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A B S T R A C T   

Mercury (Hg) concentration and isotopic composition of organic-rich sedimentary rocks have been widely used 
as proxies to track ancient volcanism and associated environmental perturbations. However, interpretation of the 
Hg data is based on the assumption that the thermal maturity of the sedimentary rocks has limited effects on Hg 
abundance and isotopic composition, which is yet to be evaluated. Here we conduct closed-system anhydrous 
pyrolysis experiments to investigate the changes of Hg concentration and isotope composition during the thermal 
mature process, using both marine and lacustrine mudrocks. A siliceous shale section (Luocun, China) with 
heterogeneous thermal maturity caused by dike intrusion was also analyzed for Hg. Significant Hg loss (over 
80%), with variations of δ202Hg (by 0.3 to 0.7‰) but small variations of Δ199Hg (by <0.1 to 0.36‰), were 
observed during the experiment. The Hg isotopic variation may be caused by the release of isotopically distinct 
Hg in different mineral phases at different temperatures. Samples from the Luocun section have anomalously low 
Hg and Hg/TOC values, due to thermal maturity. These findings suggest that (1) thermal maturation of organic- 
rich shales may be an important factor in distribution of Hg in sediments, and (2) the use of Hg, Hg/TOC and Hg 
isotopes proxies for paleoclimate and paleoceanography reconstruction should be applied in caution in substrates 
that may have experienced significant thermal alteration, especially if sill/dike intrusions were present that may 
cause large varieties of thermal maturity within sedimentary sections.   

1. Introduction 

Large igneous provinces (LIPs) played an important role in driving 
climatic and environmental perturbations in Earth history (e.g., Bond 
and Grasby, 2017). The large uncertainties associated with radiometric 
dating of LIPs and sedimentary records hamper direct correlation of 
volcanic activities with climatic and biotic events. A suite of geochem-
ical toolbox has been used to fingerprint ancient volcanism in the 
sedimentary records (e.g., osmium [Os] isotope, strontium [Sr] isotope; 
Du Vivier et al., 2014; Jenkyns, 2010; Liu et al., 2020). Mercury (Hg) 
anomaly is an abrupt increase in concentrations of Hg and Hg/TOC in 
the sedimentary archives, which was first introduced by Sanei et al. 
(2012) as a novel proxy for geological volcanic activities. Application of 
mercury isotope in the sedimentary records was later discussed by 
Bergquist (2017) as an additional chemostratigraphic tool for deter-
mining heightened volcanism. Mercury anomaly and isotopes have been 

later used in various studies (e.g., Percival et al., 2015, 2017, 2018, 
2020; Grasby et al., 2016, 2019; Shen et al., 2019; Liu et al., 2019a; 
Jones et al., 2019). 

Volcanism via emissions of gaseous and particulate Hg has been the 
primary natural source of Hg in geological time (Sanei et al., 2012; 
Grasby et al., 2013; Sanei et al., 2015). In addition, heating of organic- 
rich sediments by sill intrusions has also been hypothesized to volatilize 
Hg from the sedimentary rocks (Svensen et al., 2004; Svensen et al., 
2009). In large scale volcanism events, the global Hg cycle would be 
perturbed, leaving a peak of Hg concentration within the sedimentary 
rocks, to which liberated Hg was then redistributed. 

Mercury is strongly bound with organic matter in sedimentary rocks, 
and thus normalized Hg concentration against total organic carbon 
content (Hg/TOC) has been used to eliminate the temporal variations of 
Hg enriched by organic matter (Sanei et al., 2012; Grasby et al., 2013; 
Sanei et al., 2015). Hg may also be associated with sulfides, and some 
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clay minerals (e.g., Kongchum et al., 2011; Shen et al., 2020). In addi-
tion to Hg enrichment, the isotopic signature of Hg has been used to 
further identify the two major pathways of volcanic Hg entering the 
ocean, e.g., atmospheric deposition and terrestrial runoff (Bergquist, 
2017; Blum et al., 2014; Grasby et al., 2017; Shen et al., 2019; Sial et al., 
2016; Wang et al., 2018; Zheng et al., 2020). 

