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A B S T R A C T   

Vegetative leaves have long been considered a significant receiver of gaseous Hg in the atmosphere, offering the 
potential to passively monitor palaeo-atmospheric Hg concentrations; however, few constraints on this exist. In 
this study, we conduct Hg measurements on three Ginkgo leaf collections: i) modern leaves from ten sampling 
sites across China, ii) modern leaves collected monthly across one growing season in Nanjing (China), iii) fossil 
ginkgoaleans leaves from the Middle Jurassic (China). The results from this study reveal that the foliar Hg 
concentrations (with an average concentration of 61 ng⋅g− 1, N = 272) were higher than those observed in Ginkgo 
leaf samples previously studied from Ireland and the USA. Additionally, the leaf age and atmospheric Hg con
centrations represent two primary factors impacting foliar Hg contents in Ginkgo. Hg concentrations in fossil 
cuticular samples (with an average concentration of 585.5 ng⋅g− 1) were observed notably higher than those in 
modern Ginkgo leaves (avg. 61 ng⋅g− 1) and sediments from the same layers (avg. 113 ng⋅g− 1). Considering 
possible Hg migration during fossilization, we suggested that the elevated Hg concentrations in fossil cuticles 
were attributed to both the retention of Hg in leaves and the loss of leaf content during fossilization. Based on 23 
fossil ginkgoalean samples from 6 beds of the Dameigou section (spanning from the Early to the Middle Jurassic), 
Qaidam Basin, China, we detected a Hg anomaly through Hg concentrations in fossil cuticles during the pre
sumed palaeo-volcanic event (the Karoo-Ferrar Large Igneous Province (LIP)). This preliminary test supports the 
notion that variations in Hg concentrations in fossil cuticle may potentially reflect the gaseous Hg changes in the 
Jurassic palaeo-atmosphere, triggered by LIP volcanism at this time. This finding highlights the possibility of 
using fossil plant cuticle as a Hg proxy of palaeo-atmospheric Hg loading.   

1. Introduction 

Mercury (Hg) is a significant global contaminant that cycles between 
air, water, soil, and the biosphere and accumulates in the environment 
as a neurotoxic methylated compounds (MeHg) (Driscoll et al., 2013). 
MeHg can cause damage to the environment and human health (Hung 
et al., 2021; Laacouri et al., 2013). Human activities and natural pro
cesses release gaseous Hg into the environment, including Hg evasion 
from soil and water bodies, wildfires, volcanoes, and geothermal sources 

(Feng et al., 2022; Hung et al., 2021; Schroeder and Munthe, 1998). 
Anthropogenic activities produce approximately 2000 tons of global Hg 
emissions annually (Pacyna et al., 2006), significantly increasing the 
amount of Hg in the atmosphere since the onset of the Industrial Rev
olution (Feng et al., 2022; Travnikov, 2005). 

Monitoring atmospheric mercury fractions enables understanding on 
the fate of mercury in the environment. Atmospheric mercury comprises 
gaseous elemental mercury (Hg0, GEM, ng⋅m− 3) (> 90%), gaseous 
oxidized mercury (GOM, pg⋅m− 3), and particulate-bound mercury 
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(PBM, pg⋅m− 3) (Gustin et al., 2015; Schroeder and Munthe, 1998). Hg0 

has a lifetime of 0.5–2 years, while GOM and PBM last only hours to 
weeks via wet and dry deposition (Ariya et al., 2015; Murphy et al., 
2006). Atmospheric mercury measurements have been made at various 
locations worldwide (Sprovieri et al., 2017; Sprovieri et al., 2010), and 
the observational network of atmospheric Hg in China has been 
expanding since the 2000s (Feng et al., 2022; Fu et al., 2008; Fu et al., 
2021; Liu et al., 2019; Zhang et al., 2021; Zhu et al., 2012). 

Leaves are a well-known intermediate sink for atmospheric Hg, 
observed through field studies (Laacouri et al., 2013; Rea et al., 2002), 
chamber-growth studies (Assad et al., 2016; Ericksen et al., 2003; Tang 
et al., 2021), and forest ecosystems observations (Feng et al., 2022; Jun 
Zhou et al., 2021; Ning Zhou et al., 2021). More than 80% of the total Hg 
in aboveground biomass accumulates in leaves (Ericksen et al., 2003). 
Hg in leaves is however only in a limited capacity sourced through the 
root system, (Arnold et al., 2018; Ericksen et al., 2003; Fleck et al., 1999; 
Peckham et al., 2019; Rutter et al., 2011; Stamenkovic and Gustin, 
2009), and almost all Hg in foliar tissue originates from the atmosphere 
(Lodenius et al., 2003; Manceau et al., 2018; Jun Zhou et al., 2021; Ning 
Zhou et al., 2021; Liu et al., 2022). The potential for monitoring atmo
spheric Hg concentrations using modern vegetation leaves as a passive 
receptor is gaining attention (Lodenius et al., 2003; Tang et al., 2021; 
Manceau et al., 2018; Zhou et al., 2017). 

The strong correlation between foliar Hg in vegetation leaves and 
gaseous Hg concentrations in the atmosphere prompts essential ques
tions: (i) whether Hg can be preserved within fossil leaf samples; and (ii) 
whether the Hg concentrations within fossil leaves can serve as a proxy 
for gaseous Hg in the palaeo-atmosphere. Prior to the Anthropocene era, 
natural mercury (Hg) emissions were primarily attributed to volcanic 
activity (Bergquist, 2017; Grasby et al., 2019; Kovács et al., 2024; Per
cival et al., 2015; Ruhl et al., 2022; Shen et al., 2020), aligning with 
climate disturbances that led to dramatic changes in flora, and various 

morphologies in leaves and pollen (Slater et al., 2019; Jun Zhou et al., 
2021; Ning Zhou et al., 2021; Jin et al., 2022; Shen et al., 2022b; Vajda 
et al., 2023, 2024). Changes in palaeo-atmospheric gaseous Hg levels, 
during the palaeo-volcainc events, may be recorded by fossil plant 
leaves; however, no data constrains on this exist to date. 

Ginkgoales have a long fossil record, originating in the Mesozoic, and 
only one species of Ginkgo biloba L. exists today (Wang et al., 2017; 
Zhou, 1997). The Ginkgoales’ sensitivity to climate changes makes them 
ideally suited to track past changes in climate and the environment, 
because of which they are commonly used in palaeo-climate studies 
(McElwain, 1998; Barclay and Wing, 2016; Beerling et al., 1998; Wang 
et al., 2014; Zhang et al., 2019; Zhang et al., 2023). 

For this study, we combine and compare the chemical analyses of Hg 
concentrations in both modern Ginkgo leaves and fossil Ginkgoales 
leaves. The modern leaves originate from ten sites in China, and asso
ciated data is compared to local gaseous atmospheric Hg levels as well as 
environmental (temperature, humidity) conditions, to explore possible 
factors influencing foliar Hg concentrations in Ginkgo leaves. Early to the 
Middle Jurassic fossil ginkgoalean leaves originate from the Dameigou 
section in the Qaidam Basin, China, and were analysed for their Hg 
content, to assess possible Hg-diagenesis during fossilization and to test 
the feasibility of using fossil leaf (cuticle) Hg concentrations as a proxy 
for palaeo-atmospheric Hg. 

