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A B S T R A C T   

Mercury (Hg) enrichment recorded in Smithian to Spathian (Olenekian) marine sedimentary successions has 
been used to link putative renewed Siberian Traps Large Igneous Province (STLIP) magmatism to climatic and 
environmental perturbations during this interval. To assess the potential for massive volcanism as a trigger for 
marine environmental disturbances across the Smithian – Spathian boundary (SSB), the patterns and provenance 
of Hg sequestration in four Tethyan marine sedimentary successions are investigated in the current study. We 
present a diverse array of new, temporally calibrated geochemical data including Hg concentrations and isotopic 
compositions, strontium, and neodymium isotope records, as well as major and trace element concentrations 
from carbonate-poor and -rich strata alike, including volcanic ashes. Results indicate that Hg anomalies in middle 
to late Smithian strata vary in magnitude and age. Based on several lines of evidence, the Hg anomalies recorded 
for the investigated PaleoTethyan successions are interpreted to have been sourced from subduction-related arc 
volcanism, with potential contributions from terrestrial Hg reservoirs. In contrast, a low-magnitude mercury 
enrichment interval recorded for NeoTethyan late Smithian strata is attributed to hydrothermal fluid or sub
marine volcanic activity. These results, together with previously published Smithian to Spathian Hg records, 
provide evidence that Smithian Hg anomalies cannot be attributed to a singular source such as renewed STLIP 
activity. Instead, the stratigraphically variable mercury anomalies reflect local patterns of enhanced mercury 
sequestration from various sources during the middle Smithian to SSB. Consequently, evidence for STLIP mag
matism during the Smithian – Spathian transition is still lacking, and regional volcanic activity may have been 
influential in causing marine environmental upheavals in the Tethys region across the SSB.   

1. Introduction 

The Early Triassic was an important interval in Earth's history, 
marked by the reorganization of marine and terrestrial ecosystems 
following the ecological devastations of the Permian-Triassic boundary 
mass extinction (PTBME) (Erwin et al., 2002; Hermann et al., 2012; 
Stanley, 2016). Studies show that biotic recovery during the Early 
Triassic was repeatedly interrupted by climatic, as well as marine and 
terrestrial environmental upheavals (e.g., Galfetti et al., 2007a; Orchard, 
2007; Chen and Benton, 2012; Grasby et al., 2013a; Wei et al., 2015; 

Hochuli et al., 2016). The pattern of marine faunal recovery differed 
between nektonic and benthic organisms, with the former being char
acterized by a rapid Early Triassic recovery punctuated by intermittent 
extinctions (Orchard, 2007; Brayard and Bucher, 2015; Hautmann et al., 
2015). In contrast, the main rediversification of the latter was delayed 
until the Middle Triassic (Foster and Sebe, 2017; Friesenbichler et al., 
2021). Perhaps the most significant interval of the Early Triassic was the 
middle Smithian to earliest Spathian (ca. 249.9–249.1 Ma; Widmann 
et al., 2020). This interval was characterized by large carbon cycle 
perturbations (Payne et al., 2004; Galfetti et al., 2007b), significant 
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changes in seawater temperatures (Sun et al., 2012; Romano et al., 
2013), and the largest nektonic faunal extinction of the Early Triassic 
(Orchard, 2007; Stanley, 2009). Also, terrestrial ecosystems experienced 
a significant vegetation shift from lycophyte dominance in the middle 
Smithian to gymnosperm dominance in the early Spathian (Lindström 
et al., 2020 and references therein). 

Causal relations between Early Triassic environmental perturba
tions, climatic changes and biotic turnover have been proposed and 
remain the subject of scientific debate (e.g., Brayard et al., 2009; Gou
demand et al., 2019; Leu et al., 2019; Shen et al., 2019a; Dai et al., 
2021). Notably, renewed Siberian Traps Large Igneous Province (STLIP) 
magmatism has been proposed as an explanation for Smithian to Spa
thian climatic and environmental disturbances, which have been caus
ally related to contemporaneous biotic upheavals (Ovtcharova et al., 
2006; Galfetti et al., 2007a; Payne and Kump, 2007; Sun et al., 2012; 
Shen et al., 2019a). However, there is currently no U-Pb zircon 
geochronology evidence for STLIP magmatism younger than 250.3 Ma 
(Augland et al., 2019; Widmann et al., 2020). Instead, mercury (Hg) 
enrichment intervals recorded in Smithian-Spathian marine strata from 
spatially disparate localities have been proposed as evidence of 
Smithian-Spathian transition STLIP volcanism (e.g., Grasby et al., 2016; 
Shen et al., 2019a). 

Although generally successfully applied as a proxy for volcanism, 
several studies show that the biogeochemical cycling of Hg in the 
environment is complex and Hg anomalies can result from a variety of 
non-volcanic means (e.g., Grasby et al., 2019; Hammer et al., 2019; 
Them II et al., 2019; Shen et al., 2020; Percival et al., 2021; Yager et al., 
2021). Also, the Hg content of ancient sedimentary rocks can be altered 
during late diagenesis (Charbonnier et al., 2020). Therefore, Hg isotopes 
are frequently used to constrain the provenance and trajectory of Hg 
deposition in both modern and ancient sediments (e.g., Rolison et al., 
2013; Blum et al., 2014; Sun et al., 2014; Yin et al., 2016; Grasby et al., 
2019). Unfortunately, however, of all published Early Triassic Hg re
cords, Hg isotope data are only available for two marine sections (i.e., 
Chaohu, South China and Guryul Ravine, India; Wang et al., 2019a). 
Furthermore, the precise stratigraphic relationship between published 
Smithian–Spathian Hg records for different basins remains uncertain 
(Hammer et al., 2019; Widmann et al., 2020). Consequently, high- 
resolution stratigraphic correlation of Smithian to Spathian Hg records 
between various sedimentary basins, an assessment of the preservation 
of Hg contents in investigated sedimentary successions, as well as a 
thorough evaluation of Hg sources to Smithian to Spathian-aged marine 
successions, are required to reliably infer a link between Smithian Hg 
anomalies and a potential middle to late Smithian reemergence of STLIP 
volcanism. 

The current study investigates the occurrence and provenance of Hg 
concentration anomalies in middle Smithian to Spathian sedimentary 
successions, with the aim of assessing the putative role of STLIP volca
nism in promoting marine environmental upheavals during the studied 
interval. The investigated successions include carbonate-poor and 
carbonate-rich strata deposited in shallow and deep-water environments 
of the Tethys Ocean, enabling an evaluation of the intensity of Hg 
release to Olenekian marine depositional environments. Our dataset 
includes Hg concentrations and isotope compositions, carbon isotope 
compositions of organic matter (δ13Corg), major and trace element 
concentrations, mineralogical compositions, total organic carbon (TOC) 
content, as well as strontium and neodymium isotope ratios. Combining 
precise and accurate U–Pb zircon ages and conodont biostratigraphy 
based on unitary association zones (UAZs) (Widmann et al., 2020; Leu 
et al., 2022; Leu et al., 2023), a high-resolution correlation of the 
geochemical records from our spatially dispersed study sections is ach
ieved. Further, we compare our Hg records to previously published 
Smithian to Spathian Hg records for other localities to evaluate the ev
idence for a singular global source for Smithian-Spathian Hg anomalies 
(such as renewed STLIP volcanism). 

2. Geological setting 

The four studied sections are currently situated in Oman and China 
and comprise marine sedimentary successions which were deposited in 
the PaleoTethys (Qiakong, Shanggang) and NeoTethys oceans (Jebel 
Aweri, Wadi Musjah) during the Early Triassic. 