Notably, the current interpretation of Hg data usually ignores the 
effect of thermal maturity of the sediments on the Hg record. Sedi-
mentary organic matter (kerogen) undergoes thermal degradation in the 
process of catagenesis (Tissot and Welte, 1984). With the increase of 
burial depth, kerogen is thermally cracked in response to increasing 
temperature (typically on a gradient of ~30 ◦C/km) and produces oil 
and gas. In the early stages of cracking, kerogen first generates bitumen 
and oil, and at higher temperatures, the bitumen and oil are further 
cracked into natural gas. Eventually, up to 60% of the original organic 
matter might be lost due to secondary migration of the generated 
products (Lewan et al., 1979; Tissot and Welte, 1984; Raiswell and 
Berner, 1987). Metals associated with organic matter (e.g., Zn, Cu, Mo, 
Re and Os) may be transferred into the products of kerogen degradation 
(Dickson et al., 2020; Selby et al., 2014). Mercury might also transfer 
into the oil and gas, leading to the enrichment of Hg in oil and natural 
gas that may pose a significant hazard to the storage and transportation 
facilities, as well as the environment (Wilhelm, 2001; Tang et al., 2019). 

In this study, we conduct closed-system pyrolysis experiments to 
evaluate the effect of thermal maturation on Hg abundance and isotopic 
compositions, and to quantify the changes of Hg concentration and 
isotope during the maturation process of organic-rich mudrocks. 
Moreover, samples from a section that has been affected by magmatic 
rock intrusion were also analyzed to evaluate the Hg loss during the 
thermal alteration process in a geological scenario. 

2. Samples 

2.1. Samples for pyrolysis experiment 

Five low-maturity organic-rich mudrock samples were used in this 
study, including three marine mudrocks and two lacustrine shales. The 
marine black shale (XQ1–2) was collected from the Proterozoic 
Xiamaling Formation (Unit 3) of a core drilled in Zhangjiakou City 
(Fig. 1, Table 1). This sample has a TOC value of 4.09 wt%, a HI 
(hydrogen index from Rock–Eval analysis) of 516 mg/g TOC, and con-
tains mainly type IIA kerogen, with Tmax = 439 ◦C. Sample XJG was 
collected from the Xiamaling Formation of an outcrop Xiajiagou section 
next to XQ1–2. This sample has a TOC value of 13.35 wt%, a HI of 476 
mg/g TOC, and contains mainly type IIA kerogen, with Tmax = 444 ◦C. 
Sample ZLDL is a calcareous mudstone collected from the Talung For-
mation of the Shangsi section in Guangyuan City. This sample is char-
acterized with a TOC value of 5.56 wt%, a HI of 324 mg/g TOC, and 
contains mainly type IIB kerogen, with Tmax = 434 ◦C. The lacustrine 
back shales (X491 and X491–2) are collected from the fourth member of 
the Eocene Shahejie Formation (Es4) of a drill core in the Bohai Bay 
Basin (Fig. 1, Table 1). Sample X491 has a TOC value of 3.45 wt%, a HI 
of 512 mg/g TOC, and a Tmax value of 426 ◦C, and its organic matter is 
dominated by type IIA kerogen. Sample X491–2 has a TOC value of 4.83 
wt%, a HI of 281 mg/g TOC, and a Tmax value of 424 ◦C, and contains 
type IIB kerogen. (See Fig. 2.) 

2.2. Dike intrusion section samples 

The Luocun section (N30◦C31’46′′, E119◦C33’41′′) is located in Anji 
County, Zhejiang Province. A 48 m-thick granite dike intruded the 
Cambrian Hetang Formation consisting of siliceous shales (Fig. 3). The 
dike has a zircon U–Pb age of 131.8 ± 1.5 Ma and is related to the 
massive early Cretaceous magmatism in South China (Zhou et al., 2006; 
Li et al., 2016). This section has been previously investigated with 
respect to the dike intrusion effect on thermal maturation (Li et al., 

2016). It is estimated that the thermal effect of the dike on shale 
maturation extends a distance of 17.9 m, approximately 37% of the dike 
width (Li et al., 2016). Twenty-two shale samples were collected in the 
order of increasing distance to the dike for Hg and TOC analyses (Fig. 3). 
Three granite samples were also analyzed for their Hg abundance. 