2. Materials and methods 

2.1. Materials 

2.1.1. Modern Ginkgo biloba leaves 
Two sets of modern Ginkgo biloba leaves were sampled. The first set 

was collected geographically across China, including the northeast 
(Chifeng, Chaoyang, Shenyang), northwest (Jinchang, Lanzhou), 

Fig. 1. Sampling sites of modern Ginkgo biloba L. and fossil ginkgoaleans. Mercury (Hg) concentrations in modern leaf samples and Local Total Gaseous Mercury 
(TGM) presented with different colours. Chinese basemap from the Standard Map Service, plan approval number: GS(2016)1595. 
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southwest (Ya’an, Chongqing), and southeast (Wuhan, Chaohu, Nanj
ing) (Fig. 1). Differing levels of industrial development in these cities 
have resulted in varying average gaseous atmospheric Hg concentra
tions (Feng et al., 2022; Fu et al., 2008; Fu et al., 2021; Liu et al., 2019) 
(Table S2). Sampled trees were distributed in urban and field settings 
(Table 1). The second set was collected monthly for one year 
(July–November 2020 and April–June 2021) from a Ginkgo biloba tree 
cultivated on the urban campus of the Nanjing Institute of Geology and 
Palaeontology, Chinese Academy of Sciences, China. All modern leaves 
were collected at a height of over two meters, and leaves were collected 
for each cardinal direction (North, East, South, West); also their position 
within the canopy (Sun, or Shade) was noted. In total, 136 foliar tissues 
were collected from 19 trees (Table S1). 

Cuticle samples were extracted from modern Ginkgo leaves to 
investigate Hg concentration differences between bulk leaves and leaf- 
cuticle. Leaves with the highest (Nanjing, the November set), lowest 
(Jinchang), and middle (Chaohu) Hg concentrations (see Table 1) were 
selected for cuticle extractions. 

2.1.2. Fossil ginkgoaleans 
Twenty-three fossil ginkgoalean samples from six beds across three 

formations in the Dameigou section (Dameigou area, Qinghai, China) 
were collected for Hg analyses (Fig. 1). The sedimentary and 
geochemistry framework of the Dameigou section in the Qaidam Basin, 
China, have been described in previous studies, with the formations 
considered to span from the Early to the Middle Jurassic in age, con
strained by palynological assemblages (Wang et al., 2005; Zhang et al., 
1998) and carbon isotope chemostratigraphy (Lu et al., 2020; Zhou 
et al., 2022). 

The ginkgoalean fossil cuticles analysed in this study include three 
common Mesozoic Ginkgoaceae foliage materials: Ginkgoites, Spheno
baiera, and Baiera (Table 2), with some of them sourced from previously 
reported samples (Li et al., 1988; Sze, 1959; Zhang, 2023; Zhang et al., 
2023). In total, 23 ginkgoalean fossil leaf samples from six strati
graphically individual beds across three geological formations exposed 
within the Dameigou section (Qaidam Basin, China) were investigated 
in this study. 

2.1.3. Biological materials archiving statement 
Studied modern Ginkgo leaves were deposited at the State Key Lab

oratory of Palaeobiology and Stratigraphy, Nanjing, China and backed 
up at the Earth Surface Research Laboratory (ESRL), Trinity College 
Dublin, Ireland. Fossil ginkgoaleans studied here are deposited at the 

Palaeobotanical collection, Nanjing Institute of Geology and Palae
ontology, Nanjing, China. 

2.2. Methods 

2.2.1. Cuticle extractions 
Plant cuticle preparation for both modern and fossil samples studied 

was conducted at the Earth Surface Research Laboratory (ESRL), Trinity 
College Dublin, Ireland. For the modern Ginkgo leaf samples, they were 
treated with a solution of hydrogen peroxide (H2O2, 30%) + acetic acid 
(CH3COOH, 95%) (1:1) in a 70 ◦C water bath for two to three hours until 
green samples became transparent. Following neutralization, the cuticle 
samples were dried using a vacuum pump. 

Following traditional methods (Jones and Rowe, 1999), the fossil 
cuticle samples were treated with hydrochloric acid (HCl, 35%) and 
hydrofluoric acid (HF, 30%) to remove clay and siliceous rocks from the 
cuticles’ surface, to ensure clean fossil cuticle sample material. To avoid 
any potential influence on the analysed Hg content, the fossil samples 
were not treated with nitric acid (HNO3) throughout the preparation 
process. After neutralization, cuticle samples were transferred to filters, 
dried using a vacuum pump, and placed in clear test tubes. 

2.2.2. Leaf Hg analysis 
The study of total mercury concentrations in leaves was conducted at 

the Earth Surface Research Laboratory (ESRL), Trinity College Dublin, 
Ireland, with a LECO AMA-254 advanced mercury analyser, using the 
methodology described by Hall and Pelchat (1997) and Kovács et al. 
(2020). Because of the low weight of the samples (~ two to three 
miligrams on average), the analyses were run on ‘blank-mode’, resulting 
in absolute Hg quantity per sample. The relative concentration (ng⋅g− 1) 
was calculated offline. The ERM-CD281 (Rye Grass) reference material, 
with a certified value of 16.4 ng⋅g− 1 (Centre et al., 2010), was repeatedly 
analysed to assess the precision of the Hg analyser. Duplicate Hg con
centration analyses of a subset of the leaf samples were conducted (Table 
S1). 

2.2.3. Elemental analyses of fossil samples 
Elemental components of fossil cuticles were analysed using an 

energy-dispersive X-ray spectrometer (EDS). Total organic carbon con
tents (TOC) were measured with a Delta V isotope ratio mass spec
trometer. These analyses were conducted at the State Key Laboratory of 
Palaeobiology and Stratigraphy, Nanjing Institute of Geology and 
Palaeontology, Chinese Academy of Sciences, in Nanjing, China. 

Table 1 
Hg concentrations of Ginkgo leaf samples in China.  

Samping sites Hg % (ng⋅g− 1) Standard deviation Sample amount Environmental settings Sampling Date 

Set one - leaves collected spatially across China 
Nanjing(NJ) 91.38 11.3 16 Urban 19 Aug. 2020 
Chongqing(CQ) 87.94 18.6 16 Field 27 Jul. 2020 
Wuhan(WH) 73.27 13.7 16 Urban 13 Sept. 2020 
Ya’an(YA) 72.70 5.5 16 Field 31 Oct. 2020 
Chaohu(CH) 57.70 8.6 16 Urban 25 July. 2020 
Shenyang(SY) 56.90 8.4 16 Urban 08 Sept. 2020 
Chaoyang(CY) 55.00 9.8 16 Urban 20 Oct. 2020 
Lanzhou(LZ) 31.18 6.8 16 Urban 25 July. 2020 
Chifeng(CF) 30.24 4.3 16 Urban 26 July. 2020 
Jinchang(JC) 28.31 6.7 16 Urban 15 Aug. 2020  

Set two - leaves collected monthly in Nanjing (Jiangsu, China) 
Nanjing(NJ) 62.89 8.2 16 Urban 19 Jul. 2020 
NJ 91.38 11.3 16 Urban 19 Aug. 2020 
NJ 82.69 13.5 16 Urban 15 Sept. 2020 
NJ 97.17 7.5 16 Urban 15 Oct. 2020 
NJ 100.89 8.6 16 Urban 18 Nov. 2020 
NJ 32.23 3.8 16 Urban 13 Apr. 2021 
NJ 33.46 5.4 16 Urban 17 May. 2021 
NJ 50.28 5.7 16 Urban 16 Jun. 2021  
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2.2.4. Atmospheric Hg data 
The observational network of atmospheric Hg in China has been in 

development since the 2000s (Feng et al., 2022; Zhu et al., 2012). The 
latest datasets of local Total Gaseous Mercury (TGM) from sampling sites 
are available since the 2010s and were used to assess local atmospheric 
Hg levels; these were compared to modern leaf Hg concentrations ana
lysed here (Table S2) (Feng et al., 2022; Fu et al., 2008; Fu et al., 2021; 
Liu et al., 2019; Zhu et al., 2012). 