2.1. Oman 

By the Early Triassic, the majority of Earth's landmass had amal
gamated, forming one supercontinent – Pangea, which was bordered by 
a super ocean – Panthalassa (Fig. 1A). On the southern half of Pangea, 
the Arabian Peninsula, together with Africa and India constituted part of 
the Gondwana continent (Baud et al., 2001; Baud et al., 2012; Stampfli 
et al., 2013). Oman was situated on the northern Gondwanan margin, 
mainly between 20◦S and 30◦S and bordered to the north and east by the 
NeoTethys (e.g., Smith et al., 2004; Richoz et al., 2010; Brühwiler et al., 
2012). The geologic evolution of the Arabian passive margin (including 
Oman) during the Permian to Triassic is chronicled in several studies (e. 
g., Baud et al., 1993; Pillevuit et al., 1997; Immenhauser et al., 1998; 
Baud et al., 2001; Hauser et al., 2002; Scharf et al., 2021). During the 
Permian, tectonic extension of the NeoTethys commenced in tandem 
with the northward drift of the Cimmerian Block (Şengör et al., 1984; 
Stampfli, 2000; Baud et al., 2012; Richoz et al., 2014), initiating the 
formation of offshore seamounts, which record the evolution of pelagic 
environments during the Triassic (Baud et al., 1993; Lapierre et al., 
2004; Brosse et al., 2019). Afterwards in the Jurassic, the Triassic 
offshore seamounts and other Permian-Triassic rocks were redeposited 
(via tectonism-driven submarine gravity sliding) within Jurassic sedi
ments as olistostromes, which can be found in both the Hawasina Basin 
and Batain plain of Oman (Pillevuit et al., 1997; Schreurs and Immen
hauser, 1999). 

The Jebel Aweri (JA) outcrop (22.3556666667◦ N, 59.7541944444◦

E) is an exotic build-up block located in the Batain plain, northeastern 
Oman (Fig. 1E). Details of the geologic evolution of the Batain plains 
have been discussed in different studies (e.g., Immenhauser et al., 1998; 
Schreurs and Immenhauser, 1999; Hauser et al., 2002). The JA car
bonate succession is situated about 30 km south of Ras al Hadd, Oman. It 
is located alongside successions of the Middle Jurassic Guwayza For
mation and the Ad Daffah conglomerate in the Batain area. This exotic 
block comprises a 22 m-thick lower block and an 8 m-thick upper block 
and represents a Lower Triassic reefal succession consisting of shell- 
supported biostrome, cemented lime clasts and microbialite bioherm 
(dendrolitic stromatolite) of late Smithian to Spathian age (Leu et al., 
2023). Thus, the JA exotic block constitutes an Early Triassic offshore 
seamount carbonate succession, which has been redeposited as an olis
tostrome within Jurassic sediments (Schreurs and Immenhauser, 1999; 
Brosse et al., 2019). 

The Wadi Musjah (WMJ) outcrop (22.9623611111◦ N, 
58.2670555556◦ E) is a 4.6 m-thick, strongly condensed, red ammonoid 
limestone succession located about 75 km from Muscat, Oman (Fig. 1E). 
This succession was previously described by Baud et al. (2001), 
Brühwiler et al. (2012), and most recently by Leu et al. (2023). The WMJ 
section comprises Hallstatt-type limestones, which are pelagic carbonate 
deposits with near zero terrigenous components and are known from 
several other Tethyan localities (Brühwiler et al., 2012). These Hallstatt- 
type limestones from the Arabian margin have been interpreted to 
represent isolated oceanic build-ups i.e., seamounts, which have been 
transported on the Arabian margin during the Late Cretaceous obduc
tion of oceanic crust (Brühwiler et al., 2012; Baud, 2013). Based on 
conodont biochronology, the WMJ succession covers the middle Smi
thian to Spathian (Leu et al., 2023). Thus, WMJ spans a longer time 
interval than the six-times thicker JA build up block, albeit having a 
lower (ca. 6× lower than JA) sedimentation rate. The lower 2.4 m of the 
succession consists of cemented bivalve coquina biostromes and peloidal 
grainstone with centimeter-sized bivalves in fibrous and blocky calcite 
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cement. The upper 2.2 m of the section is characterized by a sudden 
appearance of crinoid ossicles, brachiopod shells, and echinoid spines, 
which form yellow to brown colored calcite cemented encrinites- 
brachiopod biostromes (Leu et al., 2023). 

2.2. South China 

The South China Block was situated along the eastern margin of the 
PaleoTethys ocean and occupied equatorial to intertropical paleo
latitudes in the Early Triassic (Fig. 1A). The studied sections in South 

China are situated in the Nanpanjiang Basin, which is in the present-day 
southern section of the South China block (southern Guizhou and 
northwestern Guanxi provinces; (Enos et al., 2006)). During the Late 
Permian to Early Triassic, the Nanpanjiang Basin developed as an 
extensional to transtensional basin in a back-arc setting (Duan et al., 
2020). Rock successions of this basin extend across southern China and 
northern Vietnam (Leu et al., 2022 and references therein) and include 
Early Triassic sedimentary deposits representing deep-water, slope/ 
basinal settings and isolated shallow-water carbonate platforms (Lehr
mann et al., 2007; Duan et al., 2020). The Nanpanjiang Basin is 

Fig. 1. Paleogeographic, present-day and geologic maps of the study locations. A) Early Triassic paleogeographic map after the Panalesis model (Vérard, 2019) 
showing the location of the studied successions in the PaleoTethys and NeoTethys. Mollweide projection of the B) Oman (NeoTethys) and C) South China (Paleo
Tethys) areas during the Early Triassic from A. D) Map showing the present-day location of the studied successions. Geological map of E) Oman with the present-day 
locations of the exotic blocks modified after Baud et al. (2001), and F) the Nanpanjiang basin after Bagherpour et al. (2017) showing the studied sections. MOR: mid- 
oceanic ridge. 
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characterized by a fault-bounded (graben and horst) paleotopography 
(Bagherpour et al., 2020), with horsts consisting of carbonate platforms 
(such as the Great Bank of Guizhou (GBG) and Luolou platform (Lehr
mann et al., 1998; Bagherpour et al., 2017)) and the grabens consisting 
of distal turbidites and slope to basin deposits (such as the Pingtang 
syncline (Bagherpour et al., 2020; Widmann et al., 2020)). 

The Qiakong (QIA) section (25.8573277778◦ N, 107.3089138889◦

E) is situated in the Pingtang syncline, northern Nanpanjiang Basin and 
consists of Early Triassic sediments of the Daye and Luolou formations. 
The Smithian to Spathian succession in QIA comprises middle Smithian 
thin-bedded limestone strata with volcanic ashes of the Daye Formation 
(Widmann et al., 2020; Leu et al., 2022). These are overlain by alter
nating beds of laminated black shale and thin-bedded limestone of late 
Smithian age, which accumulated in a slope/basin setting (Leu et al., 
2022). The Spathian portion of the Luolou Formation in QIA was 
deposited in an outer platform setting (Galfetti et al., 2007a; Leu et al., 
2022). It comprises conodont- and ammonoid-rich nodular limestone 
and marly limestone beds, as well as interbedded volcanic ash beds. 

The Shanggang (SHA) succession (24.812333◦ N, 106.542194◦ N) is 
situated in the northern part of the Guangxi province, China and was 
deposited on the laterally extensive Luolou platform of the Nanpanjiang 
Basin (Fig. 1F). It consists of mixed siliciclastic and carbonate deposits in 
the Smithian interval and nodular limestone beds in the Spathian 
(Widmann et al., 2020; Leu et al., 2022). Several volcanic ash beds are 
intercalated within the Smithian-Spathian succession, which is sub
divided into several lithological units ranging from the early Smithian 
thin-bedded “Flemingites” limestone of Unit III to the Spathian cliff- 
forming nodular limestone beds of unit V (Galfetti et al., 2008; Leu 
et al., 2022). 

3. Materials and methods 

Materials analyzed for this study – whole rock carbonates, shales, 
volcanic ashes, as well as fossil conodont and fish teeth samples – are 
from recent studies of the Nanpanjiang Basin (Widmann et al., 2020; Leu 
et al., 2022) and Oman exotic blocks (Leu et al., 2023). These recent 
studies provided detailed sedimentological descriptions and carbon 
isotope chemostratigraphy for the study sites. Furthermore, U–Pb 
zircon geochronology and conodont biochronology from these recent 
studies provide the correlation framework and absolute time constraint 
utilized in the current study. Whole rock samples from each of the lo
calities were analyzed for Hg concentration and isotope composition, 
total organic carbon (TOC) content, major element, and trace element 
concentration, respectively. Conodont elements and fossil fish teeth 
fragments from the Oman study sites (Leu et al., 2023) were analyzed for 
their Sr and Nd isotope compositions and volcanic ash samples from QIA 
and SHA were analyzed for their major and trace element concentra
tions, as well as Hg concentration and isotope compositions. 

