‰, 
augmented with data from Yager et al., 2021; Fig. 2) across the section. 
Given that the variation of δ202Hg can result from mass-dependent 
fractionation (MDF) during numerous biological, abiotic chemical and 
physical processes, it is difficult to directly link δ202Hg changes to Hg 
source variations (Blum et al., 2014). Δ199Hg (augmented with data 
from Yager et al., 2021; Fig. 2) vary from –0.62 to –0.07‰. Mean Δ199Hg 

Fig. 2. Stratigraphic changes in Hg and Hg-isotopes and key geochemical data at St. Audrie’s Bay. Major Hg host phases (TOC, sulfide, and Al – a proxy for 
clay), and selected biomarker indices are shown. The gray bar in the Δ199Hg column is the assumed volcanic value of 0.02 ± 0.06‰ (Yin et al., 2016b), and the gray 
bar in the Δ200Hg column represents values of 0 ± 0.05‰ without significant fractionation (Yin et al., 2016b). Black-filled dots in TOC column are TOC values <0.2 
wt.%, and gray-filled dots in Hg/TOC column are those datapoints with TOC values <0.2 wt.%. Hg isotopic data from (Yager et al., 2021) and this study are colored 
orange and blue, respectively. Δ199Hg shifts A, B, C indicate a + 0.3‰ shift at 27.3–30.5 m, a –0.25‰ shift at 36.2–38.85 m, and a + 0.48‰ shift at 38.85 to 42.2 m, 
respectively (see main text for discussion). Relative sea level curve is from Hesselbo et al. (2004). Organic carbon isotope data (δ13Corg) are from Hesselbo et al. 
(2002). Definitions of ETME interval and TJB follow Lindström et al. (2017, 2021). Sedimentary log of the Westbury Formation and higher is from Hesselbo et al. 
(2002). Log of the Blue Anchor Formation is from this study. CIE: carbon isotope excursions; CPI: Carbon preference index; ACL: Average chain length; TAR: 
terrestrial-aquatic ratio; Pr/Ph: pristine/phytane ratio. 
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is –0.48‰ within the Blue Anchor Formation, with a ~+0.3‰ shift 
across the boundary between the non-marine Rydon Member and ma-
rine Williton Member (Shift A, 27.3 to 30.5 m; Fig. 2). Near the top of the 
Westbury Formation (36.2 m) there is a –0.25‰ decrease spanning 2.65 
m (Shift B), followed by a + 0.48‰ increase spanning 3.35 m across the 
uppermost Westbury Formation and Lilstock Formation (Shift C, 38.85 
to 42.2 m). Δ199Hg values are broadly stable and negative above this in 
the Blue Lias Formation (mean = –0.3‰). Even-MIF (i.e. Δ200Hg) can be 
largely controlled by photochemical reactions in the atmosphere. At-
mospheric samples that contain photoxidized Hg(II) species and gaseous 
Hg(0) are characterized by positive and negative values (Gratz et al., 
2010; Zerkle et al., 2020), which are followed by wet and dry deposition 
respectively into sediments. Δ200Hg values are broadly consistent and 
close to zero, within uncertainty (±0.06‰, 2σ), ranging from –0.16‰ to 
0.07‰ (mean = –0.02‰) prior to ETME (–2.1 m to 35.1 m), and from 
–0.09‰ to 0.04‰ (mean = –0.02‰) during and after ETME (35.1 m to 
53.1 m; Fig. 2). 

Hg is hosted in sediments and sedimentary rocks by different mineral 
phases and components; typically organic matter and sulfide, though 
clay minerals can also (more rarely) be an important host phase (Grasby 
et al., 2019; Shen et al., 2020). Within the Blue Anchor Formation, Hg 
correlates most strongly with total organic carbon (TOC) content 
(Pearson r = 0.85, p <0.01, n = 39), and with aluminum (Al) (a proxy for 
clay content) within the Westbury and Lilstock Formations (r = 0.63, p 
<0.01, n = 37 and r = 0.72, p = 0.02, n = 10, respectively) (Figs. 2; S2; 
Table S1). Hg correlates most strongly with sulfide content in the Blue 
Lias Formation (r = 0.68, p = 0.014, n = 12) (Figs. 2; S2; Table S1). The 
varying strength of the correlations between Hg and candidate host 
phases in the different formations suggests host phase transitions 
through the section (see also Fig. S2 and Table S1). Based on the cor-
relations, Hg is likely hosted primarily in organic matter in the Blue 
Anchor Formation, primarily in clays in the Westbury and Lilstock 
Formations, and primarily in sulfides in the Blue Lias Formation. Our 
finding that Hg is hosted in clays and sulfides in the Lilstock-Blue Lias 

