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Abstract 

Mercury in Fossil Leaves as a Proxy for Tracking Large Igneous Province 

Volcanism 

Johan Näslund 

 
During some mass extinctions, usually minor, world oceans also underwent anoxic to euxinic conditions, 

events called Oceanic anoxic events (OAEs). Such an event unfolded during the Toarcian (∼183 Ma), 

called the T-OAE which is suggested to have been caused by Karoo-Ferrar Large Igneous Province 

(LIP) volcanism. In the present day, volcanoes release extensive amounts of Hg, it has therefore been 

hypothesized that elevated mercury (Hg) levels in sediments can be used as a proxy to correlate the two. 

During the T-OAE, increased Hg-levels have been observed in marine records from numerous basins 

across multiple continents suggesting atmospheric Hg0 to have been significantly raised. Leaves have a 

substantial uptake of Hg0, therefore this study investigated the possibility of using fossil leaves as a 

proxy to detect raised levels of Hg0. Mercury analysis was conducted on leaves from the Toudahoe 

section, from Hubei Province (Southern China), where the T-OAE already has been located 

stratigraphically, in a section of Toarcian age, through paleoflora, elevated atmospheric PCO2, negative 

carbon isotope excursion (CIE) (characteristic negative shift of ∼3–9 ‰ interrupting a positive 

excursion), and raised global temperatures by ∼6°C. Raised levels of Hg were observed in leaves in, 

and leading up to, the beds suggested to represent the T-OAE. The observed elevated fossil-leaf Hg 

values directly coincide with elevated Hg-concentrations in marine sedimentary records from other 

basins, such as the Mochras borehole sedimentary archive from the Cardigan Bay Basin (UK),inferring 

elevated Hg in fossil leaves to be useful as a proxy, validating the stratigraphy and concluding that 

atmospheric Hg0 was significantly raised during, and leading up to, the T-OAE. It also suggests that 

episodes of volcanic activity happened before the onset of the T-OAE, while the main phase of Karoo-

Ferrar volcanism took place during the T-OAE. 

Analysis on terrestrial sediments showed high Hg/TOC results in samples with low/ or high TOC-

values, deducing that factors such as depositional environment, type of organic matter (OM) and clay- 

and sulfur content may affect the ratio, which needs to be analysed in order to produce a valid terrestrial 

Hg/TOC- record. Further, samples with TOC <1% needs to be analysed for TOC multiple times, because 

of large analytical errors when carbon is very low 
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Sammanfattning  

Kvicksilver i fossila blad som proxy för att undersöka förekomst av vulkanism från 

stor vulkanisk provins  

Johan Näslund 

 
Under vissa massutdöenden, vanligtvis mindre, genomgick även världshaven syrefattiga eller euxiniska 

förhållanden, något som hände under perioden Toarc (∼183 Ma), en händelse som kallas T-OAE 

(”Toarcian Oceanic anoxic event) vilket har föreslagits orsakades av vulkanism från den stora 

vulkaniska provinsen (LIP) Karoo-Ferrar. Idag släpper vulkaner vid utbrott ut väldiga mängder 

kvicksilver (Hg) i atmosfären, därför har det hypotiserats att förhöjda nivåer av Hg i sediment går att 

användas som en proxy för att korrelera de två. Höjda nivåer av Hg har observerats i sediment från 

flertalet marina sedimentarkiv, på flera kontinenter, under perioden för T-OAE vilket indikerar att 

nivåerna av gasformigt kvicksilver (Hg0) i atmosfären har varit markant förhöjda.  

Blad har en påtaglig upptagningsförmåga av Hg0 varpå denna studie undersökte möjligheten att 

använda fossila blad som en proxy för att upptäcka förhöjda nivåer av Hg0. Kvicksilveranalyser utfördes 

på fossila blad från Toudahoe sektionen, Hubei provinsen i södra Kina, där tidigare undersökningar av 

paleoflora potentiellt lokaliserat T-OAE stratigrafiskt. Ökade nivåer av Hg0 observerades i blad inuti, 

och upp mot, de skikt som föreslagits representera T-OAE, och kunde jämföras med samtida marina 

sediment från andra områden, så som ”Mochras kärnborrhål” från Cardigan Bay (Storbritannien). Detta 

indikerar att förhöjda nivåer av Hg i fossila blad går att använda som en proxy, det validerar den 

föreslagna stratigrafin och konkluderar att atmosfärisk Hg0 var markant högre under och upp till den 

period då T-OAE ägde rum. Det föreslår också att vulkanisk aktivitet inträffade innan starten av T-OAE 

medan huvudfasen av vulkanism från Karoo-Ferrar ägde rum under T-OAE.  
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1.  Introduction 
 

1.1. Oceanic Anoxic Events  
 

Earth’s history is marked by several major mass extinctions, where marine and terrestrial fauna were 

heavily reduced in number of species, as many species went extinct. Five major extinctions, the “big 

five” whereafter number of species was so depleted that the biota afterwards fundamentally changed, 

were alternated by several smaller events, often called “minor” extinctions (McElwain & Pulyasena 

2007). One minor extinction took place in the Early Jurassic during the Toarcian stage (ca. 183-174 

Ma), where 5% of marine invertebrates went extinct, especially impacting on marine molluscs 

biodiversity, as large areas of the world oceans were marked by anoxic conditions in the watercolumn, 

during so-called oceanic anoxic events (OAE) (Little & Benton 1995, Little 1996). Often overshadowed 

by the larger End Triassic mass extinction (one of the big five) where an estimated 73% of marine genera 

was lost, OAEs still mark times of significant changes (McGhee et al. 2013). 

Oceanic anoxic events are periods where amount of anoxic to euxinic water bodies increase 

significantly and are characterized by unusually high rates of burial of organic carbon. The phenomenon 

of OAEs were firsts noted by Schlanger & Jenkyns (1976) who observed pelagic organic carbon- rich 

sediments deposited in a variety of different settings -deep marine, continental margins and shelf seas, 

all deposited coevally. The difference in depositional environments and the large geographical spread, 

representing different geological and climactic conditions, rather than local basin geometry, to be the 

cause (by Schlanger & Jenkyns 1976). Subsequent research suggested that many OAEs occurred during 

the Mesozoic (Bond 2016).  