3.1. Mercury concentration and isotope composition 

Mercury content of pulverized shales, carbonates and volcanic ashes 
was measured at the Institute of Earth Sciences (ISTE), University of 
Lausanne (UNIL) using a Zeeman R-915F high-frequency atomic ab
sorption spectrometer. Analyses were made in duplicate for all samples. 
For the samples with outlier Hg concentrations in each of the studied 
sections, three extra measurements were done to ensure both the 
representativeness and analytical precision for the sample. The standard 
reference material – GSD-11 (Chinese alluvium) – was used to monitor 
accuracy of the measurements. 

Hg isotope analyses were made at the Observatoire Midi-Pyrénées, 
Toulouse, France, following analytical procedures reported in Sun et al. 
(2013) and Jiskra et al. (2021). Briefly, Hg was preconcentrated as HgII 

from pulverized samples using the double-stage furnace – acid-trapping 
technique (Sun et al., 2013). Two reference materials, NIST SRM 1632D 
(bituminous coal, n = 5) and NIST SRM 1944 (New Jersey sediment, n =

4), were processed along with the samples. This was followed by Hg 
isotope analysis by cold vapor multi-collector inductively coupled 
plasma mass spectrometry (CV-MC-ICPMS). Measurements were carried 
out in duplicates over two analytical sessions following previously 
documented analytical procedures (Sonke et al., 2010; Jiskra et al., 
2021). Sample-standard bracketing (Blum and Bergquist, 2007) using 
the NIST SRM 3133 standard at matching standard and sample con
centrations (1 and 2.1 ng/g) was used to correct the MC-ICPMS instru
mental mass bias. Repeated analysis of the UM-Almaden (n = 14) and 
ETH-Fluka (n = 14) Hg standard solutions at matching sample concen
trations were used to monitor long term instrumental precision. 

Hg isotope compositions are reported as the mean of duplicate 
measurements using the delta notation (δ) in permil (‰) relative to the 
bracketing NIST SRM 3133 standard (Blum and Bergquist, 2007). For 
mass dependent fractionation (MDF), this is expressed as δ202Hg in 
permil (‰) and for mass independent fractionation (MIF), values as 
reported using the capital delta (Δ) notation: 

ΔxxxHg = δxxxHg–Kxxx × δ202Hg (1)  

where xxx refers to Hg isotope mass, except 198Hg, and K represents the 
mass-dependent scaling factor for the different Hg isotope masses. We 
report analytical uncertainty of Hg isotope values conservatively by 
using whichever is larger between the 2 × standard deviation (2σ) of the 
replicate measurements or that of the certified reference material with 
the largest 2σ. 

3.2. Total organic carbon (TOC) content and carbon isotope analysis 

TOC was measured at ISTE using two analytical methods: (i) Rock- 
Eval pyrolysis of bulk (non-decarbonated) sample material and (ii) 
TOC determination on decarbonated samples using an Elemental 
Analyzer. A Rock-Eval 6 was used to measure TOC content in volcanic 
ashes and a subset of limestone and shale samples following the pro
cedure described by Behar et al. (2001). The standard – IFP-160000 was 
used to monitor analytical quality and analytical error was <0.1%. 
Pulverized material from the remainder subset of shale and limestone 
samples was decarbonated by acid treatment overnight using 3 M HCl. 
The residues were then rinsed several times with deionized water and 
dried in an oven at 45 ◦C for three days. TOC content and carbon isotope 
compositions (δ13Corg) were measured on the acid treated samples using 
a Carlo Erba (1100 CE) Elemental Analyzer linked to a Thermo Fisher 
Delta V Plus isotope ratio mass spectrometer. δ13Corg values were 
measured only for samples from QIA and SHA because the samples from 
the Oman exotics have too low organic matter (OM) contents. The in
ternal standards: glycine, pyridene, urea and graphite used for δ13Corg 
analysis are calibrated against IAEA standards: USGS-24 graphite (δ13C 
= − 15.9 ‰) and NBS-22 oil (δ13C = − 29.7 ‰) (Spangenberg and Herlec, 
2006). Final TOC contents were calculated from the EA TOC yields and 
documented weights of the samples before and after acid treatment. 

3.3. Major and Trace elements analysis 

Major element (ME) and trace element (TE) concentrations were 
determined by X-ray fluorescence (XRF) spectrometry using a PAN
alytical AxiosmAX wavelength dispersive XRF spectrometer fitted with a 
4.0 kW Rh X-ray tube at ISTE, UNIL. For ME analysis, about 1.2 g of 
calcined sample powder was mixed with 6 g of lithium tetraborate 
(Li2B4O7) and heated to 1250 ◦C to make fused disks prior to analysis. 
For TE, measurements were conducted on pressed disks obtained by 
pressing a homogenized mixture of 12 g of sample powder and 3 g of 
Hoechst-C-wax. The detection limits are approximately 0.01% for MEs 
and 1 to 7 ppm for TEs. The external reproducibility (1σ) varies between 
0.5 and 5% depending on the element. The accuracy of analyses was 
assessed using standard reference materials: JLS-1, JDO-1 and BHVO. 
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3.4. Strontium and Neodymium isotopes 

Radiogenic isotope ratios of Sr (87Sr/86Sr) and Nd (143Nd/144Nd) in 
bioapatite material (conodont elements and fish teeth) from the Omani 
sections were measured at the Department of Earth Sciences, University 
of Geneva, Switzerland. Bioapatite samples were dissolved in a few 
drops of concentrated HNO3 (16 N) over night and brought to evapo
ration over a hot plate at 80 ◦C. Samples were re-dissolved in 1 N HNO3 
and a sequential chromatographic column was used to separate Sr and 
Nd. Sr separation was done using Eichrom Sr Spec resin in a solution of 1 
N HNO3 (Pin and Bassin, 1992). Neodymium was separated using two 
ion chromatography columns. Eichrom TRU-Spec™ resin (in solution of 
1 N HNO3) was used during the first extraction step to remove the Rare 
Earth Elements (REE) from the initial solution while the Eichrom 
LnSpec™ resin (in solution of 0.25 N HCl) was used during the second 
step to separate Nd from other REE (Caro et al., 2006). The total pro
cedural Nd blanks were smaller than 5 pg and thus is negligible 
compared to the Nd content of samples (> 200 ng). Nd and Sr isotope 
ratios were measured on a Neptune MC-ICP-MS (Thermo Finnigan) 
using an Apex Omega injection system. Nd isotope values were corrected 
for internal fractionation using 146Nd/144Nd = 0.7219 and for external 
fractionation by multiple analyses (n = 26) of JNdi-1 standard at 25 ppb 
concentration (143Nd/144Nd = 0.512115, Tanaka et al. (2000); 2σ = 1.6 
× 10− 5). The Rb content of the Sr purified samples was small (85Rb/86Sr 
< 0.1 ‰) and thus, no Rb correction was applied to Sr measurements on 
the MC-ICP-MS. Kr interference was monitored by measurements of the 
83Kr/86Kr and 83Kr/84Kr ratios. The accuracy and reproducibility of the 
Sr isotope measurements were checked with the NBS SRM 987 standard 
(87Sr/86Sr = 0.710248, McArthur et al. (2001); 2σ = 4.4 × 10− 6; n = 25). 
The Nd isotope values (143Nd/144Nd(0)) were corrected for radiogenic 
production of 143Nd (Martin and Macdougall, 1995) and expressed as 
εNd(t) (see supplementary information). 

3.5. Bulk rock mineralogical composition 

Representative samples from both the Oman and South China suc
cessions were selected for analysis of their bulk rock mineralogy using X- 
ray diffraction (XRD) spectrometry. XRD analysis was conducted using a 
Thermo Scientific™ ARL™ X'TRA diffractometer fitted with a copper 
tube operating at 30 mA and 40 kV at ISTE following the procedure 
outlined in Adatte et al. (1996). Homogenous powdered samples, ob
tained by milling whole rocks (particle sizes <40 μm), were pressed into 
a powder holder by using a glass slide and subsequently scanned from 2◦

to 65◦ two-theta in steps of 0.02◦ two theta using a one second per step 
counting time. Bulk mineralogy was determined semi-quantitatively 
based on XRD peak intensities of the main minerals relative to 
external standards (Kübler, 1983; Adatte et al., 1996). Uncertainty for 
grain minerals was about 5 wt% and 5–10 wt% for phyllosilicates. 