Fig. 1. Schematic maps showing the sampling locations. A: Geographical 
location of the Bohai Bay Basin and the Zhangjiakou city (Hebei Province) and 
Anji County (Zhejiang Province); B: Generalized Proterozoic stratigraphy of the 
northern margin of North China Craton showing the Xiamaling Formation 
(modified from Zhang et al., 2016); C: Late Permian stratigraphy of the Shangsi 
section showing the Talung Formation (modified from Liu et al., 2019b); D: 
Generalized Cenozoic stratigraphy of the Bohai Bay Basin showing the Shahejie 
Formation (modified from Gai et al., 2018). 

Table 1 
Geochemical information of samples used for pyrolysis experiments.  

Sample ID S1
a S2

b S3
c Tmax (◦C)d HIe OIf TOC (%) 

IFP 160000g 0.14 12.43 0.79 416 379 24 3.28 
IFP 160000 0.19 12.42 0.81 415 380 25 3.27 
IFP 160000 0.20 12.21 0.78 416 377 24 3.24 
ZLDL 0.76 18.00 0.17 434 324 3 5.56 
XQ1–2 1.08 21.09 0.11 439 516 3 4.09 
XJG 1.81 63.59 0.53 444 476 4 13.35 
X491 0.77 17.66 0.53 426 512 15 3.45 
X491–2 0.63 13.59 0.60 424 281 12 4.83  

a S1 = free oil content (mg hydrocarbons/g of rock). 
b S2 = remaining hydrocarbon potential (mg hydrocarbons/g of rock). 
c S3 = organic carbon dioxide (mg CO2/g of rock). 
d Tmax = temperature at maximum evolution of S2 hydrocarbons. 
e HI = Hydrogen Index (mg hydrocarbon/g TOC). 
f OI = Oxygen Index (mg CO2/g TOC). 
g Certified material value. 
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3. Methods 

Surface of the samples was removed to obtain fresh samples. The 
samples were polished on a silicon carbide plate, homogenized and 
crushed into powders (~200 mesh) using agate mill and puck. 

3.1. Pyrolysis experiment 

Anhydrous pyrolysis experiments were performed following a pre-
viously published procedure (Gai et al., 2018). In brief, ~ 0.8–1.5 g 
sample powder was loaded into a one-side pre-weld gold tube. The tubes 
were then put into a box with a constant flow of Ar gas at 20 L/min for 
20 mins to remove the O2. Then, the other side was sealed in argon gas. 
The gold tubes were then placed into a stainless steel vessel. Pyrolysis 
experiments were conducted at a confining pressure of 50 MPa. The 
experimental temperature was first programmed from room tempera-
ture to 240 ◦C in 10 h, and then increased to 610 ◦C at a heating rate of 
20 ◦C/h. The accuracy of the temperature and pressure measurements 
were better than 0.5 ◦C and 1 MPa, respectively. The individual vessel 
was removed from the oven and immediately cooled by quenching in 
water once the target temperature was reached. The gold tubes were cut 
open in a fume hood to allow the gaseous content to escape for about 5 
mins, and the samples were then powdered again using agate pestle and 
mortar. 

The temperatures of the pyrolysis experiment were transformed into 
equivalent vitrinite reflectance (EqVRo) values for geological extrapo-
lation. The temperatures were first converted to Easy%Ro values using 
the model of Sweeney and Burnham (1990) and the Easy%Ro values 
were then converted into equivalent vitrinite reflectance (EqVRo) values 
using the equation from Tang et al. (1996). Calculated EqVRo values 
range from 0.74% to 3.27%. 