Fig. 3. Correlations (Pearson r values and associated p values) between Hg and various geochemical data before, and during/after ETME. a, Δ199Hg – Hg, 
b, Δ199Hg – CPI (carbon preference index), c and d, Δ199Hg – Δ200Hg. Data are split into those before the ETME (black data) and those during/after the ETME (orange 
data). Error bars for Δ199Hg and Δ200Hg are the 2σ errors. 
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interval contrasts with previous works (Percival et al., 2017; Yager et al., 
2021), which assumed an organic matter host of Hg (and did not present 
Al and sulfide data). Indeed, the Hg/TOC enrichment across the ETME 
(40.85 to 43.1 m) in the Lilstock Formation and the lowermost part of 
the Blue Lias Formation previously observed (Percival et al., 2017; 
Yager et al., 2021; also apparent in our data, Fig. 2) is mainly attribut-
able to low TOC (mean = 0.15 wt.% between 40.85 m and 43.1 m), 
which sensitises Hg/TOC to small changes in TOC (Grasby et al., 2019). 
This is further exacerbated by dilution of TOC by carbonate content, 
which is relatively high in the Lilstock Formation (Fig. S2). Normalized 
to Al and sulfide abundance, Hg shows no anomalous enrichment across 
the ETME interval (Fig. 2). Nonetheless, the relatively high Al and sul-
fide contents during the ETME (mean = 7.19 and 1.33 wt.%, respec-
tively, Fig.2) could contribute to the low Hg/host ratio. Taken together, 
evidence for CAMP volcanism from the Hg concentration data alone is 
unclear. 

The lowest Δ199Hg values occur in the predominantly non-marine 
Blue Anchor Formation, and Hg enrichment spikes in this formation 
are typically coincident with the most negative Δ199Hg values 
(Hg–Δ199Hg correlation r = –0.79, p < 0.01; Fig. 3a). We also note a 
strong negative correlation between Δ199Hg and carbon preference 
index (CPI, r = –0.86, p = 0.012) through the succession prior to the 
ETME interval (Fig. 3b). CPI reflects the predominance of odd-over-even 
n-alkane chain lengths, with odd-numbered chain lengths predominat-
ing (CPI >1) in immature terrestrial organic matter (Bray and Evans, 
1961; Peters et al., 2005). As such, the data emphasize an organic matter 
source control on Δ199Hg. This is most clearly emphasized by the in-
crease in Δ199Hg (~+0.31‰) at Shift A near the top of the Blue Anchor 

Formation (Rydon-Williton Member boundary, Fig. 2), which is coin-
cident with reduced terrestrially sourced organic matter, as indicated by 
decreasing CPI and TAR and the transition from terrestrial to marine 
conditions. Taken together, organic matter type strongly controls 
Δ199Hg values prior to ETME. 

4.2. Evidence for thermogenic and volcanogenic Hg release during the 
ETME 

Although Hg abundance data do not provide clear evidence of vol-
canic input of Hg to the environment across the ETME at St. Audrie’s 
Bay, previous Hg-isotope data across this interval have indicated a likely 
pulse of volcanic Hg (Yager et al., 2021). Our new higher resolution and 
extended Δ199Hg record allows us to evaluate this previous deduction in 
detail. In contrast to the data below the ETME, Δ199Hg shifts B and C in 
the ETME interval are not associated with changes in CPI, TAR or any 
other proxy for organic matter type (Fig. 2). There is no significant 
correlation between Δ199Hg and CPI (r = –0.16, p = 0.762) within and 
above the ETME (Fig. 3b). Together with the fact that the Hg host phase 
transitioned to clays/sulfide during the ETME and above, the decoupling 
between organic matter type and Δ199Hg strongly suggests that the Hg 
was no longer largely associated with organic matter binding, and thus 
not significantly influenced by organic matter source changes. As such, 
shifts B and C in the ETME were likely to have been driven by an exo-
genic input of Hg. 