4. Results 

All the geochemical data generated for this study are provided in the 
supplementary files hosted on Mendeley data (Edward et al., 2023a) and 
are illustrated in Figs. 2 to 6. 

4.1. Mercury content and isotope composition 

Hg concentrations have a range between 1 and 216 ppb, < lower 
level of detection (LLD) to 126 ppb, < LLD to 21 ppb and < LLD to 4 ppb 
for SHA, QIA, JA and WMJ, respectively. Background Hg contents are 
higher for South China (< 10 ppb) than for Oman successions (< 1 ppb; 
LLD). Except for the WMJ succession, Hg concentration anomalies (and 
Hg/TOC for samples with TOC > 0.2 wt%) are recorded within the 
Smithian interval in all localities, albeit with different stratigraphic 
extent and magnitude. For QIA, a Hg anomaly is recorded for the upper 
middle Smithian to the latest Smithian (Fig. 2). The Smithian Hg 

anomaly for SHA appears to be pulsed, with an initial minor peak in the 
lower middle Smithian and a main peak recorded between the upper 
middle Smithian to latest Smithian (Fig. 2). For JA, a low-magnitude Hg 
anomaly is recorded and is restricted to the upper late Smithian 
(Fig. 3A). 

Hg isotope MDF (δ202Hg) values are generally higher for QIA (range: 
− 2.5 to − 0.58 ‰) compared to SHA (range: − 2.78 to − 1.26 ‰). In this 
study, we focus on Hg MIF values as these are more diagnostic of the 
sources and depositional pathways of Hg in the natural environment 
(Blum et al., 2014; Yin et al., 2014; Yager et al., 2021) and have been 
shown to be resistant towards post-depositional alteration (Chen et al., 
2022). For QIA, Δ199Hg and Δ200Hg values are near zero (0 ± 0.05 ‰), 
with a median value of 0.01 ‰ and 0.00 ‰, respectively. Hg MIF values 
have a range between − 0.05 ± 0.1 ‰ – 0.06 ± 0.1 ‰ and 0.04 ± 0.07 ‰ 
to − 0.06 ± 0.07 ‰ for Δ199Hg and Δ200Hg, respectively. SHA samples 
have slightly positive Δ199Hg values (range: 0.01 ± 0.1 ‰ to 0.16 ± 0.1 
‰, median: 0.07 ‰), except for 1 volcanic ash sample (− 0.25 ± 0.1 ‰) 
and 2 limestone samples (− 0.11 ± 0.1 ‰ and − 0.07 ± 0.1 ‰, respec
tively). Similar to QIA, Δ200Hg values for SHA are near zero (median: 
0.02 ‰), except for 1 limestone and volcanic ash sample that have 
slightly negative values (− 0.07 ± 0.07 ‰). Secondary reference mate
rials analyzed to monitor the external reproducibility of the Hg isotope 
measurements (NIST SRM 1632D and NIST SRM 1944) have Hg isotope 
MIF values (Table S6) consistent with those previously published for 
these materials (Sonke et al., 2010; Sun et al., 2013; Jiskra et al., 2019). 

4.2. TOC contents and δ13Corg 

TOC contents are higher for South China than Oman. All samples for 
both Oman successions have TOC content <0.1 wt%, except for sample 
C15 in JA with 0.16 wt% TOC (Fig. 3). For South China, volcanic ash and 
limestone samples generally have TOC contents <0.2 wt%, except some 
samples within the late Smithian Hg enrichment interval and one early 
Smithian sample in SHA (Fig. 2). TOC content differs between different 
lithologies, as samples with TOC content >0.2 wt% for SHA are pre
dominantly dark mudstone or shale samples (Fig. 2B). No systematic 
difference in TOC content based on analytical technique (i.e., Rock-Eval 
vs. Elemental Analyzer, Fig. 2) is observed. 

δ13Corg values have a range from − 31.8 ‰ to − 26.2 ‰ for QIA and −
30.1 ‰ and − 25.7 ‰ for SHA. Both localities are characterized by a 
negative δ13Corg excursion in the middle Smithian, which is succeeded 
by a late Smithian positive excursion, which peaks in the earliest Spa
thian (Fig. 2). This organic carbon δ13C trend is similar to that of inor
ganic carbon δ13C, which was previously reported for these sections by 
Widmann et al. (2020) and Leu et al. (2022). 

4.3. Major and Trace element concentration 

In addition to OM, Hg sequestration can be influenced by the 
terrigenous input, as well as marine redox conditions (Grasby et al., 
2019; Shen et al., 2020; Them II et al., 2019). Al, Fe, Mo and U contents 
are commonly evaluated together with Hg to assess whether variations 
in clay content, precipitation of pyrite or Fe (oxy) hydroxides resulting 
from marine redox changes is the main control on Hg sequestration (e.g., 
Charbonnier et al., 2017; Wang et al., 2019a; Shen et al., 2020). 
Spearman's rank correlation analysis is used to assess the strength (ρ) 
and significance (p) of potential statistical correlations between Hg and 
Al, Fe, Mo, and U contents in the studied sections. Spearman's rank 
correlation analysis is advantageous because it can be used to evaluate 
the statistical correlation between two variables which do not neces
sarily have a linear relationship (e.g., Vickers et al., 2023). Al content 
(Al2O3) is higher for South China (max: 28 wt%) than for Oman (max: 3 
wt%) and varies according to lithology (Fig. S1) as follows: volcanic 
ashes > shales > carbonates. Al shows no statistical correlation to Hg in 
the studied sections, except for SHA samples which show a moderate but 
significant correlation (ρ = 0.50, p = 0.03). Fe2O3 concentrations range 
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Fig. 2. Geochemical profiles showing carbon isotope (δ13C), mercury (Hg) concentration and Hg/TOC ratios, TOC contents, Hg isotope mass-dependent fractionation 
(MDF, δ202Hg), and Hg isotope mass-independent fractionation (MIF) records (Δ199Hg, Δ200Hg) from A) Qiakong and B) Shanggang sections. δ13Ccarb data and U-Pb 
zircon ages are from Widmann et al. (2020). Absolute ages in pink colour are derived by Bayesian age-depth modeling (Widmann et al., 2020). Dashed vertical black 
line on TOC plot depicts 0.2 wt% TOC limit and pink vertical dashed line on Hg, Hg/TOC profiles represent background Hg contents (10 ppb). Horizontal pink bands 
depict the intervals of Hg enrichment. Vertical gray bands on the Hg MIF records depicts the interval of near zero Hg isotope MIF (0 ± 0.05 ‰). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 3. Carbon isotope (δ13Ccarb), mercury concentration, TOC content, strontium isotope and neodymium isotope records for A) Jebel Aweri and B) Wadi Musjah. 
δ13C values are from Leu et al. (2023). 
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between 0.02 wt% and 30.54 wt%. Like Al, the highest Fe contents are 
measured in volcanic ashes. However, there is no correlation between Fe 
and Hg in any of the studied sections (Fig. 4). Mo contents are very low 
for all samples and have a range between <1 ppm (i.e., below lower limit 
of detection (LLD) of the XRF spectrometer) and 5 ppm, except for 
sample Q3T with 30 ppm. Like Fe, Mo has no statistically significant 
correlation to Hg in any of the studied sections (Fig. 4). U contents range 
between 1 and 8 ppm for QIA and SHA but is much lower for JA (range 
= 1–2 ppm) and WMJ (< LLD) (Fig. S1). A moderate but significant 
correlation is recorded between Hg and U for both SHA and QIA but is 
absent for JA and WMJ. 

Volcanic ash samples have high LOI values (7.4 ≤ LOI ≤ 23.1 wt%), 
similar to other Permian-Triassic volcanic ashes from South China (e.g., 
He et al., 2014; Wang et al., 2019b; Edward et al., 2023b). LOI-corrected 
SiO2, Al2O3 and total alkali (Na2O + K2O) concentrations have a range 
between 38.6 and 67.9 wt%, 17.5 and 28.4 wt%, and 3.0 and 9.0 wt%, 
respectively. TiO2/Al2O3 ratios for all volcanic ash samples are generally 
<0.055 (Table S5), suggesting that the ashes retain primary geochemical 
compositions (Hong et al., 2019). Nevertheless, only immobile elements, 
which are less susceptible to post-depositional alteration (Hong et al., 
2019; Portnyagin et al., 2020), are utilized for subsequent interpretation 

of the tectonic provenance of the volcanic ashes. Primitive mantle- 
normalized trace element patterns (Sun and McDonough, 1989) indi
cate that ashes are characterized by conspicuous Ta, Nb, Sr and Ti 
negative anomalies (Fig. 5A, 5B), consistent with a subduction-related 
tectonic provenance (Pearce et al., 1995). 