3.2. Hg abundance and isotopic composition anlyses 

Hg concentration and isotope composition were determined at the 
State Key Laboratory of Ore Deposit Geochemistry, Institute of 
Geochemistry, Chinese Academy of Sciences. Total Hg concentrations: 
Total Hg concentrations were determined using a Lumex RA-915 Hg 
analyzer. The Lumex RA-915 analyzer was routinely calibrated, and 
data accuracy and precision were assessed by analyzing procedural 
blanks, certified standard reference materials (GSS-5, soil) and sample 
duplicates. Duplicate analysis of Hg concentrations, overall, shows a 
small relative standard deviation (within ±10%). Total Hg concentra-
tions reported in this study are the average value of the duplicate tests. 

Prior to Hg isotope analysis, Hg in the sample powders was pre-
concentrated into 10 mL of 40% mixed acid solution (v/v, HNO3/HCl =
2:1) using a double-stage combustion method (Sun et al., 2013). The 
preconcentrated solutions were diluted to 1 ng/mL Hg in 10% acid and 
were analyzed using an online Hg(0) vapour generation system con-
nected to Neptune Plus multi-collector inductively coupled plasma mass 
spectrometry (MC-ICP-MS) (Yin et al., 2016). Specifically, Hg(II) in the 
preconcentrated solutions was continuously reduced by SnCl2 to 
generate a consistent and pure gaseous Hg(0) flow that was introduced 
to MC-ICP-MS for Hg isotope measurement (Yin et al., 2016). Isotopic 
ratios were corrected for mass bias by standard-sample-standard 
bracketing using NIST-3133 Hg standard solution. Hg isotopic compo-
sitions are reported as delta values (δ) in per mil (‰) relative to the 
mean ratios measured for the NIST-3133 before and after each sample 
using eq. (1) (Bergquist and Blum, 2007): 

δxxxHg (‰) =
[( xxxHg

/198Hg
)

sample

/( xxxHg
/198Hg

)

NIST− 3133–1
]
× 1000

(1)  

where xxx refers to the mass of each Hg isotope between 199 and 204. 
MIF is reported in capital delta values (Δ), which is the difference be-
tween the measured isotopic compositions (δxxxHg) and the theoretically 
predicted values based on the kinetic MDF law (eq. 2): 

ΔxxxHg (‰) = δxxxHgsample–β× δ202Hgsample (2)  

where xxx refers to the mass of Hg isotope. β is 0.252, 0.502, 0.752 for 
Δ199Hg, Δ200Hg and Δ201Hg, respectively. Analytical uncertainty was 
estimated based on the replicates of the NIST 8610 secondary standard 
solution and full procedural analyses of soil standard reference material 
GSS-4. The overall average and uncertainty of NIST-8610 (δ202Hg: 
− 0.54 ± 0.11‰; Δ199Hg: − 0.03 ± 0.07‰; Δ200Hg: 0.01 ± 0.05‰; 
Δ201Hg: − 0.01 ± 0.06‰; 2SD, n = 6) and GSS-4 (δ202Hg: − 1.73 ±
0.12‰; Δ199Hg: − 0.36 ± 0.08‰; Δ200Hg: − 0.02 ± 0.05‰; Δ201Hg: 
− 0.35 ± 0.06‰; 2SD, n = 3) agree well previous results (Bergquist and 
Blum, 2007; Deng et al., 2020). Uncertainties reported in this study 
correspond to the larger value of either (1) the measurement uncertainty 
of replicate digests of GSS-4, or (2) the uncertainty of repeated mea-
surements of NIST-8610. 

3.3. Total organic carbon and Rock-Eval analysis 

An aliquot of the sample powder was treated with 2 M HCl to remove 
the carbonates and then dried at ~60 ◦C. Total organic carbon contents 
were then determined with a Leco C/S analyzer using the direct com-
bustion method. Mudrock standards with a certified TOC value of 1.86% 
were used for quality control. Programmed pyrolysis was performed on 
a Rock-Eval 6 instrument. Rock-Eval standard of IFP 160000 was used 
for quality control. 