2.2.5. Statistical analysis 
Least-square linear regression analysis was employed to constrain 

the possible relationships between Ginkgo foliar Hg concentrations and 

atmospheric Total Gaseous Mercury (TGM), Elevation (meters above sea 
level), Relative Humidity (mean value during the collecting month), 
Precipitation (accumulated precipitation in the collecting month), 
Temperature (mean value during the collecting month) (Table S2), as 
well as other relevant parameters. Polynomial regression analysis was 
utilized to model the relationship between Hg concentrations and leaf 
age. One-way analysis of variance (ANOVA) was applied to assess dif
ferences in Hg concentrations between leaves and cuticles, as well as 
between sun/shade leaves (Sokal and Rohlf, 1995). 

Table 2 
Hg concentrations, stomatal index, and assessed pCO2 levels in fossil ginkgoaleans from the Dameigou section, Qaidam Basin, China.  

Ser. Stages FM. Fossil No. Bed (Li et al., 1988) Hg average Stomatal pCO2 Variations 

(ppb ± SE.) Index (Zhang, 2023) Reconstructed by methods of i). SI-pCO2 response curve ( 
Barclay and Wing, 2016); ii). Carb. Std. (McElwain and 
Chaloner, 1996); iii). Mod. Std. (McElwain and Chaloner, 
1996)* 

Middle Jurassic Bajocian-Aalenian DMG. F6 B-90 327.37 ± 57.2 5.35 790 – 1310 
F5 B-89 416.7 ± 70.4 4.22 950 – 1590 

Lower Jurassic Toarcian YMG. F4 B-58 701.7 ± 149.5 4.37 890 – 1490 
F3 B-56 619.9 ± 354.8 4.19 1010 – 1680 

Pliensb. TSG. F2 B-46 1215.6 ± 402.75 5.43 710 – 1190 
F1 B-38 670.63 5.13 750 – 1250 

Abbreviations: pCO2, CO2 concentration; Ser., series; FM., formation; No., number; SE., standard errors; SI., Stomtal index; Carb. Std., carboniferous standard; Mod. Std., 
modern standard (Barclay and Wing, 2016; McElwain and Chaloner, 1996); DMG., the Dameigou formation; YMG., the Yinmagou formation; TSG., the Tianshuigou 
formation. *Systematics of fossil ginkgoaleans please refer to Zhang (2023). Given the scope of this study, more comprehensive fossil descriptions, stomtal parameters, 
and reconstructed paleo-CO2 data will be released in a separate publication. 

Fig. 2. Variations of Ginkgo foliar Hg concentrations across one growing season, based on a monthly-collected leaves from the same tree (Nanjing, China). (A) The 
boxplot shows foliar Hg concentrations gradually accumulated with leaf age, the blue dash line shows lower Hg concentrations in Ginkgo leaves from Dublin, Ireland, 
and the red line shows the polynomial correlation between foliar Hg concentrations and leaf age, y(Foliar Hg) = − 0.3795 xmonth

3 + 7.898 xmonth
2 − 39.9 xmonth + 87.36, 

R2 
= 0.95, p-value = 0.004; (B) Significant polynomial correlations of foliar Hg concentrations against leaf age, established separately on data of Shade leaves (green) 

and Sun leaves (yellow), also showing slightly higher Hg concentrations in Shade leaves than those in Sun leaves; Statistics: y(shade-green) = − 0.428 xmonth
3 + 8.85 

xmonth
2 − 45.7 xmonth + 100.7, R2 = 0.96, p-value = 0.0025; y(sun-yellow) = − 0.331 xmonth

3 + 6.94 xmonth
2 − 34 xmonth + 74, R2 = 0.94, p-value = 0.0065; (C) Variation of 

foliar Hg contents in Ginkgo between Shade leaves (green) and Sun leaves (yellow) in Nanjing, whereas the difference was not at stastistic level (p-value >0.1). (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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3. Results and discussion 

3.1. Hg uptake by modern Ginkgo leaves 

The main route of Hg exchange between plants and the atmosphere is 
via the uptake of Hg0 by leaves (Jiskra et al., 2018; Lodenius et al., 
2003). Studies conducted in growth chambers and in the field suggest 
that exposure to high vapour Hg concentrations leads to higher foliar Hg 
concentrations (Assad et al., 2016; Ericksen et al., 2003; Frescholtz et al., 
2003; Lodenius et al., 2003; Manceau et al., 2018; Niu et al., 2011; Niu 
et al., 2013; Tang et al., 2021; Jun Zhou et al., 2020). Industrial activities 
have led to higher air Hg concentrations in sampling sites in China 
(ranging from 1.9 to 7.9 ng⋅m− 3), compared to on average lower back
ground levels across the Northern Hemisphere (approximately 1.3–1.6 
ng⋅m− 3) (Travnikov, 2005; Zhang et al., 2016). Under conditions of a 
high atmospheric Hg background, the uptake of Hg by vegetation is 
therefore expected to be higher, resulting in increased Hg concentra
tions within leaves (Zhou et al., 2018). Our Ginkgo dataset from China 
indeed displays higher foliar Hg concentrations (an average of 61 ng⋅g− 1 

for all samples, N = 272, see Table 1, S1) than other Ginkgo leaf samples 
collected from Trinity College Dublin, Ireland (roughly 20–30 ng⋅g− 1) 
(Kovács et al., 2022) (Fig. 2, A) and from the University of Minnesota, 
USA (19.1 ng⋅g− 1) (Laacouri et al., 2013). 

Foliar uptake of Hg through stomata, has been proposed as the main 
process to enhance leaf Hg levels (Mosbæk et al., 1988). Stomatal 
conductance can be affected by a series of factors, including solar ra
diation intensity, ambient humidity and CO2 conditions (Beerling et al., 
1998; Herrick et al., 2004). This suggests that the position of leaves on a 
tree may have an impact on their foliar Hg concentrations. Therefore, it 
is essential to consider the different leaf positions within a tree when 
discussing the relationship between foliar Hg and atmospheric Hg to 
avoid potential discrepancies in understanding of the main controls on 
leaf Hg levels (Beerling et al., 1998; Herrick et al., 2004; Laacouri et al., 
2013; Jun Zhou et al., 2021, Ning Zhou et al., 2021). Modern Ginkgo 
biloba leaves examined in this study were collected from multiple ori
entations, i.e. the North, East, South, and West cardinal directions, as 
well as both Sun and Shade positions within a tree. We utilized two sets 
of modern Ginkgo samples: (1) leaves collected monthly from Nanjing, 
China, and (2) leaves collected locally from ten different cities across 
China, reflecting regions with varying atmnospheric Hg levels. Based on 
these two sample sets, we explore the relationships of foliar Hg levels in 
Ginkgo leaves versus leaf age, atmospheric gaseous Hg (TGM), and other 
potential (environmental) forcing factors. 