A simplified model of the processes during an OAE was proposed by Jenkyns (2010). Large volumes 

of CO2 and SO2 were released into the atmosphere in a short timespan which lead to extreme global 

warming and instigated the following events: CO2 and SO2 dissolved in oceans, leading to ocean 

acidification; raised oceans temperatures, resulting in carbonate dissolution and gas hydrate dissolution 

(can also be caused by warming bottom waters or faulting) and high quantities of methane release (which 

is a 20 times more potent greenhouse gas than CO2 ). That results in enhanced hydrological cycling, with 

more acid rain and river runoff causing an influx of nutrients into the oceans, which coupled with 

upwelling creates elevated primary production, and everything but the photic zone is depleted of oxygen, 

creating anoxia, making everything below unhabitable for organisms. Oxygen depletion commences 

redox- processes called anammox and denitrification, reducing of nitrite and nitrate, with nitrous oxide 

and dinitrogen (highly potent greenhouse gases) released to the atmosphere. Because of anoxia, the 

benthic zone become unhabitable and depleted of bioturbating organisms leaving the organic- rich 

sedimentary deposits laminated. Several trace metals, such as molybdenum, osmium, neodymium and 

strontium, are concentrated because of the redox conditions and are concentrated in the sediments. Their 

isotopic ratios can be used to understand the origin of sediments, if input was fluvial, volcanic or 

hydrothermal. Global carbon burial increases and the trend in a δ13C profile will shift to significantly 

more negative values, reflecting increased input of isotopically light carbon from volcanogenic CO2, or 

thermogenic methane from metamorphism of organic rich shales or coals by dikes and sills, or through 

dissociation of gas hydrates, but it is likely there was an interplay between all three (McElwain et al. 

2005; Jenkyns 2010; Percival et al. 2015; Bond et al. 2017). However, the relevance of each has yet to 
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be established and may vary between OAEs, it is unlikely that all OAEs started exactly alike (Bond et 

al. 2017). 

If the water goes euxinic these processes will turn even more extreme as sulfate reduction is 

instigated, which frees H2S in the water, enhancing most of formerly stated processes. Anoxia may also 

occur in lacustrine environments (Jenkyns 2010).  

The processes during OAEs are marked by specific features which can be used to identify the 

occurrence of one. A prolific feature is the lithology deposited during an event. High primary production 

and increased preservation, the anoxic conditions inhibit the presence of bioturbating organisms, 

resulting in thick accumulations of organic- rich shales that often are in between beds of highly 

differencing lithologies (Calvert et al. 1980; Pedersen et al. 1990). The fossil record from OAEs are 

characterised by enrichment in organisms and fossils that can survive the extreme conditions, and lack 

of those that cannot. As the changes in ocean-atmosphere chemistry will be represented in sedimentary 

records, OAEs are marked by a specific geochemistry (Jenkyns 2010). 

One pronounced carbon cycle perturbation has been found in sediments from the Toarcian period, 

∼183 Ma (Xu et al. 2018). It was a time of anoxic to euxinic ocean conditions and is commonly referred 

to as the Toarcian oceanic anoxic event (T-OAE). The distinguishing negative excursion in δ13C, a shift 

of ∼-3–9 ‰ (Percival et al. 2015), is interrupting an overarching positive excursion (referred to as the 

T-OAE negative CIE (Ruhl et al. 2016). It was suggested to have been caused by the emplacement of 

the Karoo-Ferrar Large Igneous Provinces (LIP), and the possibly associated release of thermogenic 

methane due to intrusion of Karoo-Ferrar sills through Gondwanan organic rich shales and coals, and/or 

release of methane from the disintegration of sub- seafloor methane clathrates (Xu et al. 2018). Evidence 

suggests that this period saw temperatures rise by ∼6 degrees (the warmest period of the Jurassic), major 

carbon cycle changes, ocean anoxia, and increased chemical weathering, indicated by analyses on 

sections from South America, Europe, North America, and Asia, concluding the T-OAE to have been a 

global phenomenon (Svensen et al. 2007; Dera et al. 2011; Korte et al. 2015; Percival et al. 2015; Bond 

et al. 2017; Them et al. 2017; Izumi et al. 2018). 

 

 

1.2. Hg and its relation to LIP- volcanism 
 

Large Igneous Province volcanism is characterised by the release of extreme quantities of volcanic 

material, at least 106 km3 of material (tholeiitic basalt), during a short period of time, less than a million 

years. It can be deposited onto both continental and oceanic crust and can thus be found and recognized 

in the geological record even before 200 Ma (Percival et al. 2015).  

Volcanoes are natural sources for many chemical species (e.g. CO2, SO2 etc) but also many toxic 

volatile metals and metalloids, especially mercury (Hg) (Grasby et al. 2016). It is the only natural source 

for direct Hg emissions into the atmosphere (Pyle & Mather 2003). Gaseous Hg (Hg0) is volatile and 

will persist in the atmosphere for ∼1-2 years after being released (Percival et al. 2015). Large temporal 

emissions of volcanic material would therefore overload the ocean- atmosphere system with Hg, 

resulting in a global spread (Percival et al. 2015). 

Sanei et al. (2012) suggested it possible to use Hg emissions as evidence for LIP volcanism when 

they correlated the Siberian traps with the Permian mass extinction. They suggested Hg to be an 

excellent marker for LIPs, as Hg is not affected by environmental conditions, temperature or global 

warming. The concentration of Hg found in sediments is heavily influenced by the amount of natural 

input into the ocean- atmosphere system. The amount of OM is very important in concentrating Hg in 

sedimentary records and largely effects the amount of retained Hg (Obrist et al. 2013). Positive 

perturbations in the sedimentary Hg-concentration is therefore not enough to imply LIP volcanism on 
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its own but needs to be normalized against weight-percentage of Total Organic Carbon (TOC, wt%) 

(Percival et al. 2015).   