A plausible major source of Hg with relatively low Δ199Hg that could 
have driven the negative shift in Δ199Hg at shift B is thermogenic Hg 
emitted during magma intrusion into organic-rich sediment (Heimdal 

Fig. 4. Synthesis of CAMP intrusion and ash bed ages, plotted against ETME data and carbon and Hg isotope data. Correlations of CAMP ages to global 
sections and δ13Corg data are based on Lindström et al. (2021). Geochronology of CAMP intrusions and lava flows are from Blackburn et al. (2013), Davies et al. 
(2017), Heimdal et al. (2018), and Marzoli et al. (2019). Geochronology of ash beds is from the ammonoid bearing successions in Nevada, USA (Schoene et al., 2010) 
and the Pucara Basin, Peru (Schoene et al., 2010; Wotzlaw et al., 2014). Short horizontal orange lines mark the stratigraphic levels of U-Pb dated ash beds on the 
carbon isotope curves at Nevada and Peru. The ETME is defined as the interval between the LO of C.crickmayi or C. marshi and the FO of P. spelae (Hillebrandt et al., 
2013), and is marked with purple shading. Vertical axis of Pucara Basin section data is in time. Extinction events at St. Audrie’s Bay and Stenille (Denmark) are from 
Lindström et al. (2012). The TJB is defined by the first occurrence (FO) of Psiloceras spelae, marked by a red line, estimated at 201.36 ± 0.17 Ma (Wotzlaw et al., 
2014). δ13Corg records are from Pucara Basin (Yager et al., 2017), Nevada (Guex et al., 2004), Kuhjoch (Ruhl et al., 2009), St Audrie’s Bay (Hesselbo et al., 2002) and 
Stenille (Lindström et al., 2012). Figure is modified from Lindström et al. (2012, 2017, 2021). 
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et al., 2018; Shen et al., 2022a; Svensen et al., 2023). Synchronicity 
between the timing of CAMP intrusives and shift B is supported by the 
available correlations to CAMP intrusion ages (Lindström et al., 2017, 
2021; Fig. 4). Specifically, the correlation scheme of Lindstrom et al. 
(2017, 2021) implies that Shift B is coeval with a cluster of U-Pb 
intrusion dates (Fig. 4). Even if Shift B was older (as originally implied 
by Hesselbo et al., 2002, Fig. S1, see also Section 2), then it would still be 
broadly coincident with intrusion. During this major phase of CAMP 
activity, sills intruded into Devonian-Carboniferous rocks, including 
organic-rich shales across Africa, North America and Europe, and 
especially Brazilian basins in South America (Marzoli et al., 2018). The 
release of volatiles (i.e. Hg, CO2, CH4) during this contact meta-
morphism has been proposed previously (Heimdal et al., 2018; Capriolo 
et al., 2021; Shen et al., 2022a). 

Evaluating the precise masses of thermogenic Hg required to drive 
shift B is complicated by the short residence time of Hg in seawater (a 
few months in the surface ocean and hundreds of years in the interme-
diate ocean, Zhang et al., 2014). This residence time is less than the 
timescale of global oceanic circulation (~103 yrs). Therefore, sedi-
mentary Hg isotopes from marine records represent only regional or 
basin-scale signals, contributing to the observed heterogeneity in global 
Hg isotope records across the ETME (Yager et al., 2021; Shen et al., 
2022a, 2022b). 

Assuming the Hg isotope signal at St. Audrie’s Bay reflects a basin- 
scale signal that tracks CAMP activity, a simple mass balance can be 
used to illustrate the mass of thermogenic Hg (i.e. Δ199Hg = –0.6 ±
0.04‰) needed to drive the –0.25‰ magnitude shift B (assuming no 
source mixing or source change) (Section 3.4). Based on the estimated 
Hg reservoir size of ~5.6 Mg in the Bristol Channel Basin (see Section 
3.4), ~28 Mg of thermogenic Hg would be required to drive the shift 
(Fig. 5a). If Shift B was representative of the entire European seaway 
(~1230.9 to 2008.5 Mg Hg; see Section 3.4), then 6.15 × 103 to 1 × 104 

Mg of thermogenic Hg would be required to drive it (Fig. 5a). The 
release of up to 9.92 × 105 Mg of thermogenic Hg to drive Shift B at a 
global scale (Fig. 5a) implies an associated release of carbon that is well 
within the previously estimated thermogenic carbon emission masses 
quantified from CAMP intrusive rocks (see Supplementary Information). 

