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Variations in the abundances of moderately volatile elements (MVE) are one of the most fundamental 
geochemical differences between the terrestrial planets. Whether these variations are the consequence of 
nebular processes, planetary volatilization, differentiation or late accretion is still unresolved. The element 
mercury is the most volatile of the MVE and is a strongly chalcophile element. It is one of the few 
elements that exhibit large mass-dependent (MDF) and mass-independent (MIF) isotopic fractionations 
for both odd (odd-MIF, �199Hg and �201Hg) and even (even-MIF, �200Hg) Hg isotopes in nature, which is 
traditionally used to trace Hg biogeochemical cycling in surface environments. However, the Hg isotopic 
composition of Earth and meteorites is not well constrained. Here, we present Hg isotopic data for 
terrestrial basaltic, trachytic and granitic igneous samples. These rocks are isotopically lighter (δ202Hg 
= −3.3 ± 0.9�; 1 standard deviation) than sedimentary rocks that have previously been considered 
to represent the terrestrial Hg isotope composition (δ202Hg = −0.7 ± 0.5�; 1 standard deviation). We 
show degassing during magma emplacement induces MIF that are consistent with kinetic fractionation 
in these samples. Also presented is a more complete dataset for chondritic (carbonaceous, ordinary and 
enstatite) meteorites, which are consistent with previous work for carbonaceous chondrites (positive 
odd-MIF) and ordinary chondrites (no MIF), and demonstrate that some enstatite chondrites exhibit 
positive odd-MIF, similar to carbonaceous chondrites. The terrestrial igneous rocks fall within the range 
of chondritic compositions for both MIF and MDF. Given the fact that planetary differentiation (core 
formation, evaporation) would contribute to Hg loss from the silicate portion of Earth and would likely 
fractionate Hg isotopes from chondritic compositions, we suggest that the budget of the mantle Hg 
is dominated by late accretion of chondritic materials to Earth, as also suggested for other volatile 
chalcophile elements (S, Se, Te). Considering the Hg isotopic signatures, materials with compositions 
similar to CO chondrites or ordinary chondrites are the most likely late accretion source candidates. 
Finally, eucrite meteorites, which are highly depleted in volatile elements, are isotopically heavier than 
chondrites and exhibit negative odd-MIF. The origin of volatile depletion in eucrites has been vigorously 
debated. We show that �199Hg versus �201Hg relationships point toward an equilibrium nuclear field 
shift effect, suggesting that volatile loss occurred during a magma ocean phase at the surface of the 
eucrite parent body, likely the asteroid 4-Vesta.
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license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

One of the most fundamental differences amongst the terres-
trial planetary bodies, including Earth, Mars, the Moon and dif-
ferentiated asteroids, is the general depletion of volatile elements 
in their silicate fraction compared to undifferentiated meteorites 
(chondrites) (e.g. Palme et al., 2014. In particular, moderately 
volatile elements show a depletion pattern that is broadly cor-
le under the CC BY-NC-ND license 
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related with decreasing mass in terrestrial planetary bodies, and 
is generally interpreted as the consequence of volatility processes, 
either in the solar nebula or during planetary formation and evolu-
tion (e.g. O’Neill and Palme, 2008; Day and Moynier, 2014; Siebert 
et al., 2018; Braukmüller et al., 2019). Because isotopes of mod-
erately volatile elements are fractionated during volatility-driven 
processes and planetary differentiation, the study of their isotopic 
compositions has been key in testing the inventories of these el-
ements in planets and the consequences that volatile loss has for 
planetary evolution (e.g. Poitrasson et al., 2004; Wombacher et al., 
2008; Sharp et al., 2010; Paniello et al., 2012a, 2012b; Day and 
Moynier, 2014; Boyce et al., 2015; Vollstaedt et al., 2016; Wang 
and Jacobsen, 2016; Creech and Moynier, 2019; Varas-Reus et al., 
2019; Wang et al., 2019).