Hg0 makes its way into soils and oceans through rainfall after being oxidized to the highly reactive 

Hg2+, where it is affected by both abiotic and biotic processes, forming organic-Hg complexes, or it 

adsorbs onto organic matter (OM). Hg accumulates and becomes concentrated in sediments when OM 

or clay minerals with adsorbed Hg are deposited (Percival et al. 2015; Grasby et al. 2016). If aquatic 

conditions are euxinic, with a high concentration of sulfur in the water-column, sulfur reacts with Hg2+ 

resulting in even faster deposition (Niessen et al. 2003).  

Terrestrially, the uptake of Hg by plants is substantial. Parts of plants harvest Hg from different 

sources. Stems and roots extract it from soil while foliar uptake is chiefly atmospheric, through the 

stomata (non- stomatal uptake is not neglectable though) (Stamenkovic & Gustin 2009). Foliar uptake 

is thus mainly based on atmospheric Hg-abundance, and plant tissue concentration and characteristics 

will be an indicator of coeval atmospheric chemistry (Ericksen et al. 2003; Frescholtz et al. 2009). 

Uptake by individual plants is also highly dependent on plant species and plant age (Stamenkovic et al. 

2008). Foliage works as a natural sink for Hg, there is net Hg retaining after deposition as OM, even 

though some will be released when leaves accumulate as litterfall (Gustin et al. 2008). 

Mercury can also be deposited in soils where Hg0 is oxidized into Hg2+ resulting in high abundances 

of Hg in terrestrial OM and soils, which either can be preserved in sediments or be transported by runoff 

into the ocean (Fleck et al. 1999; Bergquist 2017). Hg2+ can volatize back into Hg0 from sediments, 

oceans, OM, or plants suggesting that Hg in the environment is highly dynamic and its occurrence and 

concentration rather unpredictable (Bergquist, 2017). 

The Karoo-Ferrar and LIP complex was emplaced between 184–179 Ma (Duncan et al. 1997), and 

the peak has been suggested to happen coevally with the instigation of the T-OAE, ∼183 Ma (Duncan 

et al. 1997; Percival et al. 2015). The Karoo-Ferrar LIP was emplaced over the southern part of the 

Gondwanan supercontinent (fig.2), where Southern Africa (Karoo) and East Antarctica (Ferrar) are 

situated today (Percival et al. 2015), and had a vast network of dikes and sills, with a total magmatic 

volume of approximately 2.5 x 106 km3, making it one of the major continental flood basalt events in 

Earth history (Duncan et al. 1997).  

Hg-abundances and Hg/TOC perturbations were found correlating to the T-OAE in several Toarcian 

sections (Percival et al. 2015), from basins in both Europe and South America. One of the sections 

analysed was the Toarcian stage of the Mochras core where a distinct positive spike in Hg and Hg/TOC 

was found during the T-OAE (Percival et al. 2015; Naslund 2019). The spike was stratigraphically 

coeval with the onset of the T-OAE negative CIE, suggesting LIP volcanism as its instigator. A similar 

spike in both Hg and Hg/TOC was also found at the Pliensbachian- Toarcian boundary (Pl-T boundary); 

(Percival et al. 2015; Naslund 2019), where another negative, although smaller, carbon isotope excursion 

was found (Percival et al. 2015; Xu et al. 2018), suggesting there to also have been earlier pulses of LIP 

volcanism at this time (Percival et al. 2015; Xu et al. 2018; Naslund 2019). Similar results for the 

Mochras borehole sedimentary archive were found by Naslund (2019), which showed a high-resolution 

Hg/TOC record, with a positive excursion in Hg/TOC values during the Pl-T boundary and the T-OAE, 

clearly contrasting trends before and after. Naslund (2019) also observed an additional perturbation in 

Hg/TOC values between the Pl-T boundary and the T-OAE, interpreted as an additional (large) pulse of 

volcanic activity at that time.  

 

1.3. Fossil-leaf cuticle to reconstruct paleoclimates during the T-OAE 
 

Fossil foliar analysis has been used as an important tool to investigate paleoclimatic conditions 

(McElwain & Steinthorsdottir 2017). Land-plant traits and species are reflective of coeval 
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environmental conditions and can be an important tool in understanding past climactic and 

environmental changes. Fossil plant leaf characteristics can be used to analyse paleo atmospheric pCO2, 

due to stomatal density changes (McElwain & Steinthorsdottir 2017; Ning et al. in prep.). Stomata are 

the holes in leaf cuticles through which gas exchange occurs, i.e CO2 and water-vapour, and the density 

in which they occur is highly susceptible to alteration as they adapt to environmental conditions 

(McElwain & Steinthorsdottir 2017). Stomata is used as a proxy to track paleo-CO2 (McElwain & 

Steinthorsdottir 2017; Ning et al. in prep.). 

By analysing fossil leaves from Sorthat formation, Bornholm (Denmark), McElwain et al. (2005) 

detected pCO2 levels to rise by about 1,200 +/- 400 parts per million volume (ppmv) and temperatures 

to increase by 6.5°C +/- 1.8°C during the T-OAE (fig. 4). 

Leaves take up significant amounts of Hg0 and are highly adaptable with changing environmental 

conditions, therefore there should be an increase in leaf Hg during periods of high atmospheric Hg- 

concentrations, as would be the case during LIP volcanism emplacement. It has been argued that the 

observed increase in Hg-concentration during the T-OAE is not caused by elevated levels of atmospheric 

Hg0 but rather because of changes in marine vs terrestrial organic matter in marine sediments. 

 

1.4. Study aim/ objective 
 

Here, we seek to assess the possibility of using fossil leaves to track LIP-volcanism across the Toarcian 

Oceanic Anoxic Event, by using Hg-concentrations as a proxy.  

As Hg can be carried into the sedimentary realm in different ways, Hg-concentrations in sediments 

can differ because of mixing of the primary sources for sedimentary organic matter during deposition. 