3.4. X-ray diffraction analysis 

The mineral composition of the samples (including those pyrolysed 
samples with enough material to make a pellet) was analyzed by Rigaku 

Fig. 2. Hydrogen index-Tmax crossplot for kerogen types, after Mukhopadhyay 
et al. (1995). 

Fig. 3. Sample locations at the Luocun section.  
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MiniFlex-600 X-ray diffraction (XRD) analytical measuring instrument, 
which was equipped with a Ni filter and Cu Kα radiation (40 kV and 15 
mA). The diffraction patterns were collected from 3◦ to 80◦ 2θ at a 
scanning rate of 10◦/min. 

4. Results 

During the pyrolysis experiment, significant Hg loss was observed for 
all the samples, with a similar evolutionary profile for Hg loss showing 
the majority of Hg (over 80%) was lost when heated at 485 ◦C (Fig. 4A). 
The Hg/TOC values for the samples share a similar profile with Hg 
abundance due to the relatively large variation of Hg concentration 
compared with limited TOC change (e.g., over 80% loss for Hg vs. <30% 
loss for TOC, Fig. 4B). 

Hg isotope variation in the samples, with increasing temperature, is 
shown in Fig. 5. A positive increase of 0.3‰ in δ202Hg values but no 
variation of Δ199Hg (<0.1‰), are observed for the lacustrine sample 
X491. Similarly, lacustrine sample X491–2 shows a small increase of 
0.29‰ in δ202Hg and minor variations in Δ199Hg (0.12‰) within the 
heating process. A negative shift of δ202Hg (by 0.39‰) is observed in 
marine mudrock sample XQ1–2, but Δ199Hg only shift by 0.07‰. 
Sample XJG has limited isotopic variation under most heating temper-
atures, but both δ202Hg and Δ199Hg shift to lower values (by 0.39‰ in 
δ202Hg and by 0.36‰ in Δ199Hg) at 460 ◦C, and represents the largest 
Δ199Hg variation among samples. Sample ZLDL shows large variation of 
δ202Hg (by 0.69‰) and Δ199Hg (by 0.28‰), with an overall increase 
pattern for both δ202Hg and Δ199Hg values over the heating process. 

5. Discussion 

5.1. Hg concentration and isotope change during the thermal mature 
process 

Both the marine and lacustrine mudrocks experienced dramatic Hg 
loss (over 80%) in the pyrolysis experiment (Fig. 4). The pyrolysis 

experiment is involved with kinetic reactions of cracking kerogen bonds 
and forming hydrocarbon chains, and it is known that kinetic reactions 
result in lighter δ202Hg values for products and heavier δ202Hg values for 
the residues (Blum et al., 2014). The trend to heavier δ202Hg values of 
the two lacustrine shales (Fig. 5) is consistent with the theoretic pre-
diction for Hg-MDF during kinetic processes, during which lighter Hg 
isotopes are preferentially lost. The other three marine shales show 
either a trend to lighter δ202Hg values or fluctuation of δ202Hg values 
with no clear trend (Fig. 5), may be explained by (1) inhomogeneous Hg 
isotopic composition in the sample powder or (2) release of Hg from 
different mineral phases (associated with different δ202Hg values) in 
different heating stages. Overall, the variation of δ202Hg (0.3 to 0.7‰) 
the pyrolysis experiment is similar to that observed during the liberation 
of Hg from sedimentary rocks by hydrothermal fluids (80–150 ◦C) 
(within 0.5‰; Smith et al., 2008). In contrast, volatilization of Hg(0) 
from aqueous solution at room temperature results in larger fraction-
ation of δ202Hg (up to 1.5‰; Zheng et al., 2007). Fluids (liquid hydro-
carbons) may be an important conduit for Hg. The fluid composition 
may have serious impacts on bulk isotopes, and may potentially explain 
the noise in δ202Hg, which appears at intermediate heating temperatures 
where fluid liberation in the experimental samples will be peaking. Hg 
could have transferred from kerogen into liquid hydrocarbons, and then 
transferred into the gas phase with the hydrocarbon cracking process. 
However, as the majority of Hg (over 80%) was lost with the gas, the Hg 
remained in the liquid phase of the residues is limited, and should not 
account for the overall Hg isotope variations observed in this study 
(Fig. 5). 