Among the moderately volatile elements (MVE), mercury is of 
particular significance as it is by far the most volatile (tempera-
ture of 50% condensation, Tc = 252 K) and likely behaves more 
like a highly volatile element (e.g. Meier et al., 2016). Springmann 
et al. (2019) showed that Hg is the most labile metal in meteorites 
and could be used to track the thermal metamorphic history in 
meteorites. However, Hg Isotope systematics have not been exten-
sively reported for investigating planetary differentiation, largely 
due to complications in measurement. Mercury has seven sta-
ble isotopes: 196Hg (0.16%), 198Hg (10.04%), 199Hg (16.94%), 200Hg 
(23.14%), 201Hg (13.17%), 202Hg (29.73%), and 204Hg (6.83%), and 
large mass-dependent and mass-independent isotopic fractiona-
tions (e.g. Blum et al., 2014) have been reported.

Development of high-precision Hg isotopic measurements has 
been motivated by the toxicity of Hg, in particular due to the 
accumulation of methyl-mercury in seawater and fish, and the ap-
plication of Hg isotopes as tracers of pollution (e.g. Bergquist and 
Blum, 2007; Blum et al., 2014; Foucher and Hintelmann, 2006). 
In particular, it has been shown that Hg isotopes are fractionated 
by several identified mechanisms, including mass-dependent iso-
topic fractionation (MDF), and, more specific to Hg, large (over 
1�) mass-independent isotopic fractionation (MIF) of odd isotopes 
(odd-MIF) due to magnetic isotope effects (MIE) (e.g. Bergquist and 
Blum, 2007) or the nuclear field shift effect (NFSE) (Estrade et al., 
2009). Mercury is also subject to MIF of even isotopes (even-MIF), 
most probably due to photo-chemical reactions (Chen et al., 2012). 
The broad utility and behavior of Hg isotopes has therefore led to 
proliferation of these measurements in surficial environments (e.g. 
Bergquist and Blum, 2007; Blum et al., 2013; Chen et al., 2012; 
Estrade et al., 2010; Foucher and Hintelmann, 2006; Sherman et 
al., 2010; Sonke et al., 2010). In contrast, high temperature ap-
plications of Hg isotopes are less-well established (Lauretta et al., 
2001; Zambardi et al., 2009; Wiederhold and Schönbächler, 2015; 
Meier et al., 2016).

The pioneering work of Lauretta et al. (2001) suggested that the 
carbonaceous chondrites, Allende and Murchison, have Hg isotopic 
compositions similar to the terrestrial Almadèn mine cinnabar 
(UM-Almadèn) within 0.5�. More recently, Meier et al. (2016) an-
alyzed the Hg elemental abundance and isotopic composition of 
a larger set of meteorites and found surprisingly large isotopic 
variations of both MDF (expressed as δ202Hg, the permil devia-
tion of the 202Hg/198Hg ratio compared to the NIST SRM 3133 
standard) and odd-MIF compared to that which was originally 
identified in Lauretta et al. (2001), consistent with earlier data re-
ported in an abstract (Wiederhold and Schönbächler, 2015). This 
work shows that carbonaceous chondrites exhibit odd-MIF signa-
tures while non-carbonaceous chondrites do not. However, these 
measurements were limited to a few LL ordinary chondrites and a 
single L ordinary chondrite, and no enstatite chondrites were ex-
amined for a MIF signature. In addition, Meier et al. (2016) argued 
that the Hg isotopic composition of chondrites is lighter (δ202Hg 
down to −7.13�) than the known terrestrial Hg composition (ter-
restrial δ202Hg is estimated to be −0.68 ± 0.45 (1sd), based on 
sedimentary rocks; Blum et al., 2014).

Of relevance is that potential isotopic differences between the 
bulk silicate Earth (BSE) and chondrites could be used to trace the 
origin of mantle mercury. Mercury exhibits a deficit in the silicate 
portion of the Earth relative to CI chondrites: due to its strongly 
chalcophile behavior, most of the original terrestrial Hg may have 
been partitioned into Earth’s core or, because of its high volatil-
ity, it may have also been lost by evaporation during planetary 
accretion, as suggested for other chalcophile MVE (S, Te and Se; 
Steenstra et al., 2017; Wang and Becker, 2013). Thus, the present-
day Hg content of the mantle may represent late accretion addition 
as suggested for the highly siderophile elements (HSE) (e.g. Day et 
al., 2007, 2016; Fischer-Gödde et al., 2020), and possibly highly 
volatile elements (Marty, 2012), as well as Se, Te and S (Wang and 
Becker, 2013; Varas-Reus et al., 2019). In this case, Earth’s man-
tle would be expected to have a chondritic composition. On the 
other hand, if mantle Hg was preserved during Earth’s formation, 
it would be expected that Hg isotopes would be isotopically frac-
tionated by either, or both, core formation and volatilization, as 
observed for other chalcophile MVE (e.g. Cu, Savage et al., 2015). 
In addition, the fact that some meteorites exhibit MIF of Hg iso-
topic ratios could potentially be used as an additional tool to 
track the origin of Earth’s Hg, as the relation between �201Hg and 
�199Hg depends on the specific mechanism of isotopic fractiona-
tion (Estrade et al., 2009; Ghosh et al., 2013).