This study therefore compares terrestrial (this study) and published marine sedimentary Hg 

concentrations, with Hg-levels in fossil-leaves across the T-OAE.  

 

2. Toudahoe section (Hubei Province, China)  
 

2.1. Geological setting  
 

The Xiangxi (Hsiangchi) Formation in the Zigui Basin of Western Hubei Province, South China, formed 

during the Early Jurassic along the northern coast of the Tethys Ocean, which tectonically was along the 

southeast margin of the ancient Yangtze plate (Wang 2002). The Zigui Basin in Hubei Province is 

marked by a thick accumulation of Jurassic strata, with Jurassicly deposited sediments reaching a 

maximum thickness of 6000m. The Zigui Basin is situated along the western limb of the Huangling 

anticline and consists largely of red clastic sediments (Wang 2002). The Toudahoe stratigraphic section 

is a part of the larger Xiangxi formation in Zigui basin and consists mainly of sandstones, grey 

mudstones and silty mudstones but also hosts a single shale bed and six coal seams (Ning et al., in prep.). 

The material in the Toudahoe section is terrestrial since the basin was closed off from the marine realm 

during the Early Jurassic (Wang 2002). The formation represents a network of meandering streams and 

lakes, with vast hydrophytic fern populations, typically growing on the shaded floor of wet and humid 

tropical forests, producing the many coal seams (Wang 2002). The beds are rich in fossils, both faunal 

(mainly bivalves, which are lacustrine) and floral (a large variety of species but mainly ginkgoites, ferns, 

cycads, bennettites and confires, many of which grows in cool climates with low humidity) (Wang, 

2002; Ning et al. in prep.). Studies of sediments and fern communities from the Xiangxi Fm suggests a 

dynamic depositional environment (Wang, 2002).  
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Figure 1. Stratigraphy of Toudahoe section, Xiangxi (Hsiangchi) formation, Zigui basin of Western Hubei 

Province, South China, and levels where all samples used in this study were taken. Stratigraphical interpretation 

was done by Ning, Lu (in prep.). Image from Ning et al. (in prep). 

 

2.2. Previous Studies  
 

The results from Bornholm (McElwain et al. 2005) were further built on by Ning et al. (in prep.) as 

correlations were found with a section in China, the Toudahoe section (fig. 2), which was rich in fossil 

leaves and suggested to be of Toarcian age. Analysis on leaves in the Toudahoe section (fig. 1) show a 

similar excursion in pCO2 and δ13C as to that found in Bornholm (fig. 4) (Ning et al. in prep.). The δ13C-

profile showed a negative CIE in bed B-11 of the section (34–37m; fig.1). Coincident with the negative 

CIE, stomatal analysis suggested a pCO2 increase from 909–1175 ppm in bed B10 (33-34m) to 1.259–

1441 ppm in B11. Temperature calculations found that the global temperatures increased to 5.74–6.28 

°C from 4,43–5.46°C between B11 and B10 suggesting that bed B-11 in the section represented the T-

OAE. 

Analysed leaf species were ginkgoites, ferns, cycads, bennettites and conifers but the most widely 

found in these beds were ginkgoites, which occurred in abundance in 7 beds across the studied section 
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(fig. 1) (beds containing fossil-leaves are labelled: A2, A5 AB, B9, B10, B11, B12; figure 1, 3, 4) (Ning 

et al. in prep.).  

 

 

 

Figure 2. Paleogeographic map of the Toarcian with more detailed “close- up” maps displaying the paleo-location 

of Hubei Province (where the Toudahoe section is located) and Bornholm (section location for the study by 

McElwain et al. (2005)), and the location of the Karoo-Ferrar LIP. Hubei province was located terrestrially on the 

eastern coast of Se-Asia (Ning et al. in prep.). Image from Ning et al. (in prep.). 

  

3. Experimental methods 
 

3.1. Mercury analysis of rock- and leaf samples 
  

Leaf and rock samples used in this study were collected from an outcrop from the Xiangxi Formation in 

the Zigui Basin, Hubei Province (Southern China. Sampling was done by researchers from the Nanjing 

Institute of Geology and Palaeontology of the Chinese Academy of Sciences, Nanjing (China). Rock 

samples were powdered by hand with agate mortar and pestle, at Trinity College Dublin, in order to 

maximize sample surface area. Each powdered rock sample was stored in individual plastic test tubes 

marked with section name and sequence number, since many different analyses were carried out.  

At the Centre for Microscopy and Analysis (CMA) (iCRAG) lab, Trinity College Dublin, Ireland, 

all powdered rock samples were weighed up in individual nickel boats, each containing ~85mg on a 

scale with an accuracy of 1/1000g. Due to some analysed samples resulting in Hg above machine 

calibration range, all black and outstandingly dark coloured samples (either coal or shales with high 

TOC and possibly high Hg) were re-done with a sample size of ~20mg. One analysis with 1.9mg of 

sample, from section A11-2 was also done to see if a small sample size would alter results. At least 

every fourth sample was duplicated (many more duplicates were done) in order to ensure consistency 

and legitimacy of measurements, as it established a margin of error, and standard deviation data could 

be obtained subsequently. Powdered sediment of each sample was put into the nickel boats with a spoon, 

which was cleaned with paper between each sample.   
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Mercury measurements were done with a Hg analyser AMA-254 from ELEMENTEC. Boats holding 

sample material were loaded onto an autosampler containing 44 slots. Samples were transferred by a 

robotic arm from the autosampler into a quartz combustion tube. Inside the tube the sample first 

underwent drying for 10 seconds where any chemically bound water would be removed. Following 

dehydration, it was incinerated for 150 seconds at 750°C where all Hg was vaporized into gaseous form 

and all other elements that possibly could interfere were removed and/or separated. The gas was sucked 

into an adjacent chamber where vaporized Hg was collected by a gold amalgamator trap. Through quick 

heating of the amalgamator (900°C) the collected Hg was released to the detection system and read by 

a spectrophotometer, during the last and finishing stage of the analysis, which took 45 seconds. The 

analyser was controlled by the software AMA which ran everything connected to the analyser and 

autosampler. By entering sample mass and its sequence position into AMA the Hg concentration (ppm) 

could, after analysis, be obtained. The nickel boats containing incinerated sample material were dropped 

off in a container and cleaned with deionized water for use in subsequent analysis. Because some 

material was badly burned into the boats, they were put in an ultrasonic bath for 10 minutes.  