3.1.1. Leaf age and foliar Hg accumulation in Ginkgo across the growing 
season 

Studies of different types of perennial angiosperms and gymno
sperms provide evidence that plant leaves absorb and accumulate Hg0 

from the atmosphere (Ericksen et al., 2003; Laacouri et al., 2013; 
Lodenius et al., 2003; Jun Zhou et al., 2021; Ning Zhou et al., 2021). In 
our dataset, analysis of monthly collected Ginkgo biloba leaf samples 
from Nanjing (Table 1, S1), China, revealed an increasing trend in foliar 
Hg concentrations with leaf age over a growing season (Fig. 2, A–B). A 
close relationship between the foliar Hg concentrations and the leaf age 
was found by utilizing polynomial regression analysis (y(Foliar Hg) =

− 0.3795⋅xmonth
3 + 7.898⋅xmonth

2 − 39.9⋅xmonth + 87.36, R2 = 0.95, p- 
value = 0.004) (Fig. 2, A). These results indicate that Ginkgo biloba 
leaves consistently absorb and accumulate Hg during growth. Besides, 
the Hg uptake rates by leaves, represented by slopes of tangent lines 
along the curve, remain relatively stable during the growing to the 
mature stage (April–October) and decline only during the senescing 
stage (November) (Fig. 2, A–B). 

3.1.2. Ginkgo foliar Hg concentrations under varying atmospheric 
backgrounds across China 

The potential influence of spatial variations in airborne Hg levels on 

the foliar Hg contents in Ginkgo biloba, is here assessed through the 
analyses of modern leaf samples collected from ten localities across 
China, each marked with differing gaseous Hg concentrations (Fig. 1; 
Table 1, S1). Due to data availability and limitations, the total gaseous 
mercury (TGM) data were used to represent the approximate local at
mospheric gaseous Hg levels (Table S2) (Fu et al., 2008; Fu et al., 2021; 
Liu et al., 2019). The results show significantly varying Hg concentra
tions among Ginkgo biloba leaves sampled from the different sites (Fig. 1; 
Fig. 3, A; Table 1). Specifically, we observe that foliar Hg concentrations 
in Ginkgo biloba leaves are higher in areas with high local atmospheric 
TGM levels: e.g. high Hg levels are observed in Nanjing (foliar Hg: 91.38 
ng⋅g− 1; atmopsheric TGM: 7.90 ng⋅m− 3) and Chongqing (foliar Hg: 
87.94 ng⋅g− 1; atmospheric TGM: 6.74 ng⋅m− 3), and low Hg levels are 
observed in Shenyang (foliar Hg: 56.90 ng⋅g− 1; atmospheric TGM: 2.63 
ng⋅m− 3) and Chaoyang (foliar Hg: 55.0 ng⋅g− 1; atmospheric TGM: 1.93 
ng⋅m− 3) (Fig. 3, A; Tables 1, S1). 

In contrast to the variability of Hg in bulk leaves (from 20 to 110 
ng⋅g− 1) (Table S1), the Hg contents in these cuticle samples are 
consistent, ranging from 20 to 25 ng⋅g− 1 (Fig. 3, A; Table S1). This 
suggests that the acids (H₂O₂ + CH₃COOH) used in the cuticle extraction 
process may not completely remove all of the mesophyll tissue; this is 
supported by the fact that only 0.41 ng⋅g− 1 of Hg was detected in 
modern Ginkgo cuticle samples (leaves were treated with dichloro
methane, CH₂Cl₂) (Laacouri et al., 2013). However, the significant 
variance in Hg levels between bulk leaf and cuticle samples from modern 
Ginkgo leaves indicates that Hg is primarily distributed within mesophyll 
tissues rather than within the cuticles (Fig. 3, A; Table S1). 

Due to the Hg accumulation with growth, leaf age can impact Hg 
concentrations in Ginkgo leaves (Fig. 2, A). The leaf samples were 
however collected locally in different months spanning from late July to 
late October, therefore observed foliar Hg concentrations should be 
corrected for the relative leaf age to make this comparison of data from 
different sites valuable. The leaf Hg correction assumes Ginkgo leaves to 
have absorbed Hg0 at a consistent rate under individual atmospheric Hg 
levels, as well as at a higher rate in high-Hg0 environments. We subse
quently assessed and combined the presumed Hg uptake rate by Ginkgo 
(RateHg uptake) and the leaf age bias (ΔTbias, number of days), to assess the 
potential error in leaf Hg data (ErrorHg) due to collection at different 
months, between localities. 

The empirical rate (RateHg uptake) can be calculated by the monthly 
foliar Hg data (Leaf Hg) from the Nanjing sample and dataset spanning 
one entire growing season, using Eqs. (1)–(3) as follows: 

RateHg uptake =
ΔLeafHg

ΔT
(1)  

ΔLeafHg = LeafHgNov. − Leaf HgJul. (2)  

ΔT = DNov. − DJul. (3) 

In Eqs. (2)–(3), the interval between mature–senescing stages of 
Ginkgo (Jul.–Nov.) were selected. Consequently, the difference of the 
foliar Hg concentrations during the period (ΔLeaf Hg) are 38 ng⋅g− 1 (Eq. 
(2)) (Table 1), and the number of days (ΔT) of this period is 122 (Eq. (3)) 
(Table 1). With this, the presumed rate of Hg uptake by Ginkgo leaves 
during the mature–senescing stage was assessed to be 0.3115 
ng⋅g− 1⋅d− 1, which was further used as the empirical rate of Ginkgo 
(
RateHg uptake

)
in the following calculations (Eqs. (4)–(6)). 

LeafHgcorrected = ErrorHg + LeafHgobserved (4)  

ErrorHg = ΔTbias × RateHg uptake ×
TGMlocal

TGMNJ
(5)  

ΔTbias = Dlocal − DNJ (6) 

The corrected foliar Hg concentrations (Leaf Hgcorrected) can be ob
tained by the sum of Hg errors 

(
ErrorHg

)
and observed Hg data 
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(LeafHgobserved) (Eq. (4)) (Table 1, S2). 
The Hg errors associated with leaf age 

(
ErrorHg

)
can then be assessed 

using the leaf-age bias (ΔTbias), and the RateHg uptake (Eq. (5)). Consid
ering the probable variable RateHg uptake values of Ginkgo under spatially 
varying atmospheric Hg backgrounds states, the ErrorHg was also 
weighted by the proportion of the local atmospheric TGM to the Nanjing 

atmospheric TGM 
(

TGMlocal
TGMNJ

)
(Eq. (5)). The leaf-age bias (ΔTbias) is 

determined by the days’ differences between the sampling dates of other 
regions (Dlocal) versus that of Nanjing (DNJ) (Eq. (6)) (Table 1, S2). The 
date of 19th August (2020-08-19) was chosen as the DNJ, because it is 
close to the average collection date of all samples (2020-08-27) 
(Table 1). For example, leaves sampled in Wuhan on the 13th of 
September (2020-09-13), have a 25-day (ΔTbias) sample-delay compared 
to the leaves collected from Nanjing (2020-08-19); with this the ErrorHg 

can be obtained as +7.43 ng⋅g− 1 (Eqs. (5)–(6)), and the corrected Hg 
data can be calculated to be 76.8 ng⋅g− 1 (Eq. (4)), with a five-percent 
positive offset in contrast to the original data (Table S2). 