Hg-MIF signals in natural samples are mainly triggered by photo-
chemical reduction on Earth’s surface (Blum et al., 2014). Given the lack 
of photoreactions during the pyrolysis experiment, it is expected that 
Δ199Hg would not be changed during the experiment. This is supported 
by the minor Δ199Hg variations in the studied samples, i.e., most data 
points show Δ199Hg variation of 0.10‰, given the analytical error of 
±0.08‰ for Δ199Hg (Fig. 5). 

A few data points for two mudrocks (XJG-435 and ZLDL-460) show 
large variations in Δ199Hg (by 0.28 to 0.36‰). While sample hetero-
geneity can cause the observed Δ199Hg variations, this seems unlikely 
due to the samples being carefully powdered and homogenized. An 
alternative explanation is that Hg is hosted by different phases with 
distinct Δ199Hg. Mercury is hosted in multiple fractions such as organic 
matter, sulphides, and clay minerals (e.g., Shen et al., 2020; Them et al., 
2019), which may carry different Hg isotope signals. It has been shown 
that the epigenetic pyrite fractions have higher Δ199Hg values than the 
organic fractions in coal (Lefticariu et al., 2011). Mercury in different 
fractions of sediments can be released at different temperatures during 
thermal pyrolysis (Guo et al., 2012; Luo et al., 2011; Sun et al., 2013), 
which may cause Hg isotopic variation in the thermal-altered samples. 
With the heating progress, the lacustrine samples X491 and X491–2 
show increasing amounts of illite and reducing amounts of kaolinite, 
with the gypsum changing to anhydrite, while the clay mineral and 
pyrite contents remain relatively constant (Table 3). The marine sample 
XQ1–2 has a relatively constant mineral composition during the heating 
progress. Since clay mineral has the least affinity of Hg compared with 
organic matter and pyrite, it is difficult to attribute the Hg isotope 
variations to the changes of the clay mineral compositions. Overall, we 
suggest that the release of different Hg phases associated with distinct 
Hg isotopic signals at different temperatures may be the reason for the 
variations of δ202Hg and Δ199Hg in our samples. 

5.2. Hg and Hg/TOC signature of the dike intruded Luocun section 

The studied region is suggested to have experienced steady marine 
deposition since the early Cambrian to middle Triassic, and terrestrial 
deposition from the late Triassic to early Cretaceous (Guo, 1996). The 
Hetang Formation experienced multiple tectonic movement and Creta-
ceous granite intrusion and Cenozoic volcanism. The maximum burial 

(A)

(B)

Fig. 4. Evolution of Hg and Hg/TOC with pyrolysis temperature.  
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depth is estimated to be up to 4500 m, with BRo values generally over 
2%, and higher BRo values over 4% in the areas where volcanic rocks are 
present (Wang et al., 2016). Based on the BRo values of the Luocun 
section, we summarise that the section experienced a burial history that 
heated the section to 3.1% (BRo, Li et al., 2016), and the dike intrusion 
further heated the section up to 5.4% (BRo, Fig. 6). In contrast to the 
pyrolysis experiment, the Hg abundance and Hg/TOC values of the 
geological samples do not show a correlation with thermal maturity 
values (BRo, Fig. 6). Unlike the clear trend of increasing BRo values 
towards the dike, the Hg and Hg/TOC values are varying at a small range 
(0.21 to 2.02 ppb and 0.19 to 3.29 ppb/wt%, respectively). We need to 
note that the samples are not perpendicular to the dike, as thus the 
variations are linked with the stratigraphic variations. However, it is 
noteworthy that the Hg and Hg/TOC values are significantly lower than 
the postulated average shale concentrations (62.4 ppb Hg and 71.9 ppb/ 
wt% Hg/TOC, Grasby et al., 2019). Though the original Hg abundance is 
hard to know, using the average shale value of 62.4 ppb, the average 
measured Hg concentration values of the Hetang Formation (0.89 ppb, n 
= 22) are in consistent with the laboratory simulation that over 80–99% 
of Hg was lost during the thermal maturation process. The anomalously 
low Hg concentration of the Hetang Formation is best interpreted by the 