The Hg analyser was factory calibrated. Blank samples were done, although irregularly, in order to 

see if there would be any residual Hg left in the machine (especially after samples that showed high Hg 

concentrations), which was negligible. Due to availability constraints, no samples with a standard were 

conducted. There was no clearly defined sample interval, all samples available at Trinity College Dublin 

at the time of analysis were used.  

Leaf samples were not in as great abundance as rock samples since not all sampled stratigraphical 

beds had preserved leaf material (Ning et al. in prep.). Several different species of leaves were available, 

but most were limited to one or two stratigraphical heights. The most abundant throughout the section 

was ginkgoites which was sampled in seven different stratigraphic heights in the succession. Hence, the 

analyses of Hg-concentrations in fossil-leaves focused mainly on analysing ginkgoites. Some other leaf 

samples were also analysed to spot interspecies differences and to see if there was a constant offset.  

Leaf materials were stored in small plastic bags, to which they were tightly bound statically, making 

them difficult to remove and separate. Each leaf fragment was weighed in by using a scale of 1/1000mg 

accuracy at Trinity Technology And Enterprise Centre (TTEC), Trinity College Dublin, Ireland. Large 

density differences between leaves from different stratigraphical heights and their tendency to fragment 

forced sample weights to range from 0.05mg to 1.2mg. Leaves were analysed in the Hg analyser, alike 

the rock samples, but due to the leaf samples’ tiny mass, emitted Hg was not high enough for the machine 

to pick up when doing a normal analysis. They had to be run as “blank” samples which gave total amount 

of emitted Hg. Total amount was then divided by sample-weight to attain the concentration (in ppm). 

 

3.2. TOC-analysis 
 

A MULTI EA® 4000 (Analytik Jena) was used to determine concentration of inorganic-, organic- and 

total carbon concentration in rock samples. For each sample two ceramic boats were filled and weighed, 

one for the analysis of Total Carbon (TC) and one for Total Inorganic Carbon (TIC). Total Organic 

Carbon (TOC) was obtained by their difference. Boats for the analyses of inorganic carbon were filled 

with ~100mg of sample and total carbon with ~20mg. 

With the help of an autosampler, able to hold 48 boats simultaneously, the boat was carried into a 

glass combustion tube for TIC analysis. There phosphoric acid, connected to the machine through a tube 

from an acid bottle, was dispersed along the full length of the boat. Any inorganic carbon would here 

be decarbonized and liberated as carbon dioxide. In order to ensure complete breakdown of all inorganic 

carbon, the combustion tube was heated to 100°C. Released carbon dioxide was directed with the help 

of a halogen trap and measured by an NDIR detector (Non-dispersive Infrared) which measures 
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molecular absorption of carbon dioxide. The read amount was transmitted to the processing software 

MultiWin (which controlled everything associated with the machine), where a combustion curve was 

plotted (Jezierski 2015). 

To record TC the second ceramic boat was combusted in a furnace containing only pure oxygen, 

without a catalyst, at a temperature of 1200°C. As with the TIC, released CO2 was directed through a 

halogen trap and read by an NRID- detector. Direct values of TC and TIC % were obtained through the 

analysis, and the software produced values for TOC by simple calculation of the difference between the 

two (TOC = TC – TIC) (Jezierski 2015). 

 

4. Results and discussion 
 

4.1. Leaf mercury and links to LIP volcanism 
 

Fossil leaves were used to track LIP-volcanism. Leaves are excellent accumulators of atmospheric Hg 

and highly adaptable to the coeval environment (Stamenkovic & Gustin 2009). Therefore, the hypothesis 

was that leaf Hg-concentration should have increased during past times of globally elevated volcanic 

activity and associated increase of Hg into the global ocean-atmosphere system, such as during the T-

OAE.  

Leaves samples B9, B10 and B11 have Hg-values that are almost double that of samples B13, A-B, 

A5 and A2 (fig.3). To get a quantitative overview on how Hg would differ within the species over time, 

multiple individual leaves were analysed from each bed. Average standard deviation intra-bed was high, 

0.213 ppm on a mean Hg-concentration of 0.474 ppm. That deviation is mostly caused by scatter in B11 

and A-B. When not including those two samples, standard deviation was low, 0.124 ppm, while the 

mean was 0.474 ppm. 

Results in bed B11 were split up into two groups: very high, an average concentration of 0.77 ppm, 

with 0.11 ppm standard deviation (hereafter referred to as B11-A) and very low, an average 

concentration of 0.1 ppm, with 0.03 ppm standard deviation (hereafter referred to as B11-B). Results 

varied a lot between groups but little inside. One produced the highest mean Hg-concentration of the 

entire section, while the other produced the lowest. The main difference was the level of fossilization 

observed between leaves from the two groups. Leaves from B11-A were still soft, pliable, low density, 

easily separated from each other, had a fibrous structure and were somewhat greenish in colour, 

revealing that they probably have not undergone significant diagenesis or alteration after deposition. 

They, therefore, appeared non-fossilized and looked like modern leaves. Leaves from B11-B were hard 

and rigid, highly dense, merged together, easily fragmented and dark/black in colour, which can be 

explained by them having undergone physical and/or chemical alteration, associated with fossilization. 