Available Hg isotopic data for igneous rocks include some sam-
ples from the California coast range, including ophiolitic and vol-
canic rocks, which have experienced significant alteration and 
crustal assimilation, respectively (Smith et al., 2009, Hammersley 
and Depaolo, 2006). More recently, Geng et al. (2018) reported 
data for four geostandards, including two basalts, suggesting iso-
topic variability among terrestrial igneous rocks. Due to the lim-
ited Hg isotopic data for well-preserved mantle or mantle-derived 
rocks, the terrestrial composition sometimes includes sedimentary 
rocks. In order to establish the utility of Hg isotopes for cos-
mochemistry and geochemistry it is therefore critical to analyze
more mantle-derived rocks to establish its composition. Further-
more, previous studies on meteoritic compositions report the full 
Hg isotopic composition for only 11 chondrites. Some important 
meteoritic groups such as enstatite chondrites, which are the clos-
est to BSE in terms of isotopic composition (e.g. Javoy et al., 2010) 
have not been examined. This omission is important given the Hg 
isotopic variations observed in Meier et al. (2016).

Here, we report the Hg isotopic composition of chondrites in-
cluding four carbonaceous chondrites, five ordinary chondrites, 
four enstatite chondrites and eight terrestrial igneous rocks, which 
comprise basalts, trachytes and granites, in order to estimate the 
average terrestrial composition and to test the origin of mantle 
Hg. Since there are very few Hg isotopic data of terrestrial igneous 
rocks, we have chosen to report data for widely available and well 
characterized geostandards from the USGS (USA) and the CRPG 
(France). We also report isotopic data for a basaltic eucrite me-
teorite, considered to derive from the asteroid 4-Vesta or vestoids, 
which is highly volatile depleted. Our results confirm previous iso-
topic data for meteorites, expand the data to enstatite chondrites, 
and show that igneous rocks are isotopically lighter than sedi-
mentary rocks. Therefore, previous estimates for rock composition, 
which relied on sedimentary rocks, cannot be used as the ter-
restrial composition. We discuss the origin of the terrestrial and 
vestan Hg in light of the mass-dependent and mass-independent 
fractionations of Hg isotopes.
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2. Samples and method

2.1. Sample descriptions

Meteorite samples were chosen that are representative of most 
carbonaceous chondrite (CC: CI, CM, CO, CV), ordinary chondrite 
(OC: H, LL), and enstatite chondrite (EC: EH, EL) groups. We also 
analyzed a single eucrite (Dhofar 007), a polymict breccia with 
evidence for meteoritic contamination from highly siderophile el-
ement abundances (Dale et al., 2012). All the chondrite samples 
are falls. The CC are Orgueil (CI1), Allende (CV3), Murchison (CM2) 
and Felix (CO3). The OC are Allegan (H5), Kernouve (H6), Olivenza 
(LL5), Tuxtuac (LL5) and St Severin (LL6). The EC are Abee (EH4), 
Indarch (EH4) and Hvittis (EL6). Among these meteorites we se-
lected some samples to perform several full replicates, either from 
the same homogeneous powder (Orgueil 1-3, Indarch 2-4, Tuxtuac 
1-2), or from different chips (Allegan 1-2, Tuxtuac 2, Allende 1-3, 
Murchison 1-2, and Indarch 1) to test for the reproducibility of the 
full procedure and assess sample heterogeneity (cf. Meier et al., 
2016).