thermal maturation along with the burial history. Further Hg loss could 
have been caused by the heating from dike intrusion, and/or the 
magmatic rocks underlying the section, however, its effect is probably 
limited, as the majority of Hg has already been lost during the burial 
thermal maturation. Another aspect worthy to be mentioned is that the 
magma might release fluids that diffuse into the country rock during the 
intrusion process (Li et al., 2016). However, little Hg could have been 
transferred from the granitic magma into the country rock through this 
process, as the granite samples have very low Hg abundances (0.12 to 
0.27 ppb, Table 2). 

5.3. Implications for using Hg as a proxy for paleoclimate and 
paleoceanography 

Both the Hg concentration and isotope composition are used for 
paleoclimatic and paleoceanographic research (e.g., Grasby et al., 2017; 
Grasby et al., 2019; Sanei et al., 2012; Sial et al., 2016; Wang et al., 
2018). A rise in the Hg concentration and Hg/TOC values has been used 
to identify potential intervals of enhanced volcanism. In addition to 
using Hg concentration variations for identifying large volcanism, 
δ202Hg and Δ199Hg values of sediments are also used for the 

Fig. 5. Evolution of Hg isotope compositions with pyrolysis temperature.  
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identification of possible pathways of Hg into the ocean (e.g., terrestrial 
runoff, atmospheric deposition; Grasby et al., 2019). In contrast, the 
large changes of Hg concentration, and the variations of δ202Hg values 
during the thermal maturation process raise questions regarding the 
interpretation of Hg data (Figs. 4 and 5). However, Hg isotope stratig-
raphy across intervals that record geologic events (e.g., volcanic 

activity; Grasby et al., 2017) generally have δ202Hg shift over 2–3‰, 
which are much larger than the largest shift of δ202Hg observed here 
(~0.69‰). Thus, we suggest that δ202Hg may still be a useful proxy, but 
must be cautious when explaining stratigraphic δ202Hg shifts for samples 
that experienced thermal maturation. By analogy, the stratigraphic 
shifts of Δ199Hg should also be carefully assessed when using it as a 
proxy to track the Hg sources, given that different host fractions with 
distinct Δ199Hg values might be released at different temperatures. 

Great caution needs to be taken when there is sill/dike intrusion in 
the sections investigated that may have large thermal maturity varia-
tions within a distance of meters (Li et al., 2016). The studied Luocun 
section has experienced enormous Hg loss, and the Hg concentration and 
isotope variations might be caused by maturity rather than their original 
depositional signature. The significant Hg loss (>80% of the original Hg) 
during the pyrolysis experiment (Fig. 4) and the anomalously low Hg 
and Hg/TOC values for the Luocun section (Fig. 6) further support the 
hypothesis that sill/dike intrusion into organic-rich sediments provides 
a major source of toxic Hg to the ocean and atmosphere that can disturb 
the global Hg cycle and Earth environments (Burgess et al., 2017; Grasby 
et al., 2019). 

Similar to any other pyrolysis experiments, the difference between 
laboratory and geological scenarios needs to be considered. The natural 
maturation of organic matter in mudrocks is a process of increasing 
temperature at a much slower speed over a much longer time duration 
that can never be reconstructed in the laboratory. Moreover, the 
geological mudrocks are much tighter than the powder samples used in 
the pyrolysis experiment. As a result, less Hg loss would be expected for 
the geological samples at other similar conditions. This is probably the 
reason that some overmature geological shale samples still have Hg 
concentrations at hundreds of ppb or even ppm levels (Fan et al., 2021). 
Or, it could be possible that the original Hg concentrations could be 
much higher than the current measured Hg values (10 to 100 times 
based on the laboratory experiments). The samples with high thermal 
maturity may not preserve their original Hg concentration and isotope 
values at their deposition time (Figs. 4 and 5). For sedimentary succes-
sions with thickness of tens to hundreds of meters, the thermal maturity 
level is not expected to change dramatically when there are no sill/dike 
intrusions. If the samples experienced a similar degree of Hg loss and 
isotope change, the geochemistry of Hg might still be insightful for 
paleoclimate and oceanography reconstructions. Evaluation of the 
geological backgrounds of investigated sections and samples is, there-
fore, very important for accurate interpretation of the Hg data. 