By utilizing the linear regression analyses, positive correlations were 
found between the Leaf Hg and the local atmospheric TGM (y(LeafHg) =

8.464⋅xTGM + 23.9, R2 = 0.64, p-value <0.01) (Fig. 4, Fig. 5, A), and 
between the corrected Leaf Hg and the local atmospheric TGM (y(Cor

rected LeafHg) = 9.233⋅xTGM + 22.7, R2 = 0.58, p-value <0.01) (Fig. 4, 
Fig. 5, A). These findings indicate that, besides the leaf age, the atmo
spheric Hg0 content (here, interpreted to be represented by the atmo
spheric TGM) is another primary factor that affects the foliar Hg 
concentrations in Ginkgo biloba, similarly to other vascular plants (Assad 
et al., 2016; Ericksen et al., 2003; Frescholtz et al., 2003; Lodenius et al., 
2003; Manceau et al., 2018; Niu et al., 2011; Niu et al., 2013; Tang et al., 
2021; Jun Zhou et al., 2020, 2021; Ning Zhou et al., 2021). 

3.1.3. Other factors affecting foliar Hg contents in Ginkgo 
Recent studies have demonstrated that >89% of Hg uptake in plants 

occurs through gas exchange between leaves and the atmosphere 
(Ericksen et al., 2003; Lodenius et al., 2003; Manceau et al., 2018; Jun 
Zhou et al., 2021; Ning Zhou et al., 2021; Liu et al., 2022). The root 

uptake of Hg into plant tissue is minimal, and is indeed suggested to 
account for <10% (Arnold et al., 2018; Ericksen et al., 2003; Fleck et al., 
1999; Peckham et al., 2019; Rutter et al., 2011; Stamenkovic and Gustin, 
2009). Minimal root uptake was demonstrated by negligible uptake and 
translocation of Hg into tree tissue, from HgBr2-spiked soils (mercury(II) 
bromide) (Arnold et al., 2018; Peckham et al., 2019), HgCl2-spiked soils 
(mercury(II) chloride) (Stamenkovic and Gustin, 2009), or soils spiked 
by stable Hg isotopes (Graydon et al., 2009), as well as by the lack of an 
observable positive correlation between leaf Hg and soil Hg levels 
(Assad et al., 2016; Fleck et al., 1999; Gačnik and Gustin, 2023; Tang 
et al., 2021). 

The dominant pathway for atmospheric Hg uptake by plant leaves is 
via stomata (Laacouri et al., 2013; Manceau et al., 2018; Wohlgemuth 
et al., 2020; Jun Zhou et al., 2021; Ning Zhou et al., 2021). Stomatal 
uptake refers to the process of physical diffusion and biochemical fixa
tion of Hg0 from the atmosphere into leaf interior tissues (Gačnik and 
Gustin, 2023; Laacouri et al., 2013; Liu et al., 2022; Naharro et al., 2020; 
Stamenkovic and Gustin, 2009). There is strong evidence, including 
from our modern Ginkgo dataset, that Hg stored in foliage is significantly 
and positively influenced by leaf age (Fig. 2) (Assad et al., 2016; 
Ericksen et al., 2003; Laacouri et al., 2013) and atmospheric Hg con
centration levels (Fig. 4; Fig. 5, A) (Naharro et al., 2020; Stamenkovic 
and Gustin, 2009). 

Other environmental factors have also been suggested to potentially 
affect the Hg accumulation in foliage, such as local humidity, precipi
tation, temperature (Haworth et al., 2018; Wohlgemuth et al., 2022; 
Zhang et al., 2023; Jun Zhou et al., 2021; Ning Zhou et al., 2021), 
sunlight intensity (Liu et al., 2022; McAusland et al., 2016; Naharro 
et al., 2020) and elevation (McElwain, 2004; Xu et al., 2020). These 
abiotic parameters may cause variations in foliar Hg uptake and con
centration by affecting the leaf physiological characteristics such as 
stomatal number (Haworth et al., 2018; Laacouri et al., 2013), stomatal 
conductance (El-Sharkawy et al., 1985; Mosbæk et al., 1988; Naharro 
et al., 2020; Sun et al., 2003) and the rate of net photosynthesis (Teixeira 
et al., 2018; Jun Zhou et al., 2021; Ning Zhou et al., 2021; Liu et al., 
2022; Gačnik and Gustin, 2023). The net photosynthesis rate may 

Fig. 3. Comparisons of Hg concentrations in modern and fossil samples. (A) Variations in Hg contents in leaf samples of Ginkgo from different sites in China, Hg 
concentrations in cuticle samples from three selected sites (shown in light gray boxes) show that Hg is mainly distributed within mesophyll tissues rather than 
cuticles; (B) Fossil cuticle samples contain higher Hg concentrations. 
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however vary between species (Pandey et al., 2003; Teixeira et al., 
2018); as this study exclusively focuses on Ginkgo biloba, this parameter 
is excluded from further consideration here. For the remaining abiotic 
environmental parameters listed above, we employed correlation plots 
and linear regression analyses to assess their potential relationship to the 
foliar Hg concentrations of the here studies on modern Ginkgo biloba leaf 
sample set (Figs. 4, 5). 

Two of the main climatic parameters, precipitation (accumulated 
precipitation in the collecting month) (Fig. 4, B, Fig. 5, D) and temper
ature (average value during the collecting month) (Fig. 4, B, Fig. 5, E), 
show limited to no significant correlations with foliar Hg concentrations 
in Ginkgo biloba, whereas a positive correlation between local relative 
humidity and the foliar Hg concentrations was observed (correlation 
coefficient, R = 0.53, p-value <0.05) (Fig. 4, B, Fig. 5, B). This is in 
agreement with a previous study that was conducted on Epipremnum 
aureum (golden pothos) in a controlled laboratory setting (Naharro 
et al., 2020), also demonstrating an effect of relative humidity on foliar 
Hg assimilation. 

Elevated altitudes also have the potential to affect Hg uptake by 
plants because a lower CO2 partial pressure leads to a higher stomatal 
frequency in plant leaves, as demonstrated by observations in black oak 
(Quercus kelloggii) (McElwain, 2004). However, in our modern G. biloba 
dataset, we observe a negative correlation between foliar Hg concen
trations and local altidtude (with R = − 0.66, p-value <0.05) (Fig. 4, 
Fig. 5, C). In this case, we do not observe the stomatal index to match 
local elevation (p-value >0.05) (Fig. 4), suggesting a limited influence of 
elevation on stomatal characteristics in Ginkgo leaves (Xie et al., 2009; 

Steinthorsdottir et al., 2022; Zhang et al., 2023). Further studies may 
however be needed to explore the influence of elevation on foliar Hg 
levels. 

Sunlight intensity is known to impact the stomatal development of 
plant leaves, as sun leaves developing in full sunlight around the outer 
edges of the crown tend to possess higher stomatal densities than shade 
leaves, which develop within the canopy (Boardman, 1977; Lange et al., 
1981; Sun et al., 2003). The here studied sun leaves indeed exhibit 
slightly lower foliar Hg concentrations than shade leaves from the same 
trees (Fig. 2, B–C, Fig. 5, F). However, the observed difference in foliar 
Hg concentrations is not statistically significant (p-value >0.1), and 
within analytical uncertainty, suggesting that solar radiation intensity 
(interpreted from the analyses of sun/shade leaves here) has only 
limited to no effect on foliar Hg concentrations. 