Alternatively, the increased density of the fossil leaves of Group B11-B could also be explained by 

sediment being stuck to leaves, as that would change the calculated concentrations (in ppm) towards 

lower values. This would, however, be less likely to produce four separate results in Hg-concentration 

as similar as the four did here. Furthermore, it may be possible that leaves from B11-B came from 

another plant species than B11-A and were misinterpreted as ginkgoites due to the high deformation of 

the leaf-cuticle. The highly differing degree of fossilization within one bed could be explained by broad 

characterisations being done when explaining where the leaves were sampled from. Thus, even though 

the leaves are from the same bed it does not necessarily mean that they were deposited at the exact same 

time or under the same conditions. Level of fossilization was not analysed in this study meaning severe 

inter- and intrabed variations might have existed. Leaves from other sections mostly carried similar 

characteristics to B11-A, although some were easily fragmented and dark in colour, most notably B12 
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and A-B. That coupled with B11-B showing remarkably lower Hg-concentration than the non-fossilized 

leaves in B11-A, which were sampled from the same bed, would suggests fossilizing alterations have 

significant effects on fossil leaf hg. Therefore, based on the high levels of fossilization, wrongly 

characterised plant species and/or sediments incorporated in the analysed leaves from B11-B, B11-A 

are considered as representable for bed B11. 

 

 
Figure 3. Graph shows leaf sample Hg measurements. Fossil leaves from ginkgoites from six different beds were 

tested for their Hg- concentrations (ppm). Multiple leaves from each bed were tested. Within one bed some leaves 

were tested multiple times while others only once, leaves chosen for repeat analysis were based on leaf size, 

abundance and fragility of the leaf. The amount of analysis done from each bed were mainly based on available 

material, samples were not in great abundance, nor were the leaves always possible to extract and measure. X- 

axis displays Hg- concentration (ppm) while Y-axis displays stratigraphical height (m) in the section where 

samples were taken.  
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Other scatter also occurred in samples from bed A-B where two out of eight analysed leaf fragments 

recorded distinctly higher Hg-concentration than the other six leaves, with the latter showing very 

similar results. As the two outliers came from separate leaves, for which duplicates showed lower results, 

in line with all the other analysed leaves from that bed which together had an average of 0.18 ppm with 

a standard deviation of 0.03 ppm, the two outliers, one with 1.7 ppm and the other with 1 ppm, may be 

attributed to analytical errors. Alternatively, concentrated Hg-localization in specific parts of the leaf, 

or possible sample contamination may explain the outliers. Furthermore, inaccurate weight of sample 

and/or incorrect reading by the mercury analyser, due to the very small sample size (smallest leaf 

samples weighed ∼0.05mg), might have caused the scatter. Therefore, for future studies it is suggested 

to use as large a sample as possible, with a minimum weight of at least 0.1 mg. As subsequent duplicates, 

done on the same leaves as the outliers came from, produced results like the results from the other A-B 

samples, the outliers are not considered as representable for the bed. 

PCO2, δ13C and paleotemperature-analysis on leaves from the same section showed perturbations in 

leaves from sample levels B11 and B12 (fig.5). δ13C- analysis revealed distinctly more negative carbon 

isotope values in bed B11 and B12. A small decrease in pCO2 is interpreted from leaves deposited in 

bed B10, which is followed by an abrupt positive excursion interpreted from leaves in bed B11, with 

reconstructed pCO2 values of 1259–1441 ppm. Global mean land surface temperature is also interpreted 

to have increased by about 5.74–6.28 °C at the level of B11 (Ning et al. in prep.). These results correlated 

to a study of a coeval section in Bornholm, also representing the T-OAE (McElwain et al. 2005), all 

pointing towards bed B11 in the Toudahoe section to represent sediments deposited during the T-OAE. 

That is overlapping with the Hg-analysis on leaves, as the highest values are found in B11, with a 

positive excursion in Hg, overlapping with excursions found in previous studies in bed B11 (McElwain 

et al. 2005; Ning et al. in prep). As leaf foliage scavenge Hg from atmospheric Hg0 through their stomata 

(Ericksen et al. 2003; Frescholtz et al. 2009; Stamenkovic & Gustin 2009), an increase in fossil-leaf Hg 

in leaves formed and deposited during the T-OAE, suggests elevated atmospheric Hg-concentrations 

during the T-OAE. Plant age and plant species also have a large effect on Hg in leaves (Stamenkovic et 

al. 2008), but as multiple analysis on different individual leaves from the same plant species produced 

results with little variation, the observed trend in fossil-leaf Hg-concentrations suggests that the increase 

found in B9, B10 and B11 were caused by raised atmospheric levels of Hg0 rather than analysed leaves 

being from different species or varying in age.  

Recently, Them et al. (2019) argued that recorded Hg/TOC perturbations during the T-OAE are 

caused by riverine input of terrestrial OM, which was enriched in Hg due to increased continental 

weathering flushing in previously deposited, recycled, terrestrial Hg (a mix of soil-derived, 

volcanogenic and wildfire released Hg), into shallow oceans and that elevated atmospheric Hg0 was not 

responsible for the observed Hg-increases in marine sediments at that time. The results from this study 

do, however, suggest that there is a significant increase in atmospheric Hg0 during the T-OAE, in line 

with Hg/TOC in the Mochras core (fig. 6), where a pronounced positive excursion was found throughout 

the T-OAE.  

The Hg-concentration is highest in B-11 but it is also elevated in B10 and B9. In the Mochras core 

(fig. 6) there were excursions of Hg-enrichment, peaks in Hg/TOC which may suggest pulses of LIP-

volcanism, before the onset of the T-OAE, most notably at the Pl-T boundary, but also in between the 

two (Naslund 2019). Similar peaks were also found in sections from Bornholm (Denmark), Sancerre 

(France) and Peniche (Portugal) (Percival et al., 2015). The increased Hg-levels in leaves in the part of 

the stratigraphy that is underlying that of the T-OAE indicates raised levels of Hg0 and suggests multiple 

periods of volcanism, outgassing of volatiles, metamorphism of organic rich shales or coals by dikes 

and sills, or dissociation of gas hydrates at the Pl-T boundary, before the onset of the T-OAE and 

throughout the T-OAE (McElwain et al. 2005; Jenkyns 2010; Percival et al. 2015; Bond et al. 2016).   
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The results here suggest that Hg in leaves can be used as a proxy to infer LIP-volcanism. However, 

for it to be seriously implemented as a proxy studies need to be conducted on how fossilization affects 

the leaves in regards of Hg. Further, for increased accuracy large quantities of leaves needs to be 

analysed for each bed in order to get a representative value, as some scatter might occur. To increase 

ease of usage and decrease deviations, large leaf samples are preferred since bulk analysis would help 

in attaining representable values for each bed (and to single out outliers). Bulk analysis would also help 

mask any potential sample contaminations that could offset the results.  