Following Shift B, the marked +0.48‰ Δ199Hg change at Shift C was 
previously noted by Yager et al. (2021), and suggested by them to have 

been caused by direct volcanic emission of Hg. Assuming this volcanic 
Hg had a Δ199Hg value of +0.02‰ (see Section 3.4), our mass balance 
model suggests that within the Bristol Channel Basin alone, Shift C could 
have been driven by the release of ~29.9 Mg of volcanic Hg (Fig. 5b). If 
Shift C was representative of the entire European seaway or global 
ocean, then it would require 1.07 × 104 Mg or 1.06 × 106 Mg Hg, 
respectively. As for Shift B, the implied volumes of carbon release 
associated with these Hg masses are well within likely volume ranges of 
CAMP basalts (See Supplementary Information). 

There are several important caveats to these calculations. Intrusive 
and extrusive activity almost certainly co-occurred for much of CAMP 
(as indicated by overlapping intrusion and ash-bed dates, for example; 
Fig. 4), and the mass balance calculations solely consider a single source 
of Hg during each shift. As already noted (Section 3.4), end-member 
Δ199Hg values for thermogenic and volcanic Hg are poorly known, as 
are pre-Anthropocene reservoir masses. Moreover, because the mini-
mum Δ199Hg values reached at shifts B and C are close to the end- 
member values used in the mass balance, the masses calculated repre-
sent likely minimum estimates (Fig. S3). For a comparison, we used our 
mass balance calculation to evaluate the Δ199Hg data from New York 
Canyon, Nevada, which was deposited in a mid-inner shelf environment 
in Panthalassa (Thibodeau et al., 2016). The amount of volcanogenic Hg 
required to drive the observed 0.13‰ positive Δ199Hg shift across the 
ETME in this section is comparable with our estimate for the Bristol 
Channel Basin (~2.00 × 102 Mg Hg), considering an assumed larger Hg 
reservoir size at New York Canyon (13.9 Mg) (see Supplementary 
Information). 

The relatively low calculated masses of Hg required to drive the Hg- 
isotope shifts, despite the likely larger masses released from CAMP, may 
relate to its rapid (~1 year) cycling (Selin, 2009), which could limit the 
mass of Hg reaching the basins (St Audrie’s Bay was paleogeographically 
~1000–2000 km from outcrops of CAMP volcanics). It is also worth 
noting that our calculations do not take into account changes in Δ199Hg 
caused by this atmospheric transport (Shen et al., 2022a). This would 
shift Δ199Hg to more positive values via photoreduction (Blum et al., 
2014). We note that although even-MIF (i.e. Δ200Hg) can be largely 
controlled by photochemical reactions in the atmosphere (Zerkle et al., 
2020; Gratz et al., 2010), the Δ200Hg mean value of − 0.03‰ and the 
insignificant correlation between Δ199Hg and Δ200Hg at St Audrie’s Bay 

Fig. 5. Mass balance constraints on Hg volumes required to drive observed shifts in the Δ199Hg record at St. Audrie’s Bay. Calculations are made assuming 
the changes reflect either local basin-scale, regional (seaway-scale), or global-scale changes. For mass balance equations and further information see main text. a, 
Masses of Hg need to drive Shift B via thermogenic Hg release from intrusive heating of organic-rich sedimentary rocks. b, Masses of Hg required to drive Shift C via 
Hg release from CAMP volcanoes (Scenario 1). c, Decreases in terrestrial Hg (expressed as masses) required to drive Shift C assuming terrestrial collapse and 
consequent reduction in terrestrial Hg input (Scenario 2). Colored bars indicate Δ199Hg source values and uncertainties. End-member values are: volcanically emitted 
Hg Δ199Hg = 0.02 ± 0.06‰ (Yin et al., 2016b) and terrestrial Hg Δ199Hg = –0.6 ± 0.04‰ (Yin et al., 2016b, and also constrained by the mean of the 5 lowest Δ199Hg 
values in the terrestrial Blue Anchor Formation, Fig. 2). This terrestrial value is also assumed to represent the Δ199Hg of thermogenically released Hg via contact 
metamorphism of organic-rich sediment in a. However, the gradient shading in a indicates uncertainty in this thermogenic Δ199Hg end-member value. Gray areas in 
a, b and c indicate possible Hg mass ranges based on reservoir size uncertainties. See main text for details. 
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during the ETME (Figs. 2; 3c and 3d) suggests that atmospheric 
photoreaction-induced Δ199Hg transition was likely to have been 
limited. If the Hg masses involved in driving shifts B and C at St. Audrie’s 
Bay really were low, then this may account for the lack of clear Hg 
enrichment in our studied rocks. 