Combined, our data indicate that leaf age as well as atmospheric Hg 
concentrations are by far the strongest influence on Ginkgo biloba foliar 
Hg levels (Fig. 2) (Assad et al., 2016; Ericksen et al., 2003; Laacouri 
et al., 2013), both with values of p < 0.01 (Fig. 4, A, Fig. 5, A) (Naharro 
et al., 2020; Stamenkovic and Gustin, 2009). Additionally, relative hu
midity and elevation emerge as potential abiotic factors impacting on Hg 
levels in Ginkgo biloba leaves, but constraints on the exact relationship 
require further investigation (p < 0.05 for both) (Fig. 4, Fig. 5, B, C). 

3.2. Hg in fossil cuticles of ginkgoaleans 

Both field and chamber studies have consistently demonstrated a 
positive correlation between foliar Hg and atmospheric Hg (Fig. 4, A, 

Fig. 4. Correlation plots illustrating potential relationships between biotic variables of Ginkgo and abiotic parameters (A). The relationships between foliar Hg 
contents in Ginkgo and monthly climate parameters are presented in (B). In correlation plots, the upper half of the figures give correlation coefficients (R-values) for 
each pair of variables, and were illustrated by blue (positively-correlated) and red (negatively-correlated) circles in the lower half. Significant correlaions were 
marked by *(p < 0.05), **(p < 0.01), and ***(p < 0.001). Parameters: TGM, Total Gaseous Mercury (ng⋅m− 3); Elevation, meters above sea level (m); Humidity, 
average relative humidity in collecting months (%); Precipitation, accumulated precipitation in collecting month (mm); Temperature, average values in collecting 
months (◦C); Foliar Hg(corrected by leaf age), presumed foliar Hg data by leaf age correction (ng⋅g− 1); Foliar Hg, observed foliar Hg data (ng⋅g− 1); Stomtal index (%) from 
Zhang et al. (2023). All climatic parameters are available at the China Meteorological Data Service Centre/National Meteorological Information Centre (http://data. 
cma.cn). All data used can be found in Tables 1 and S1–S2. (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. 5, A) (Gačnik and Gustin, 2023; Laacouri et al., 2013; Liu et al., 
2022; Naharro et al., 2020; Stamenkovic and Gustin, 2009). Therefore, 
the feasibility of utilizing fossil foliar Hg as a potential proxy to reflect 
past atmospheric Hg levels is here evaluated. However, the preservation 
of Hg in fossil cuticle should be assessed before its use as indicator of 
past atmospheric Hg levels or fluxes. We therefore assessed the possible 
Hg sources in fossil cuticles from a taphonomic perspective. 

3.2.1. Possible sources of Hg in fossil cuticle (compressions) 
A plant cuticle is a non-cellular amorphous layer that is deposited on 

the outside and into the walls of the epidermal cells (Javelle et al., 2011; 
Riederer and Schreiber, 2001). Because the cuticle is inert and resistant 
to decay, it can be preserved in the sediment, and it represents a valuable 
source of palaeobotanical, biochemical and palaeoenvironmental in
formation (Jardine et al., 2019; Lomax et al., 2019; McElwain and 
Chaloner, 1995, 1996; Steinthorsdottir et al., 2018; Vajda et al., 2017; 
Zhang et al., 2023). 

In modern leaves, the majority of Hg is stored within mesophyll 
tissues rather than in the cuticles (Fig. 3, A), both in Ginkgo biloba (this 
study) and in other deciduous species (Laacouri et al., 2013). In contrast, 
fossil cuticular samples revealed high Hg concentrations (average 585.5 
ng⋅g− 1) (Fig. 3, B), which were nearly ten times higher than those in 
modern leaves (avg. 61 ng⋅g− 1) (Fig. 3, B, Table 1–2) and five times 
higher than those in sediments from the same layers (avg. 113 ng⋅g− 1) 
(Fig. 6, D) (Zhou et al., 2022). 

To better understand the high Hg concentrations in fossil plant 
cuticular samples, we assess the formation process of compression-type 
fossils. Living plant foliage takes up Hg0 from the atmosphere (Ericksen 
et al., 2003; Fleck et al., 1999). Following absorption, Hg will be fixed 
and held within the leaf tissue as forms of mercury sulfide nanoparticles 
(HgSNP) and mercury-thiolate complexes (Hg-SR). (Manceau et al., 
2018) (Fig. 6, A). We hypothesised that Mesozoic ginkgoaleans had a 

similar leaf Hg-uptake mechanism as their living relatives, i.e., Hg0 in 
the palaeo-atmosphere would be absorbed and stored by the ginkgoa
leans’ leaves (Fig. 6, A). Typically, leaves decompose, and Hg in foliage 
will be released back into the environment (air, soil, and/or sediments) 
(Laacouri et al., 2013; Lu et al., 2021; Obrist et al., 2018; Zhou et al., 
2018). However, a small fraction of fresh leaves may be preserved and 
become fossils at any given time. 

As the result of mechanical removal or natural senescence, leaves fall 
and undergo transportation before burial (Arnold, 1947; Harris, 1976; 
Taylor et al., 2009; Zhang et al., 2022). The decay of the mesophyll 
tissue begins once the leaf falls and continues during transportation to 
low-energy aqueous depositinal environments (Rex and Chaloner, 1983; 
Rex, 1986). Mercury stored in a leaf may then be released into the 
environment in the form of oxidized mercury (Hg(II)) and MeHg during 
leaf decay by microbes (Laacouri et al., 2013; Lu et al., 2021; Obrist 
et al., 2018) (Fig. 5, B). 

Simultaneously, upon the leaf entering the aqueous environment, the 
process of biofilm-clay formation on the leaf begins. This process pro
tects the leaf from decay, enhancing leaf preservation and fossilization 
(Iniesto et al., 2018; Locatelli et al., 2017) (Fig. 6, C). The biofilm, or the 
biofilm-mediated clay accumulation during the process, absorbs Hg(II) 
and MeHg from the ambient environment (de Araújo et al., 2019; 
Gworek et al., 2020; Hintelmann et al., 1993; Zhu et al., 2015) (Fig. 6, 
C). 

After compaction, and without exposure to elevated temperatures (<
25 ◦C), pressures (< 25 bar), or hydrothermal fluids, the leaf is preserved 
in the rock matrix as an organic-rich compression (Locatelli et al., 2017; 
Meyer, 2003; Retallack and Dilcher, 2012; Samuels et al., 2008). On the 
surface of the raw fossil cuticles, both organic elements (C, O) and clay 
mineral elemental components (e.g., Si, Al) can be detected by utilizing 
an energy-dispersive X-ray spectrometer (EDS) (Fig. 6, D). This suggests 
that the biofilm-mediated clay, a potential carrier of Hg, may be 

Fig. 5. Linear regressions of foliar Hg concentrations in Ginkgo versus (A) Total gaseous mercury (TGM), (B) Relative humidity (average values in collecting months), 
(C) Elevation (meters above sea level), (D) Precipitation (accumulated precipitation in collecting month), and (E) Temperature (average values in collecting months) 
(Table S2). Sub-fig. (F) shows the difference in Hg contents between Shade/Sun leaf samples from all Hg data (Table S1). The sampling dates of leaves were an
notated. The coefficient of determination R2 and p-value were listed respectively, and slope and 95% (2 s) biconcave confidence belts were given for those significant 
correlations (p < 0.05). The calibrations and parameters used for linear regression analyses in A–E are the same as in Fig. 4. Location Abbreviations: CH, Chaohu; CF, 
Chifeng; CQ, Chongqing; JC, Jinchang; LZ, Lanzhou; NJ, Nanjing; SY, Shenyang; WH, Wuhan; CY, Chaoyang; YA, Ya’an. 
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preserved on the fossil cuticle. 
The hypothesised formation of compression-type leaf fossils, or fossil 

cuticle suggests that the main factors influencing Hg concentrations in 
fossil cuticular samples include: (1) Hg uptake by leaves from the 
palaeo-atmosphere when the plants were alive (Fig. 2; Fig. 5, A; Fig. 6, 
A); (2) the relative age of the leaf when it detached from the parent tree 
(Fig. 2; Fig. 5, A); (3) Hg loss during leaf decay (Fig. 6, B); (4) envi
ronmental Hg absorbed by the biofilm and clay (Fig. 6, C); and (5) leaf 
mass loss during fossilization (Fig. 6, D). 