Finding the highest values in B11, and high- but lower values- between B9 and B11 helps confirm 

the proposed stratigraphy and provides further evidence that bed B11 is representing sediments 

deposited during the T-OAE.  

 

 

Figure 4. Graph of leaf- Hg (ppm) (same as fig. 3) next to PCO2 (ppmv), δ13C and GLMST (°C) from Toudahoe 

section (left) and Bornholm (right) (Ning in prep.; McElwain et al. 2005).  

 

4.2. Rock sample mercury and TOC 
 

There are extreme stratigraphic differences in Hg-concentration and TOC, between stratigraphic 

horizons and samples (fig. 5), with results ranging from 0.0035– 23.8 ppm in Hg and 0.09% – 54% in 

TOC. Elevated Hg values are observed for the same samples as for elevated values of TOC, in the 

samples that have a dark/black colour, which consisted of either coal or organic rich- shales. The two 

graphs show similar patterns. The relationship between Hg and TOC, that most of the sedimentary Hg 

is bound in OM, is well-known (Fitzgerald et al. 2007). The influence of OM on preserving and 

concentrating Hg is displayed by the higher Hg in samples with high TOC than in those with low TOC. 

The correlation is, however, not perfect, and therefore it is important to normalize Hg against TOC when 

using Hg as a proxy to infer LIP-volcanism.  

The range is larger in both Hg and TOC than in coeval marine records such as the Mochras core, 

with oscillations not exceeding 1 ppm and 0–2 wt% respectively (fig. 6) (Naslund 2019). TOC has been 

used as an OAE indicator on its own. Organic-rich shales is one of the hall-marks for OAEs (Schlanger 

& Jenkyns 1976; Calvert et al. 1980; Pedersen et al. 1990), and with the TOC-increase, an increase in 

Hg may be expected in sediments from the T-OAE (Fitzgerald et al. 2007). The mochras core has a 

uniform lithology, with relatively fine-grained (mudsized) distal sediments (Percival et al. 2015; Ruhl 

et al. 2016; Xu et al. 2018). Changes in Hg and TOC coincided with the T-OAE and Pl–T boundary (fig. 



12 
 

6) (Naslund 2019). However, this is not the case with the here studied terrestrial record from the 

Toudahoe section in Hubei Province. The Toudahoe section contains beds of sandstone, mudstone, coals 

and shales; lithologies that could be found in several depositional settings, with differing depositional 

energy. Sandstone is deposited in a high energy environment while mudstone, shale and coal are 

deposited in a very low energy environment, witnessing a dynamic depositional environment. The 

Xiangxi formation was deposited in a meandering stream and lake setting (Wang 2002). The changes in 

depositional environment could have resulted in significant changes in type of OM supplied to the 

sedimentary realm, with variances in Hg accumulation (Wang 2002; Fitzgerald et al. 2007). Due to a 

dynamic depositional environment, and unknown type of OM, no conclusions can be made from Hg or 

TOC-graphs alone and inferences on LIP-volcanism in the Early Toarcian should therefore probably 

best not be drawn purely from terrestrial bulk-rock Hg records, such as in the Zigui Basin. 

 

 

Figure 5. A) Graph of Hg measured in rock samples by mercury analysis. Hg-concentration (in ppm) is plotted on 

the x-axis, while stratigraphical height (m) is plotted on the y-axis.  Sidebar shows at what stratigraphical height 

each sample was taken. B) Graph of TOC measured in rock samples. TOC (wt%) is plotted on the x-axis 

stratigraphical height (m) is plotted on the y-axis. C) By normalizing Hg (in ppm) over TOC (wt%) a Hg/TOC 

(ppm/wt%) graph is produced, which is used as the proxy for locating LIP- volcanism in sediments. Hg/TOC is 

plotted on x-axis while y- axis shows at which stratigraphic height (m) samples were taken from.  
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Figure 6. Graphs of TOC, Hg (PPB), and Hg/TOC (ppb/wt%) from Mochras core, Cardigan bay basin, Wales. 

Red line represents the Pl-T boundary and shaded area represents the T-OAE (Naslund 2019). There are clear and 

overlapping positive excursion in Hg and Hg/TOC at the Pl-T boundary, onset of T-OAE and throughout the T-

OAE, while there is some correlation with TOC, which first declines rapidly to then rise considerable during the 

T-OAE. 

Large perturbations are noted in the Hg/TOC-data, taking place mainly in the lower part of the 

formation. The upper part (B-samples + A-B) express consistently low values, with only B13-3 showing 

>0.2 ppm/wt%. Hg/TOC values are much higher in the lower part (A-samples), although oscillating 

greatly between low and high. Seven samples show a ppm/wt% above 0.2 ppm and three samples had 

0.5–0.6 ppm, 2–3 times as much as the largest value found in the upper part (0.2 ppm).  

The highest values being found in the lower part does not coincide with the proposed place of the T-

OAE in the section (B11), but rather indicates that the T-OAE is represented in the lower part of the 

section. Many of the samples with Hg/TOC above 0.4 ppm/wt% have very low TOC. Incidentally, a lot 

more of the samples in the lower part had very low TOC, while very few in the upper part had similarly 

low values. The few samples from the upper part of the section, with similarly low TOC had Hg/TOC-

values ranging from 0.03–0.2 ppm/wt% (the highest in the upper part of the studied succession), while 

samples with high TOC-values still had very low Hg/TOC. The highest values in Hg/TOC, in both A 

and B, are found when TOC is either below 0.7% or above 30%.  