4.4. Strontium and Neodymium isotopes 

Smithian to Spathian 87Sr/86Sr values for WMJ and JA fall within the 
global Olenekian range of 87Sr/86Sr values (i.e., 0.70759–0.70848, 
Martin and Macdougall, 1995; Sedlacek et al., 2014; Song et al., 2015). 
Values are generally lower for WMJ (0.707556 ± 6.0 × 10− 6 to 
0.708005 ± 7.1 × 10− 6) than JA (0.707922 ± 1.2 × 10− 5 to 0.708202 
± 1.3 × 10− 5). For both JA and WMJ, 87Sr/86Sr values are generally 
characterized by an increasing trend between the Smithian and Spathian 
(from 0.707835 ± 5.0 × 10− 6 to 0.708005 ± 7.1 × 10− 6). However, this 
trend is punctuated by slightly lower values around the Smithian – 
Spathian boundary (SSB; Fig. 3). For WMJ, εNd(t) values are between 
− 7.5 ± 0 and − 5.7 ± 0.6 except sample WMJ 1 which has a value of 
− 3.0 ± 0.6. εNd(t) values for JA have a range between − 7.0 ± 0.1 and −
1.1 ± 0.1, with the highest values recorded in the latest Smithian 

Fig. 4. Cross plots showing the statistical relationship between mercury (Hg) and A) TOC. Black line represents the suggested 0.2 wt% TOC limit for Hg/TOC 
normalization (Grasby et al., 2016), B) Al, C) Fe, D) Mo, E) U. Cross plots of F) TOC vs. Al, G) TOC vs. U, H) U vs Al. Spearman's correlation coefficient (ρ) and p- 
values (p) are given within individual cross plots only when a significant correlation is observed (i.e., p-value <0.05). Volcanic ash samples were not included in the 
calculation of correlation coefficients. 
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(Fig. 3). Notably, both WMJ and JA record an increase in εNd(t) values in 
the latest Smithian, which for JA coincides with decreasing 87Sr/86Sr 
values (Fig. 3A). 

4.5. Mineralogical compositions 

XRD analyses indicate that QIA samples are predominantly 
composed of calcite, phyllosilicates, quartz, and plagioclase feldspar, 
with average proportions of 66%, 16%, 12%, and 4%, respectively. Rare 
occurrences of minerals such as pyrite, dolomite and ankerite are also 
recorded (Fig. 6). The mineralogical composition of QIA samples is 
consistent with the mixed carbonate and siliciclastic lithological make- 
up of this section. In contrast with QIA, samples from the Oman ex
otics contain about 95% calcite. For JA, samples comprise on average 
98% calcite and variable proportions of quartz and phyllosilicates. WMJ 
samples contain, on average, 94% calcite and variable proportions of 
quartz and phyllosilicates. 

5. Discussion 

5.1. Assessing the preservation of the δ13C and Hg records 

The preservation of the rock successions in the studied sections are 
evaluated to assess the reliability of their Hg and δ13C records. TOC 
measurements indicate that the majority of analyzed material is char
acterized by low OM content (section 4.2). Low TOC contents may be 
due to primary limited burial of organic matter in the sediments or may 
have resulted from post-depositional oxidation of OM in these succes
sions. The Oman exotic block successions (i.e., WMJ and JA) were 
probably characterized by very limited initial terrestrial OM content 
owing to their offshore paleo-depositional environment. Hence, any OM 
in these successions would probably have been marine. For the Nan
panjiang Basin sections – QIA and SHA, the source and preservation of 
OM can be evaluated using the Rock-Eval pyrolysis data. Analyzed 
samples with high OM content plot within the field of kerogen type III, 
corresponding to a terrestrial OM source (Espitalié et al., 1985). How
ever, the high Tmax values for most samples (n = 49/66) suggests that OI 
and HI values have been altered by burial diagenesis (Fig. 7B), 

Fig. 5. Major element and trace element composition of volcanic ash samples from Qiakong and Shanggang. A, B) Primitive mantle-normalized spider diagram 
comparing incompatible trace element concentrations for Olenekian (Smithian and Spathian) volcanic ashes from the studied sections compared with Changhsingian 
to Induan volcanic ashes from other localities in South China. Data for other sections in South China are from (He et al., 2014; Wang et al., 2019b; Zhao et al., 2021; 
Song et al., 2022). Primitive mantle normalization values are from (Sun and McDonough, 1989). C) Zr/Ti vs Nb/Y classification diagram (Winchester and Floyd, 
1977) for volcanic ashes from the Nanpanjiang Basin and other localities in South China. D) Ti vs Zr tectonic setting classification diagram (Pearce, 1982) for the 
volcanic ash samples from the current study compared with other volcanic ash samples from South China. The field labelled Siberian Traps in D) is after He 
et al. (2014). 
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Fig. 6. Semi-quantitative estimation of the main mineral constituents of rock samples from the studied successions in Jebel Aweri and Wadi Musjah (Oman) and 
Qiakong (South China). 

Fig. 7. Scatterplot of Rock-Eval pyrolysis data for Qiakong and Shanggang. A) HI vs. OI, B) HI vs. Tmax, C) HI vs. TOC. Dashed black line denotes the 0.2 wt% TOC 
preservation limit (Grasby et al., 2016), D) HI vs. Hg, E) TOC vs. Tmax. Samples interpreted to have preserved organic matter have TOC > 0.2 wt%. OM =
organic matter. 
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complicating the interpretation of OM source for these successions based 
on these values only. Nevertheless, the low HI values for samples with 
>0.2 wt% TOC (Fig. 7) may indicate that SHA and QIA are predomi
nantly characterized by terrestrial OM, a mixture of terrestrial and 
oxidized marine OM or that these successions comprise completely 
reworked OM (Espitalié et al., 1985; Fantasia et al., 2018). Terrestrial 
OM contribution to the South China sections is supported by the pres
ence of woody particles in QIA (Widmann et al., 2020). Also, the mod
erate but significant correlation between TOC and Al for SHA (Fig. 4F) 
supports terrestrial OM contribution to this succession. However, this 
correlation can also be explained by lithology (e.g., mudstone yielding 
higher TOC values). Thus, a dominant OM source for these successions 
cannot be confidently inferred. 

Despite the poor preservation (or lack) of OM in the studied sections, 
the δ13C values and Hg concentrations from these sedimentary succes
sions are interpreted to be primary. This is because the δ13C trends 
(carbonate and organic carbon) and range in absolute values for the 
studied successions are consistent with those for other Tethyan Smithian 
to Spathian sedimentary successions (e.g., Tong et al., 2007; Song et al., 
2013). Notably, we find that the global early to middle Smithian nega
tive carbon isotope excursion (CIE) and the positive CIE characteristic of 
the SSB (N3 and P3, respectively; Song et al., 2013) are recorded in both 
organic carbon and carbonate carbon isotope records. The reproduc
ibility of the Smithian δ13C trends in both organic and carbonate carbon 
supports the argument that the documented geochemical records for 
these successions are primary. 

Similar to the δ13C record, Hg anomalies that variably span the 
middle Smithian to SSB are known from both Tethyan and Boreal 
sedimentary successions (e.g., Grasby et al., 2016; Hammer et al., 2019; 
Shen et al., 2019a; Wang et al., 2019a). Thus, the spatial reproducibility 
of Hg enrichment in Smithian rocks globally argues against the possi
bility that our documented Hg trends can be explained by diagenetic 
alteration of the studied rocks. Furthermore, there is no correlation 

between HI and TOC or Hg (Fig. 7), suggesting that the Hg record is not 
affected to any significant degree by organic matter type or preserva
tion. Therefore, both the CIEs and Hg anomalies recorded in these sec
tions are interpreted as reflecting environmental perturbations that 
affected the carbon and mercury cycles during the Smithian-Spathian 
transition. 