Mercury loss during leaf decay may be limited (Pokharel and Obrist, 
2011; Zhou et al., 2018). Both in coniferous and broad-leaved forests 

over 90% of the litterfall Hg was in an inert fraction after a 1-year 
decomposition, therefore Hg concentrations in litterfall may be 
considered stable on shorter (1–2 year) timescales (Pokharel and Obrist, 
2011; Zhou et al., 2018). 

The influence of environmental Hg absorption by clay can also be 
constrained, as the acid treatment (HCl and HF) employed in our study 
removes the clay around fossil cuticle samples (Fig. 6, E). This con
ventional chemical treatment is necessary for total cuticle extraction, to 
preserve the biotic signals of fossil cuticles by removing inorganics 
(carbonates and silicates). While initially believed to minimally impact 
the physical structures and chemical components of fossil cuticles (Jones 

Fig. 6. Possible pathways of Hg migration in leaves during fossilization. (A) the uptake and fixation of Hg0 by leaf, the Hg was stored in leaf as forms of mercu
ry− sulfur nanoparticles (HgSNP) and Hg(II)-thiolate complexes (Hg-SR) (Manceau et al., 2018); the natural sources of Hg0 was suggested the palaeo-volcanism and 
palaeo-wild fires (Schroeder and Munthe, 1998; Bergquist, 2017; Kovács et al., 2020; Ruhl et al., 2022; Percival et al., 2015); (B) The leaf decay, during which a small 
fraction of the stored Hg in the leaf would be released into environment (Laacouri et al., 2013; Obrist et al., 2018; Locatelli et al., 2017; Lu et al., 2021; Zhou et al., 
2018); (C) The formation of the biofilm-clay, during which both the biofilm and the biofilm-mediated clay absorb Hg from the environment (Zhu et al., 2015; 
Hintelmann et al., 1993; de Araújo et al., 2019; Gworek et al., 2020); (D) Compaction and diagenesis during fossilization; the clay around the fossil cuticle was 
detected by EDS (see Section 2.2.2); (E) Hg measurement of fossil cuticles, the clay was removed by the acid treatments of HCl and HF; and high concentrations of Hg 
within fossil cuticles was detected. 
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and Rowe, 1999), recent findings suggest that HCl treatment may 
however result in a loss of a small fraction of the leaf organic matter 
(Cavalcante et al., 2023), which may lead to Hg loss in (fossil) leaf/ 
cuticle when prepared for further analyses using such methodology. 
Although the Hg concentrations in acid-treated cuticle (thus, the biotic 
substrate) tends to be higher than those in raw (non-treated) cuticle 
substrates, we here use acid-treated cuticle materials for the analyses of 
original leaf Hg levels, because this methodology is the only way to 
ensure the full removal of (possibly Hg carrying) clay mineral coatings, 
with this likely providing a more accurate assessment of the Hg levels in 
the analysed fossil cuticle material. Currently, the speciation of Hg in 
fossil cuticle remains unknown; we here hypothesise that Hg in fossil 
cuticle is hosted by organic matter (OM), because of the biological and 
sedimentary nature of compression-type fossils. The here observed high 
Hg levels in fossil sample substrates (Table 2), indeed suggests that the 
likely OM-bound Hg in cuticle experiences only a limited to no impact 
from the utilized acid treatment. Hence, the elevated Hg concentrations 
observed here in fossil cuticles are likely predominantly attributable to 
the original leaf sequestration of Hg, combined with the relative leaf age 
(collectively summarized as Hg retention in leaves), and the mass loss of 
bulk leaves during fossilization. As similar conditions of fossil preser
vation may result in comparable losses of leaf mass in compression 
fossils, stratigraphic variations in Hg concentrations of fossil cuticle may 
still signify changes in Hg loading of the palaeo-atmosphere, despite 
fossil cuticle Hg contents possibly being offset from the original leaf Hg 
levels. 

3.2.2. Hg contents in fossil ginkgoaleans during palaeo-volcanism: a 
preliminary test 

Volcanism forms the largest natural source of gaseous Hg in the 
present-day atmosphere. The potential use of fossil cuticles to assess 
environmental/atmospheric Hg loading from past major volcanic events 
is here tested by the study of a major Jurassic global change event, the 

Toarcian Oceanic Anoxic Event (T-OAE), which coincided with Karoo- 
Ferrar large igneous province (LIP) volcanism. Here, we collected 23 
ginkgoalean fossil leaf samples from six stratigraphically individual beds 
across three geological formations exposed within the Dameigou section 
(Qaidam Basin, China) (Fig. 7). The expanded and continuous sedi
mentary succession here, is bio- and chemostratigraphically well con
strained and spans the Lower and Middle Jurassic, including the T-OAE 
(Li et al., 2014; Lu et al., 2020; Wang et al., 2005; Zhang et al., 1998; 
Zhou et al., 2022). Based on similar variations of carbon isotope ex
cursions and Hg and Hg/TOC anomalies in sediment records in Dam
eigou (China) as those in Mochars (United Kingdom) (Ruhl et al., 2022) 
(Fig. 7, D), Zhou et al. (2022) suggested the paleoclimatic conditions 
during the Early Jurassic in the Dameigou area to have been affected by 
global environmental change instigated by emplacement of the Karoo- 
Ferrar LIP. 

Mercury measurements on the fossil ginkgoalean samples (cuticles) 
collected from the Dameigou section as well as stomatal data obtained 
from the same set of ginkgoalean samples (Zhang, 2023) provide insight 
into Jurassic palaeoclimate variations, and it tests its possible link to 
environmental Hg loading and LIP volcanism at this time. Due to the 
fossil compressions/cuticles consisting purely of organic matter (Loca
telli et al., 2017; Meyer, 2003; Retallack and Dilcher, 2012), the 
commonly applied Hg/TOC correction for bulk sediment samples (Per
cival et al., 2015; Shen et al., 2022a; Shen et al., 2022b) was not 
employed here. The analysed (acid-treated) fossil cuticle samples exhibit 
stable total organic carbon (TOC) values of 25–37% (Table S3). 