A further caveat is that the mass balance calculations assume 
terrestrial Hg fluxes remained constant across shifts B and C. As dis-
cusssed above, this is supported by the lack of correlation between our 
organic geochemical indicators of organic matter source and Δ199Hg 
(Figs. 2 and 3b). Nevertheless, mean Δ199Hg across the ETME is negative 
and shifts B and C occur in predominantly clay-bound Hg deposited in a 
near-shore environment (Fig. 2; Table. S1; Fig. S2). Thus, terrestrial Hg 
certainly contributed to the background Δ199Hg. Terrestrial ecosystem 
collapse during the end-Triassic is observed around the globe (van de 
Schootbrugge et al., 2009; Williford et al., 2014; Fox et al., 2022b) and 
was likely associated with wildfire, volcanism-driven acid rain and 
enhanced soil erosion. Recent work has shown how increased terrestrial 
flux of decaying biomass immediately following ecosystem collapse 
could coincide with a shift in Δ199Hg to lower values (Dal Corso et al., 
2020; Jin et al., 2022). Subsequent to this collapse, reduced terrestrial 
biomass could ultimately lead to a positive Δ199Hg shift. Thus, this 
scenario could potentially explain both shifts B and C. However, mass 
balance calculations suggest that a ~5.07 Mg decrease in terrestrial Hg 
flux would be required to drive the observed +0.48‰ Δ199Hg increase at 
Shift C (assuming a terrestrial end-member Δ199Hg of –0.6‰ ± 0.04‰; 
Fig. 5c). This value is nearly equal to our estimated Hg reservoir mass for 
the Bristol Channel Basin (5.6 Mg), and such a significant drop in 
terrestrial input is not evident in our organic geochemistry data, or in 
palynology data previously obtained through the St. Audrie’s Bay suc-
cession (Bonis et al., 2010, Fig. S4). Overall, we cannot rule out that the 
Δ199Hg signal across the ETME at St. Audrie’s Bay was at least partly 
influenced by localized changes in terrestrial Hg flux. 

Other possible influences on the Δ199Hg signal across the ETME exist. 
For instance, the development of photic zone euxinia (PZE) can drive 
negative shifts in Hg odd-MIF (Zheng et al., 2018). Episodic PZE con-
ditions from the top Westbury Formation upwards into the Blue Lias 
Formation are recorded by sulfur bacteria biomarker indices, which is 
also consistent with Fe speciation evidence for euxinia (Fox et al., 2020, 
2022; He et al., 2022; Fig. S4). Nevertheless, limited data means that a 
clear association between redox changes and Shift B cannot be made 
(Fig. S4). Although the impact of PZE conditions on the Δ199Hg signal is 
hard to quantitively evaluate, its magnitude at St. Audrie’s Bay was 
likely to have been limited due to the formation of Hg(II) complexes in 
the water column stimulated by the large amount of chloride ligands 
(Yamamoto, 1996). 

4.3. Re-evaluating the relative timing of magmatism in the ETME 

The lowermost Marshi CIE, which likely marks the onset of the ETME 
(Lindström et al., 2021), has been associated with release of 
12C-enriched carbon, perhaps from early CAMP extrusives (Lindström 
et al., 2021). No previous Hg isotope records have extended to the 
Marshi CIE. In our work, neither increased Hg concentration nor any 
shift in Δ199Hg occurs at the Marshi CIE (Fig. 2). The veracity of the 
Marshi CIE at St. Audrie’s Bay cannot be established due to the lack of 
reliable biostratigraphic constraints. Another key feature of our Δ199Hg 
record is that Shift C is 3.35 m below the Initial/Spelae CIE, which has 
also previously been linked to 12C-enriched carbon release from extru-
sive volcanic outgassing (Hesselbo et al., 2002). The clear mismatch 
between the timing of Shift C and the Initial/Spelae CIE supports recent 
work that demonstrates that the Spelae CIE in this region was not, in 
fact, caused by volcanism, but was actually caused by local changes in 
organic matter linked to sea level change (Fox et al., 2020, see also 
Section 2). Although organic matter changes could have caused the 
Initial/Spelae CIE, these inferred changes do not appear to have 
impacted the Δ199Hg signal due to the lack of corresponding change in 