5.2. High-resolution correlation of the Tethyan Smithian-Spathian Hg 
records 

Biostratigraphical correlations based on conodont unitary associa
tion zones (UAZ) for sections from Oman and South China recently 
published by Leu et al. (2022, 2023), together with precise and accurate 
U–Pb zircon ages for QIA and SHA (Widmann et al., 2020), enable a 
high-resolution correlation of the geochemical records presented in the 
current study (Fig. 8). For QIA, the Hg anomaly spans conodont UAZ 6 to 
UAZ 8, while the positive CIE spans UAZ 7 to UAZ 9. For SHA, the 
presence of a hiatus at the SSB precludes a determination of the precise 
onset of the SSB positive CIE (Fig. 8B). Nevertheless, it is apparent that 
the onset of the positive CIE is younger than UAZ 6 (ca. 249.330 ±
0.100 Ma) and that the CIE climaxes within UAZ 9 (ca. 249.088 ± 0.073 
Ma), similar to QIA (Fig. 8). The SHA Hg record indicates that Hg peaks 
are recorded between UAZ 5 and UAZ 7 (i.e., between 250.116 ± 0.085 
Ma and 249.330 ± 0.100 Ma, Widmann et al., 2020), indicating that the 
onset of Hg enrichment for SHA was earlier than for QIA (Fig. 8). Unlike 
the South China successions, the Hg enrichment interval recorded for JA 
is restricted to a brief stratigraphic interval, i.e., UAZ 3 of Oman, which 
corresponds to the interval of separation between UAZs 7 and 8 of South 
China (Fig. 8). The SSB positive CIE for JA, however, is stratigraphically 
extended, spanning UAZs 1 to 5 (which corresponds to UAZs 6 to 9 of 
South China; Leu et al., 2023). For both QIA and SHA, the onset of the 
Smithian Hg anomaly predates the onset of the global SSB positive CIE. 
However, the opposite is true for JA. Therefore, the Hg anomalies 

Fig. 8. Carbon isotope (δ13C) and mercury records correlated across the studied sections. δ13C data, stratigraphic log and U–Pb zircon ages for Qiakong and 
Shanggang are from Widmann et al. (2020). δ13C data for Jebel Aweri and Wadi Musjah sections is from Leu et al. (2023). Correlation of the sections follows Leu et al. 
(2023) and is based on U–Pb zircon ages and conodont unitary association zones. 
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recorded for these Tethyan sites are temporally discordant, opening the 
possibility that they may derive from unrelated causes. 

Divergence in onset between the SSB positive CIE and Smithian Hg 
anomalies is documented for other sections in the PaleoTethys (e.g., 
North Pingdingshan, Zuodeng), the NeoTethys (e.g., Guryul Ravine, 
Mud) and Panthalassa (e.g., Festningen, Jesmond, Smith Creek) (Fig. 9; 
see also Grasby et al., 2013b; Grasby et al., 2016; Shen et al., 2019a; 
Wang et al., 2019a). These observations indicate that the record of Hg 
anomalies in Smithian to Spathian marine successions is variable in both 
timing (onset) and duration. In the case of SHA, the offset between the 
onset of Smithian Hg anomalies and the SSB positive CIE is about 700 
kyr (Fig. 8). Thus, the variability in the timing/stratigraphic occurrence 
of Smithian Hg anomalies contrasts with the carbon isotope record, for 
which the stratigraphic occurrence of Early Triassic excursions seems to 
match globally (Zhang et al., 2019). Consequently, Smithian Hg anom
alies may be indicative of local patterns of Hg sequestration, which may 
be unrelated to the causes of the associated CIEs. 

5.3. Hosts of Hg and interpretation of the Hg anomaly 

5.3.1. Sedimentary hosts of Hg in QIA & SHA 
Volcanic eruptions are recognized as the dominant natural source of 

Hg to the environment (Pyle and Mather, 2003). However, a direct link 
between volcanic activity and anomalous Hg content in sedimentary 
strata cannot be assumed. This is because enhanced Hg sequestration in 
rocks can also occur via non-volcanic means (e.g., Hammer et al., 2019; 
Them II et al., 2019; Shen et al., 2019b). Also, Hg enrichment in sedi
mentary successions may result from variations in the abundance of 
sedimentary host phases of Hg (Shen et al., 2019b, 2020). 

Spearman's rank correlation analysis indicates a moderate but sig
nificant correlation between Hg and TOC for both SHA and QIA (SHA: ρ 
= 0.57, p = 0.00, QIA: ρ = 0.72, p = 0.00), suggesting a significant 
influence of organic matter availability on Hg sequestration for both 
sites (Fig. 4A). In addition, a significant correlation between Hg and Al is 
noted for SHA, as well as between Hg and U for QIA and SHA (Fig. 4). 
These correlations suggest that both lithology and OM content modu
lated Hg sequestration for these successions. Nevertheless, the persis
tence of the Hg anomaly upon Hg/TOC normalization (where TOC > 0.2 
wt% for both QIA and SHA) suggests that Hg enrichment recorded for 
these successions cannot be explained by OM availability only. 
Furthermore, although amounts of Hg sequestered appears to be lower 
in carbonate-rich but OM-poor strata, the recorded Hg anomalies rela
tive to background values are recorded in nodular limestone, shale, and 
volcanic ash samples alike, just to different degrees (Fig. 2, Fig. S4). 

5.3.2. Interpretation of the South China Hg anomaly 
Mercury has a complex biogeochemical cycle and can be deposited in 

the environment via several pathways (Selin, 2009). Different studies 
indicate that upon initial emission from volcanoes, Hg has no measur
able MIF (Zambardi et al., 2009; Sun et al., 2016; Si et al., 2020), in 
agreement with estimates of the Δ199Hg value of the primitive mantle 
(Moynier et al., 2021). However, during Hg biogeochemical cycling, 
diagnostic patterns of isotopic variation are imparted by different pro
cesses (such as volatilization, photoreduction and methylation), allow
ing for the use of Hg isotope ratios to decipher the sources and pathways 
of Hg deposition (Blum et al., 2014; Yin et al., 2014; but see also Grasby 
et al., 2019; Percival et al., 2021 and Yager et al., 2021 for a review). Hg 
in sedimentary rocks that are deposited in marine depositional envi
ronments far away from land (or with limited terrigenous input) are 
usually characterized by positive Δ199Hg values, reflective of a domi
nantly atmospheric Hg input source (Blum et al., 2014; Sun et al., 2019; 
Yager et al., 2021). In contrast, marine successions deposited closer to 
land usually have Hg with negative Δ199Hg values, which is consistent 
with Hg input from terrestrial biomass (Yager et al., 2021; Yin et al., 
2022). Furthermore, a record of near zero Hg MIF in sedimentary suc
cessions may indicate that Hg in these rocks was sourced from different 

reservoirs having complementary MIF values that average to near zero 
(c.f. Blum et al., 2014). 

Near zero Δ199Hg values recorded for QIA and slightly positive 
values for SHA are consistent with direct volcanic Hg emissions and/or a 
mixture of Hg contributions from terrestrial biomass and atmospheric 
Hg inputs to the Nanpanjiang Basin during the studied interval. The late 
Smithian of the Nanpanjiang Basin is characterized by a 622 ± 137 kyr 
period of black shale deposition (Widmann et al., 2020), which suggests 
elevated terrigenous flux to the Nanpanjiang Basin during this interval. 
Owing to characteristically negative Δ199Hg values for terrestrial 
biomass, it is reasonable to expect negative Δ199Hg values (or a trend to 
less positive Δ199Hg values) within the interval of black shale deposi
tion. However, both SHA and QIA are characterized by near zero to 
slightly positive Δ199Hg values during the Smithian (Fig. 2). In addition, 
volcanic ashes with no MIF, which show similar Hg concentration trends 
with interbedded rocks, occur within the late Smithian Hg enrichment 
interval (Fig. 2). These observations suggest that both QIA and SHA were 
characterized by atmospheric Hg input, probably from a proximal vol
canic Hg source. Similar observations have recently been documented 
for Permian-Triassic boundary sections in South China (Edward et al., 
2023b). Furthermore, an atmospheric volcanic Hg source to the Nan
panjiang Basin during the Smithian is supported by slightly negative 
Δ200Hg values recorded for some samples from SHA (Fig. 2), which are 
comparable to those reported for gaseous elemental Hg0 from atmo
spheric samples by Rolison et al. (2013). Consequently, the Hg isotope 
MIF record supports a scenario whereby Hg in these Nanpanjiang Basin 
sections was sourced from direct atmospheric deposition from volcanic 
emissions. The trend towards more positive Δ199Hg values for SHA from 
the middle Smithian to early Spathian, despite elevated late Smithian 
detrital flux further supports our inference that atmospherically cycled 
Hg from volcanic activity dominated Hg input to the Nanpanjiang Basin 
during this interval. 