The analysed fossil cuticles exhibit relatively high Hg concentrations, 
with an average of 585.5 ± 92.7 ng⋅g− 1 (ppb ± SE). Across stratigraphy, 
the cuticle Hg concentrations range from 327 ng⋅g− 1 at stratigraphic bed 
F6 (at the top of the Dameigou Formation, Fig. 7), to 1215 ng⋅g− 1 at 
stratigraphic bed F2 (at the top of the Tianshuigou Formation) (Table 2; 
Fig. 7). The upper Pliensbachian beds F1 and F2 show higher and peak 
cuticle-Hg content (Table 2, Fig. 7, C), consistent with the results from 

Fig. 7. Chemostratigraphic and fossil cuticle geochemical records for the Lower − Middle Jurassic of the Dameigou Section (Qaidam Basin, China). (A) Stratigraphic 
information of Dameigou section (Wang et al., 2005); (B) Variations of pCO2 (ppmv) reconstructed from the fossil ginkgoaleans (Zhang, 2023); (C) Hg content(ppb) in 
fossil cuticles from the fossil ginkgoaleans (Table 2); (D) Hg/TOC (ppb/%) in sedimentary records, Dameigou data from Zhou et al. (2022), and Monchars data from 
Ruhl et al. (2022); (E) Temperature variations around the Pliensbachian-Toarcian boundary by Belemnite δ18O data (Dera et al., 2009); (F) Proposed gas emissions 
associated to Karoo-Ferrar large igneous province around the Pliensbachian-Toarcian boundary (Guex et al., 2016). Abbreviations: Fm, Formation; TSG, Tianshuigou; 
YMG, Yinmagou; DMG, Dameigou; Pliensb and Pl, Pliensbachian; To, Toarcian; Std, Standard. 
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the bulk sediment samples in the same section (Lu et al., 2020; Zhou 
et al., 2022) (Table 2, Fig. 7, D). Cuticles from the lower Toarcian beds 
F3 and F4, stratigraphically above bed F2, show slightly lower Hg levels, 
but concentration values overlap within uncertainty, with cucticle-Hg 
values from beds F1 and F2. Cuticles from the Middle Jurassic beds F5 
and F6 show significantly lower Hg levels of ~370 ppb (Fig. 7, C). 

Utilizing widely adopted methods for reconstructing palaeo- 
atmospheric carbon dioxide concentrations (pCO2) based on plant sto
mata (Barclay and Wing, 2016; Kürschner, 2001; McElwain and Chal
oner, 1995; Steinthorsdottir et al., 2012; Ning Zhou et al., 2020), our 
previously analysis of fossil ginkgoaleans’ stomatal density and inferred 
palaeo-atmospheric pCO2 (reported in Zhang, 2023), suggests overall 
enhanced greenhouse conditions under elevated pCO2 values of 
600–1400 ppmv throughout the Early to Middle Jurassic (Table 2). The 
lower Toarcian fossil leaf bearing beds F3 and F4 closely precede the 
T-OAE interval in the Dameigou succession (Li et al., 1988; Wang et al., 
2005; Zhang, 2023; Zhang et al., 2023), but suggest a doubling–tripling 
of palaeo-atmospheric pCO2 relative to the upper Pliensbachian values 
inferred form cuticle materials in beds F1 and F2 (Fig. 7, B). Importantly, 
these results are closely aligned with reconstructed Early Toarcian at
mospheric pCO2 increases based on fossil cuticle analyses from the lower 
Toarcian succession at Bornholm, Denmark (McElwain et al., 2005). 
Cooler conditions in the late Pliensbachian, possibly exacerbated by the 
release of sulfur aerosols during the initial phase of Karoo-Ferrar LIP 
volcanism (Guex et al., 2016; Tappe et al., 2023), were followed by an 
early Toarcian 5 ◦C rise in global seawater temperatures, based on fossil 
calcite δ18O data (Dera et al., 2009; Ullmann et al., 2020) (Fig. 7, E), 
likely directly associated with the observed increase in atmospheric 
pCO2 at this time. 

Combined, the data suggest that fossil cuticle-Hg levels may be lower 
during times of elevated atmospheric pCO2 (Fig. 7), as the lower leaf 
stomatal density at such times may have negatively impacted on leaf gas 
exchange rates and associated leaf Hg uptake and sequestration. In 
detail, these findings are, however, complicated by the very different 
atmospheric residence times of carbon and Hg, and the low stratigraphic 
sample resolution of the studied leaf cuticles. Short but intense pulses in 
volcanic activity may have released both Hg and carbon greenhouse 
gasses, but Hg would have been sequestered from the atmosphere within 
years, while carbon greenhouse gasses would have lingered on for 
104–105 times longer. 

The preliminary findings presented in this study however provide 
support for the potential use of stratigraphic variations in fossil cuticle 
Hg concentrations to serve as indicator of past changes in gaseous Hg 
levels within the palaeo-atmosphere, and by inference past environ
mental Hg loading, such as from volcanism. Further studies however 
warranted, with a specific focus on Ginkgo biloba’s response to varied 
Hg0 regimes in controlled laboratory settings, Hg migration during 
fossilization, the Hg species in fossil plant cuticles, and exploration of 
other macro- or micro-characteristics of plant fossils within the context 
of significant volcanic events. Through the utilization of multiple 
proxies, these investigations have the potential to enhance our under
standing of the Hg cycle in terrestrial ecosystems, and provide valuable 
insights into the climatic perturbations associated with volcanic activity 
in Earth’s past. 

4. Conclusions 

This study presents new data on the Hg content in modern Ginkgo 
biloba leaves, and variations therein i) across the growing season, ii) 
depending on the position within a tree canopy (e.g., sun/shade leaves), 
and iii) in response to varying climatic and atmospheric Hg conditions. 
With this, the study assesses possible abiotic factors influencing foliar Hg 
concentrations of Ginkgo biloba. The study shows that leaf age and local 
atmospheric Hg concentrations are the two primary factors impacting 
foliar Hg levels (p < 0.01 for both). Additionally, relative humidity and 
elevation emerged as potential abiotic factors impacting on leaf Hg 

concentrations (with p < 0.05 for both). 
The study of cuticle Hg-contents of 23 fossil ginkgoalean samples 

from six stratigraphic horizons across three formations in the Low
er–Middle Jurassic Dameigou sedimentary succession (Qaidam Basin, 
China), shows fossil cuticles of ginkgoaleans to have higher Hg con
centrations (avg. 585.5 ng⋅g− 1) compared to the modern Ginkgo samples 
(avg. 61 ng⋅g− 1), as well as bulk sediment samples (avg. 113 ng⋅g− 1) 
from the same layers. The high Hg content in fossil plant cuticles is 
provisionally attributed to both Hg retention and the mass loss of leaves 
during the fossilization process, which complicates direct comparisons 
of absolute Hg concentrations in fossil and modern leaf substrates. 
Nevertheless, the stratigraphic variability in Hg concentrations based on 
fossil cuticle material from across the Lower and Middle Jurassic, 
including the Toarcian Oceanic Anoxic Event (T-OAE), may still provide 
insight into changes in Hg levels in the palaeo-atmosphere, and by 
inference environmental Hg loading. The obtained fossil cuticle Hg 
concentration data shows a notable doubling in Hg levels during the 
onset of Karoo-Ferrar LIP volcanic activity. This observation supports 
the hypothesis that Hg variations in fossil cuticles have the potential to 
reflect gaseous Hg changes in the palaeo-atmosphere triggered by 
palaeo-volcanism. 

Further investigations into plant physiology, leaf taphonomy, and 
the cycle of heavy metals, particularly mercury (Hg) should be consid
ered, to contribute to a deeper understanding of the role of plants in 
terrestrial ecosystems, the global Hg cycle, and environmental pertur
bations in Earth’s past, especially those associated with major volcanic 
events. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2024.112214. 
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