Δ199Hg at this level. The precise correlation between St Audrie’s Bay and 
other available Triassic-Jurassic records remains highly uncertain, but 
the proposed correlation of Lindström et al. (2017, 2021) (shown in 
Fig. 4) suggests that Δ199Hg shifts B and C are coincident with major 
intrusive and extrusive activity. If the Initial/Spelae CIE was real, and 
older (as per the correlation implied in Hesselbo et al., 2002 and dis-
cussed in Lindström et al., 2021), then the proposed pattern of intrusive 
followed by extrusive activity across shifts B and C may still be consis-
tent with the available CAMP dates (Fig. S1), but the issues surrounding 
CIE correlations, and indeed the lack of agreement between CIEs and 
Δ199Hg data, remain. Given the variable expression and likely local in-
fluences on δ13Corg records (Fox et al., 2020, see also Lindström et al., 
2021), it is possible that the timing and style of CAMP activity may be 
more reliably established with Δ199Hg compared to δ13Corg. 

The age of the continental ETME within the CAMP region, as derived 
from combined analysis of palynology and basalt geochronology in the 
Newark Basin, is 201.564 ± 0.015 Ma (Blackburn et al., 2013). The 
ETME age from the marine record within the CAMP region is con-
strained by ammonoids and interbedded ash bed dating in Peru (201.51 
± 0.15 Ma and 201.39 ± 0.14 Ma, with both dates within the interval 
between the LO of Choristoceras and the FO of P. spelae, Shoene et al., 
2010; Wotzlaw et al., 2014). Thus, marine and continental extinction 
appear to be broadly synchronous (i.e. within the error of each other 
based on the available dates). These dates are broadly coincident with 
dates for CAMP intrusives into large amounts of evaporite deposits and 
organic-rich shales in the Amazonas basin, which suggest a major phase 
of thermogenic volatile emission at ~201.5 Ma (Blackburn et al., 2013; 
Davies et al., 2017; Heimdal et al., 2018; Marzoli et al., 2019), though 
there are few extrusive dates (Fig. 4). Outside the CAMP region, marine 
and terrestrial extinction events at St Audrie’s Bay and terrestrial 
extinction in Denmark are broadly synchronous with inferred volcano-
genic release at Δ199Hg Shift C (following the correlation in Lindström 
et al., 2012, 2021), suggesting a key role for extrusive volcanism in 
driving local extinctions in the NW epicontinental sea area. 

A similar sequence of mainly intrusive followed by mainly extrusive 
magmatism has also been geochronologically determined for other LIPs, 
such as end-Permian Siberian Traps (Burgess and Bowring, 2015) and 
early Toarcian Ferrar LIP (Burgess et al., 2015). Notably, a similar 
degassing style to that established here for the end-Triassic is inferred 
from modeling work on the end-Permian mass extinction by Wu et al. 
(2023). For this event, thermogenic greenhouse gas release was deemed 
to have had a slower emission rate than later volcanogenic emission, 
thus supporting volcanic CO2 as the key trigger for environmental 
changes that occurred during the main end-Permian extinction event 
(Wu et al., 2023). 

5. Conclusions 

In this work, a negative shift followed by a positive shift in Δ199Hg 
across the ETME in an epicontinental section near the northern flank of 
CAMP provides evidence of exogenic Hg inputs via thermogenic release 
from heating of organic-rich sedimentary rocks during an early intrusive 
phase, followed by atmospheric loading during a later explosive volca-
nic phase. This deduction is consistent with knowledge of CAMP 
emplacement and LIPs during other major paleoclimate change events. 
Simple mass balance considerations suggest low but plausible volumes 
of Hg (<50 Mg) could have driven the observed Δ199Hg changes, despite 
the much larger volumes likely released during CAMP emplacement. 
Nevertheless, these masses are minimum estimates, and it is also clear 
that local factors such as terrestrial flux changes and PZE conditions 
have the potential to complicate the interpretation and quantification of 
Hg isotope perturbations. Despite these issues, our data demonstrate 
that Hg-isotope data have the potential to record at high-resolution 
different magmatism processes, providing important data alongside 
typically sparse ash bed and intrusion dates that can be hard to correlate 
with sedimentary records of biotic/environmental change. 
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