Potential candidates for volcanically sourced Hg to the Nanpanjiang 
Basin during the Olenekian include renewed STLIP volcanism and 
subduction-related arc volcanism in the Tethys region. Renewed 
volcanism of the STLIP has been suggested as an explanation for envi
ronmental and climatic perturbation during the Early Triassic (e.g., 
Payne and Kump, 2007; Paton et al., 2010; Grasby et al., 2013a), as well 
as for Hg anomalies recorded in Olenekian strata (Grasby et al., 2016; 
Shen et al., 2019a). However, no tangible proof of purported STLIP 
volcanism during the Smithian has been found so far (Grasby et al., 
2013b; Hammer et al., 2019; Shen et al., 2019a; Widmann et al., 2020). 
Furthermore, U–Pb zircon age constraint for our Smithian-Spathian Hg 
records (Fig. 8; Widmann et al., 2020) indicates that the Smithian Hg 
anomalies recorded in the Nanpanjiang Basin post-date the youngest 
dated STLIP rocks (ca. 250.3 Ma; Augland et al., 2019). In contrast with 
renewed STLIP volcanism, direct evidence for near-field volcanic ac
tivity in the Tethys region is provided by abundant volcanic ash layers in 
Smithian to Spathian strata in South China (Galfetti et al., 2007b; Gilder 
et al., 2008; Ovtcharova et al., 2015; Widmann et al., 2020). These 
volcanic ashes have similar Hg concentration trends as interbedded 
Smithian rocks and are also characterized by near zero Hg isotope MIF 
(Fig. 2). Hence, it is reasonable to suggest that the volcanic effusions that 
supplied these volcanic ashes was the same as that supplying Hg to the 
Nanpanjiang Basin during the Smithian – Spathian. 

Volcanic ash samples from QIA and SHA are geochemically distinct 
from STLIP rocks but similar to Permian to Triassic-aged volcanic ashes 
from other localities in South China (Fig. 5). These ashes plot within the 
field of rhyodacite/dacite and trachyandesite on a Zr/Ti vs Nb/Y 
discrimination diagram (Winchester and Floyd, 1977), consistent with 
the composition of Early Triassic volcanic rocks that outcrop in southern 
South China (Gilder et al., 2008). The ashes are characterized by notable 
negative Nb, Ta and Ti anomalies on the primitive mantle-normalized 
incompatible trace elements plot (Fig. 5A, 5B), consistent with a sub
duction zone provenance (Pearce et al., 1995). Also, these ash samples 
plot within the field of arc lavas on the Ti vs Zr diagram (Fig. 5D; Pearce, 
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Fig. 9. Compilation of Smithian – Spathian mercury and δ13C profiles from Tethyan and Boreal sections. A) Zuodeng, B) North Pingdingshan, C) West Pingdingshan, 
D) Shanggang, E) Qiakong, F) Guryul Ravine, G) Mud, H) Jebel Aweri, I) Jesmond, J) Festningen, K) Wallenbergfjellet, L) Smith Creek. Hg/TOC profiles are only 
included where reported Hg/TOC values are >0.2 wt%. The sections are correlated using the Smithian-Spathian boundary (SSB) as originally delineated by the 
authors of the source publications. The horizontal blue band is an uncertainty interval for the placement of the SSB for our correlation. For Festningen, the SSB is 
delineated by taking the mid-point of the N3 to P3 carbon isotope excursion after Zhang et al. (2019). Data sources are as follows: Guryul Ravine, West Pingdingshan: 
Wang et al. (2019a); Mud, Zuodeng, North Pingdingshan, Jesmond: Shen et al. (2019a); Wallenbergfjellet: Hammer et al. (2019); Festningen: Grasby et al. (2016); 
Smith Creek: Grasby et al. (2013a, 2013b). Abbreviations: sS. – sub-Stage, Fm. – Formation, Sp. – Spathian, Sm. – Smithian, mid. – middle, l. – late, Nl. – Nanlinghu, 
A. – Ammonoid, w. – Novispathodus waageni, Ns. – Novispathopdus pingdingshanensis, t. – Wasatchites tardus, E. rom. – Euflemingites romunderi, B. euom. – Bajarunia 
euomphala, P. gr. – Parasibirites grambergi. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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1982). As such, QIA and SHA volcanic ashes derive from subduction- 
related arc volcanism (He et al., 2014), which is documented for the 
South China region during the Early Triassic (Zi et al., 2013; Duan et al., 
2020; Duan et al., 2023). Subduction-related arc volcanism can result in 
the release of large amounts of volatiles, including Hg, into the atmo
sphere (Lu et al., 2021; Shen et al., 2021; Zhang et al., 2021), consistent 
with the frequent occurrence of volcanic ashes in Olenekian strata 
within South China (Ovtcharova et al., 2006; Widmann et al., 2020). 
Consequently, it is concluded that subduction-related arc volcanism in 
the Tethys region was the source of volcanic Hg to the Nanpanjiang 
Basin during the studied interval. 

5.3.3. Interpretation of the Jebel Aweri Hg enrichment interval 
Low amounts of OM and absence of a correlation between Hg and Al, 

as well as redox proxy elements such as Mo and U (Fig. 4), precludes an 
evaluation of the control of sedimentary Hg hosts on Hg sequestration in 
the JA succession. The late Smithian Hg enrichment interval for JA is 
presumably related to factors other than enhanced availability of sedi
mentary Hg host phases. Furthermore, Hg content in this carbonate 
succession is generally too low for Hg extraction for isotopic analysis. 
Despite the generally low Hg content in JA samples, a Hg enrichment 
interval is inferred because it is expected that this succession be char
acterized by near zero Hg content owing to its pure carbonate miner
alogical composition and depositional environment. The JA succession 
was deposited on an offshore seamount (Leu et al., 2023), limiting the 
potential for terrestrial Hg input to this succession (also evidenced by 
near zero Al and TOC contents, Fig. 4). Also, well‑oxygenated deposi
tional environments which are usually impoverished with regards to 
preserved organic matter and sulfides, and with low clay mineral con
tent, can be expected to have limited Hg sequestration ability (Percival 
et al., 2018). Hence, considering the depositional setting and mineral
ogical composition of the JA succession, the Hg enrichment recorded in 
this succession is significant and unlikely to be sourced from terrestrial 
runoff. This inference is further compatible with relatively lower 
87Sr/86Sr values across the interval of Hg enrichment (Fig. 3A), which is 
opposite of the trend expected during periods of enhanced continental 
weathering input to the oceans. Although considered only a minor 
source of Hg to the ocean, hydrothermal vents associated with mid- 
oceanic ridges may be locally important Hg sources to specific sites 
(Bowman et al., 2020; Racki, 2020; Sanei et al., 2021). Paleogeographic 
reconstructions for the Early Triassic after the Panalesis model (Fig. 1B; 
Vérard, 2019) suggest that the WMJ and JA successions were deposited 
along a hotspot track close to a mid-oceanic ridge. Also, the trend of 
higher (more radiogenic) εNd(t) values recorded around the SSB for JA 
and WMJ (Fig. 3) is consistent with mantle fluxes to these NeoTethyan 
sites (Bizimis and Scher, 2016). Alternatively, Hg enrichment recorded 
for JA may be due to nearby submarine volcanic activity (e.g., Scaife 
et al., 2017; Jones et al., 2019; Racki, 2020). Hence, the latest Smithian 
Hg enrichment recorded for JA, and positive εNd(t) excursions for WMJ 
and JA around the SSB (Fig. 3) are compatible with hydrothermal fluid 
or submarine volcanic Hg input to these offshore seamount carbonate 
depositional environments. Inferred hydrothermal/submarine volcanic 
Hg input to JA during the late Smithian is further supported by plume- 
related magmatic activity associated with late Paleozoic to Triassic 
rifting of the Gondwana and Cimmerian blocks (Şengör et al., 1984; 
Stampfli et al., 1991; Chauvet et al., 2008), which was likely associated 
with hydrothermal fluid circulation in the NeoTethys. The absence of a 
corresponding Hg enrichment interval for WMJ may indicate that 
inferred hydrothermal Hg input to NeoTethyan offshore seamount 
depositional environments during the late Smithian was locally 
restricted. Alternatively, the existence of a late Smithian Hg enrichment 
interval for WMJ may be hidden due to the very condensed nature of this 
carbonate succession. 