The lithology differs between the lower part and upper part of the section. The lower section is 

dominated by darker beds, coal, shale and grey mudstones. The upper part contains thick successions of 

sandstone and the mudstones, which are richer in silt (Ning et al. in prep.). Very few samples were 

collected from the sandstone beds; samples were rather predominantly collected from the clay-rich beds. 

The mudstone beds are, however, less clay-rich in the upper part (Fig. 2). Hg adsorbs to clay-sized 

particles, and can react with sulfur, forms of uptake which would not be accounted for by the proxy of 

normalizing against TOC. As such Hg-species would not be bound to OM, the occurrence of Hg-sulfides 

and/or clay-bound Hg would increase both Hg and Hg/TOC values. Normally sulfur- and clay bound 

Hg would be in such low amounts compared to what is bound by OM, but with low TOC it could raise 

the results meaningfully in Hg/TOC (Niessen et al. 2003; Kongchum & Delaune 2011; Dricoll et al. 

2013; Bergquist 2017). 

The unknown depositional environments for each part of the section could also affect the Hg/TOC 

ratio. Riverine systems transport large amounts of Hg from sediments/OM and depending on water 

discharge at time of deposition significant differences might occur (Amos et al. 2014). If deposition 

happened in a lacustrine environment then terrestrially leached Hg could be accumulating from rain-
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water or river in-flow, leading to significant increases in Hg-concentration. Furthermore, OM-type 

(aquatic vs terrestrial) and type of vegetative cover could affect accumulation of Hg, even without 

elevated atmospheric Hg concentrations (Driscoll et al. 2013; Obrist et al. 2013). Especially for samples 

with high TOC, the origin of the predominant OM would be important to know: if it is made up by 

aquatic OM, terrestrial OM, or a mix. While both show a clear affinity and substantial uptake of Hg, 

their respective retaining properties on a geological time-scale are not very well-known (Outridge et al. 

2007; Percival et al. 2015). 

Furthermore, analytical uncertainty on TOC-analysis can be considerable, especially for samples 

with TOC<1%, as observed for duplicate analyses. When the concentration is that low any minor 

misreading might offset the result majorly, either overstating or understating TOC, which then would 

have clear impacts on the sample’s Hg/TOC ratio.  

On face values, the observed perturbation in Hg/TOC in the lower part of the section could indicate 

raised levels of atmospheric Hg release. However, because of the uncertainties stated before, and 

because of the fact that leaf-Hg analysis suggests raised atmospheric Hg concentrations in the upper part 

of the studied section, the perturbations in Hg/TOC in bulk-rock sediment found in the lower part of this 

section are not likely to have been caused by increased atmospheric Hg release during the T-OAE. This 

suggests that in order to secure a terrestrial record in Hg/TOC it is essential to determine the origin of 

Hg, the depositional environment, the type of OM (through C/N-analysis) and clay- and sulfur content 

(to constrain the potential impact of considerable lithological changes on the Hg and Hg/TOC record) 

(Niessen et al. 2003; Ruhl et al. 2010; Kongchum & Delaune 2011; Dricoll et al. 2013). In addition, the 

Hg/TOC record needs to be compared to a bulk-rock δ13C-profile as positive perturbations should 

overlap with a negative CIE. There is a need for a terrestrial record in order to ensure that what has been 

found in marine sediments are reflective of increased atmospheric Hg due to LIP-volcanism. However, 

to ensure that the Hg/TOC of the terrestrial record is in fact representative of the T-OAE, a positive 

perturbation needs to be correlated with an array of other analysis.  

 

5. Conclusion 
 

The aim for this study was to assess the possibility of using Hg-concentration in fossil leaves, as a proxy, 

to track LIP-volcanism across the Toarcian Oceanic Anoxic Event.  

Because Hg-accumulation is not the same for all types of OM, this study also compared marine 

(former studies) and terrestrial (this study) sedimentary Hg concentrations, with Hg-levels in fossil-

leaves across the T-OAE.  

 The highest leaf Hg-concentration was found in the bed representing the T-OAE (a stratigraphy that 

was backed by this study) indicating elevated atmospheric Hg0 during the T-OAE, but also in the beds 

leading up to the T-OAE. Elevated atmospheric Hg is likely to have been caused by Karoo-Ferrar LIP-

volcanism, metamorphism of organic rich shales or coals by dikes and sills, or through dissociation of 

gas hydrates, with several events, leading up to, and during the T-OAE. This study also suggests that 

LIP-volcanism during the T-OAE is the cause for the positive Hg/TOC perturbations found in many 

coeval marine sedimentary records, rather than a shift towards increased amount of terrestrial OM. 

Results from this study suggests that it is possible to use Hg-concentration in fossil leaves to infer 

raised levels of atmospheric Hg0, and the possibility to use this as a proxy to link LIP-volcanism to the 

T-OAE, and possibly other OAEs. However, the method needs to be developed as the effects of 

fossilization, specific Hg-localisation and leaf-specific Hg-retaining capabilities under different 

conditions needs to be investigated. Further implementation of this method should not use leaves 

weighing less than 0.1mg and from only one plant species.  
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Also, rock sample results indicate that besides Hg/TOC, type of OM and clay- and sulfur content 

needs to be analysed, and results need to be correlated with a negative CIE in δ13C, if a representing 

terrestrial Hg/TOC-record for the T-OAE is to be obtained. Also, samples with TOC <1% needs to be 

analysed for TOC multiple times to decrease effect of machine errors.  

 

6. Future work 
 

The method of using Hg as a proxy can be an important tool in investigating paleo-atmospheric Hg0. It 

could be used to check the presence of LIP-volcanism during OAEs, since there is an established 

relationship between the two. For future use it is essential to constrain how leaves react to changing 

depositional and/or preservational conditions, and how this impact on Hg retaining capabilities in leaves.  

To produce a quality study on Hg/TOC from a terrestrial record, C/N-analysis (determining type of 

OM), clay- and sulfur content (accounting for adsorbed Hg not bound by OM), and δ13C- analysis (to 

correlate other analysis with a negative CIE) needs to be conducted, with multiple duplications of TOC-

analysis on samples with low TOC.  
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