5.4. Implications for oil and gas fingerprinting 

Correlation of oil and gas to their source rocks are vital to oil and gas 
exploration. Organic geochemical proxies (biomarkers) are commonly 
used for such correlation because of their wide occurrence in both source 
rocks and oil and gas (Peters et al., 2005). Hg isotopic compositions 
might be potentially used as a novel correlation tool that is independent 
of the organic geochemical proxies (Tang et al., 2019). The small Δ199Hg 
variation within the progressive pyrolysis process suggests that it can be 
used as a potential tool to trace the candidate source rocks associated 
with distinct Hg-MIF signatures. In contrast, the large variation of 
δ202Hg without clear trends during thermal maturation processes makes 
it an unreliable proxy to aid the oil/gas-source rock correlation. 

6. Conclusions 

This study provides evidence of significant Hg loss, decreasing Hg/ 
TOC ratios, and changes in δ202Hg and Δ199Hg during thermal matu-
ration of organic-rich mudrocks, which challenge the potential use of 
these geochemical proxies for paleoclimate and paleoceanography 
reconstruction, when dealing with certain types of sedimentary rocks (e. 
g., high metamorphized rocks or rocks affected by nearby sill/dike in-
trusions). This study also indicates thermal maturation may be an 

Fig. 6. Hg, TOC and Hg/TOC values of the Luocun section samples. The EqVRo 
values are from Li et al. (2016). 

Table 2 
Hg, TOC and Hg/TOC results for Luocun samples.  

Sample ID Distance 
(m) 

Hg 
(ppb) 

TOC (wt 
%) 

Hg/ 
TOC 

Lithology 

IVA33802153 
(TOC = 1.86 wt 
%)   1.78   

IVA33802153 
(TOC = 1.86 wt 
%)   1.86   

GR-01  0.26   granite 
GR-02  0.27   granite 
GR-03  0.12   granite 
LZY-001 0.00 0.66 0.99 0.66 shale 
LZY-002 0.82 1.23 0.37 3.29 shale 
LZY-003 1.63 0.41 1.12 0.36 shale 
LZY-004 2.45 0.55 1.29 0.42 shale 
LZY-005 3.27 0.72 0.71 1.01 shale 
LZY-006 4.09 0.74 1.40 0.53 shale 
LZY-007 4.90 0.83 0.94 0.89 shale 
LZY-008 7.60 1.34 1.10 1.21 shale 
LZY-009 10.62 1.00 0.88 1.13 shale 
LZY-010 11.60 0.52 1.38 0.38 shale 
LZY-011 13.24 0.97 1.09 0.89 shale 
LZY-012 15.12 0.62 1.09 0.57 shale 
LZY-013 17.73 1.33 1.52 0.87 shale 
LZY-014 19.45 2.02 0.48 4.25 shale 
LZY-015 21.25 0.74 1.09 0.69 shale 
LZY-016 22.88 1.08 1.01 1.07 shale 
LZY-017 26.15 0.42 2.22 0.19 shale 
LZY-018 28.60 1.64 0.95 1.72 shale 
LZY-019 34.32 0.49 1.14 0.43 shale 
LZY-020 40.04 1.28 0.95 1.35 shale 
LZY-021 42.50 0.67 1.21 0.55 shale 
LZY-022 49.85 0.21 0.23 0.95 shale  
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important driving force to mobilize Hg from geological pools to the 
environment, which might also depend on the kerogen type and burial 
depth, and is worthy of further investigation to evaluate its environ-
mental risk as well. 
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