5.4. Correlation and provenance of global Smithian to Spathian Hg 
records 

The δ13C record of the middle Smithian to early Spathian interval is 
well constrained, in that several studies show that this interval is glob
ally marked by a large negative excursion (N3, middle Smithian to early 
late Smithian), which is succeeded by a large positive excursion (P3) 
spanning the late Smithian to earliest Spathian (Galfetti et al., 2007b; 
Tong et al., 2007; Song et al., 2013; Zhang et al., 2019). Hence, the δ13C 
trends may be used as a stratigraphic marker to evaluate the timing of 
other geochemical excursions that may be recorded in coeval strata. In 
expanded marine sections, the N3 and P3 excursions are usually sepa
rated by an interval of nearly uniform δ13C values (Fig. 9), as can be 
observed from δ13C records for Guryul Ravine (Wang et al., 2019a), Mud 
(Shen et al., 2019a), Yashan (Du et al., 2022), Laren, Qiakong, and 
Shanggang (Widmann et al., 2020; Dai et al., 2021; Leu et al., 2022). In 
sharp contrast, the N3 CIE abruptly grades into the late Smithian P3 CIE 
in some other marine sections such as the North Pingdingshan (Tong 
et al., 2007), Mingtang (Song et al., 2013), Festningen (Grasby et al., 
2016), Wallenbergfjellet (Hammer et al., 2019), Wadi Musjah (Leu et al., 
2023), Jesmond (Shen et al., 2019a), and Smith Creek sections (Grasby 
et al., 2013a), among others. This abrupt transition from N3 to P3 in 
many sections is strongly suggestive of a late Smithian hiatus (Hammer 
et al., 2019), a detail that is important when comparing geochemical 
records between spatially dispersed Smithian to Spathian-aged 
successions. 

Mercury anomalies within Smithian to Spathian strata from both 
high and low-latitude marine successions have been documented by 
different workers (e.g., Grasby et al., 2013b; Grasby et al., 2016; 
Hammer et al., 2019; Shen et al., 2019a; Wang et al., 2019a) and are 
summarized in Fig. 9. Shen et al. (2019a) documented Smithian Hg 
anomalies from marine successions straddling the Smithian-Spathian 
boundary and found that these Hg enrichments coincide with a Smi
thian negative CIE (N3; Song et al., 2013). These authors argued that the 
recorded middle Smithian Hg anomalies resulted from STLIP volcanic 
activity during the Smithian, similar to previous suggestions by Grasby 
et al. (2013b, 2016) based on Hg records from the Festningen and Smith 
Creek sections. In contrast, Wang et al. (2019a) recorded a Hg anomaly 
(not reflected in Hg/TOC ratios) for both the middle Smithian and SSB 
for one (Chaohu section, South China) of two investigated sections, 
concluding that any potential renewed STLIP volcanism probably only 
affected the northern hemisphere. For the Chaohu section, Wang et al. 
(2019a) document elevated middle Smithian Hg/TOC ratios coincident 
with a negative CIE (N3) but also late Smithian enrichments coincident 
with the SSB positive CIE (P3). The global occurrence of Hg anomalies 
within middle and late Smithian strata, therefore, suggests that the 
middle to late Smithian interval was characterized by elevated Hg 
supply to and/or sequestration in Smithian oceans. Nevertheless, a 
comparison of these Hg records indicates that Smithian Hg anomalies 
vary in their stratigraphic occurrence between different sections (Fig. 9). 
Specifically, Smithian Hg anomalies variably correspond strati
graphically to the peak of the N3 CIE or the onset of the P3 CIE (Fig. 9), 
suggesting that the cause(s) of the global carbon cycle perturbations are 
not directly related to the stratigraphically variable Hg anomalies. 
Despite the widespread occurrence of middle to late Smithian Hg 
anomalies, available evidence indicates that these Hg anomalies differ in 
provenance. For the South China region, our results, together with those 
from previous studies (e.g., Shen et al., 2019a; Wang et al., 2019a), 
suggest that middle to late Smithian Hg anomalies are most likely due to 
a combination of regional subduction-related volcanism and enhanced 
terrigenous flux to marine environments presumably due to elevated 
continental weathering. 

Smithian to Spathian increase in continental weathering is supported 
by the bioapatite 87Sr/86Sr record for WMJ, which shows a secular 
increasing trend from the middle Smithian to Spathian (Fig. 3), consis
tent with previously published Early Triassic 87Sr/86Sr records (e.g., 
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Sedlacek et al., 2014; Song et al., 2015). While there is direct evidence 
for Smithian volcanism in South China, the same cannot be said for other 
regions. Apart from the Guryul Ravine and West Pingdingshan (Chaohu) 
sections (Wang et al., 2019a), previously published Smithian–Spathian 
Hg records lack Hg isotope data, inhibiting more detailed investigation 
of the provenance of Smithian Hg anomalies documented for these sites. 
However, for the high-latitude Wallenbergfjellet section, Spitsbergen, 
Hammer et al. (2019) recently demonstrated that the middle to late 
Smithian Hg/TOC anomaly recorded for this section is attributable to a 
change in OM type from terrestrial to marine OM. Furthermore, based 
on the correlation between Hg and Al, as well as Hg isotope composi
tions, recorded increases in Smithian Hg/TOC ratios for Chaohu and 
Guryul Ravine sections were attributed to increased terrestrial Hg flux to 
Tethyan marine depositional environments during the Early Triassic 
(Wang et al., 2019a). Variable provenance for Smithian Hg anomalies is 
further supported by the Smithian Hg enrichment recorded for JA, 
which can be attributed to submarine volcanic or hydrothermal fluid 
activity. Therefore, the causes of Hg anomalies recorded during the 
Smithian vary for different localities. This view is further strengthened 
by the variability in onset, duration, and magnitude of recorded Smi
thian Hg anomalies (Fig. 9; Widmann et al., 2020). 

6. Conclusions 

The temporally calibrated Hg concentration and Hg-, C-, Sr- and Nd- 
isotope records and other geochemical data for NeoTethyan and Pale
oTethyan successions presented in the current study allows for an 
assessment of the tempo of global Hg sequestration, as well as an eval
uation of Hg input sources to the studied successions during the Ole
nekian. Based on the presented results, the following conclusions are 
made:  

1) The middle Smithian to late Smithian of the Nanpanjiang Basin, 
South China is characterized by enhanced Hg sequestration recorded 
by Hg enrichment intervals. 

2) The Hg enrichment intervals recorded for these PaleoTethyan sec
tions predate the onset of the SSB positive CIE recorded globally.  

3) The Hg enrichment can be attributed mainly to volcanic Hg input 
from regional subduction-related arc-volcanism and potential con
tributions from terrestrial Hg reservoirs to the Nanpanjiang Basin.  

4) The late Smithian Hg enrichment recorded for the JA succession can 
be attributed to hydrothermal fluid activity or submarine volcanism 
proximal to the offshore seamount depositional environment. Thus, 
the presence of a Hg enrichment interval across both carbonate-poor 
and carbonate-rich Smithian-aged strata in the PaleoTethys and 
NeoTethys suggests that although lithology may exert an over
arching control on the magnitude of Hg sequestration, marine sedi
mentary rocks do record primary trends of excess Hg loading to the 
environment.  

5) Smithian Hg anomalies recorded for spatially dispersed localities 
vary in stratigraphic expression, variably coinciding with either a 
negative or positive CIE and as such, probably record local Hg 
sequestration patterns. Consequently, Smithian-Spathian Hg anom
alies, although recorded in several localities globally, are of variable 
provenance and cannot be linked to a singular source such as 
renewed STLIP volcanism during the Smithian to Spathian. 
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