The terrestrial samples consist of a variety of mafic to felsic 
standard rocks, including, USGS BIR-1 (basalt, Iceland) and SARM 
(service d’analyse des roches et des minéraux, Nancy, France) BE-N 
(basalt, France), ISH-G (trachyte, Italy), MDO-G (trachyte, France), 
GA (granite, France), AC-E (granite, UK), GH (granite, Algeria), and 
a trachyte sample from the Bouvet hot spot, southern Atlantic 
Ocean (BV2, O’Nions et al., 1977). We selected magmatic rocks 
over peridotites to identify the Hg isotopic composition of terres-
trial igneous rocks for two reasons: 1) Since Hg is a moderately 
incompatible element (Canil et al., 2015), the Hg content of peri-
dotites is much lower than in magmatic rocks making them even 
more challenging to analyze and; 2) Hg is highly heterogeneous in 
peridotites, making it sensitive to nuggets effects, as well as meta-
somatic processes, while it is more homogeneous in magmatic 
rocks (Canil et al., 2015). In addition, we analyzed the isotopic 
composition of the UM (Univeristy of Michigan) Almedén cinnabar 
standard, which is a sample solution provided by the University 
of Michigan and that is widely used as an external standard for 
inter-laboratory comparison.

2.2. Reagents and materials

For all experiments, MilliQ H2O (18.2 M�) and double-distilled 
concentrated HCl and HNO3 were used, along with certain analyt-
ical grade reagents (NH2OH·HCl, SnCl2, KBr, KBrO3) from Sigma-
Aldrich (USA). A 0.2 M BrCl solution was made by mixing concen-
trated HCl with preheated (250 ◦C, 12 h) KBr and KBrO3 powders. 
NIST SRM 3133 Hg and NIST SRM 3177 Hg were chosen as iso-
topic standard solutions. NIST SRM 997 Tl was employed for in-
strumental mass bias correction (Chen et al., 2010). UM-Almadén 
Hg and two certified reference materials (CRM) GBW07311 (stream 
sediments) and GBW07405 (yellow-red soil) (National Center for 
Standard Materials, Beijing, China) were used to evaluate the 
instrument stability and pre-treatment efficiency, and measured 
regularly during analytical sessions. All borosilicate glass materi-
als (bottles, impingers, elbow-shaped tubes, sample quartz tubes) 
were soaked in 1% BrCl + 15% HNO3 solution for 24 hrs and rinsed 
with MilliQ H2O, then heated at 500 ◦C for 3 hrs before their use to 
remove traces of Hg. Teflon materials were similarly acid-cleaned 
and then air-dried.

2.3. Mercury concentration measurement

Mercury concentrations in meteorite and rock samples were 
measured using a Lumex Hg analyzer RA 915F equipped with a 
pyrolysis attachment PYRO-915+. The instrument detection limit 
of Hg is 0.5 ng/g. CRM GBW07311 and CRM GBW07405 were 
used to verify the data accuracy, with the determined concen-
tration within ±10% of their certified Hg values. The Hg con-
centrations of samples were compared with those obtained from 
the multi-collector inductively-coupled-plasma mass-spectrometer 
(MC-ICP-MS) to evaluate and guarantee the Hg recovery (of 95 
± 11%; 2SD) for all samples except for BV2 (82%), during the 
treatment (double combustions and trapping) and prior to iso-
tope analysis (see below). The double combustion system consisted 
of a furnace quartz tube (25 mm OD, 22 mm ID, 1.0 m length) 
placed in two combustion tube furnaces (Lindberg/Blue M Mini-
Mite, Thermo Ltd., USA). The solid samples were placed in the 
quartz tube and Hg in the samples was completely released by 
combustion. The first combustion furnace was set to rapidly raise 
temperature from ambient to 950 ◦C to release Hg, followed by 
a second decomposition furnace for maintaining constant tem-
perature at 1,000 ◦C. The combustion products (gaseous Hg) were 
carried by Hg-free O2 gas into the 5 ml trapping solution com-
posed of 2:4:9 ratio of 10 M HCl, 15 M HNO3 and Milli-Q water, 
which capture all combustion-released Hg. The detailed descrip-
tion of the double combustion system could be found in Huang et 
al. (2015).

2.4. Mercury isotope ratio analysis

An improved combustion and trapping method described by 
Huang et al. (2015) was adopted in this study for the purifica-
tion and pre-concentration of Hg from solid samples. Considering 
the Hg contents of some meteorite samples were less than 10 ng, 
we optimized the acid trapping device by narrowing the inter-
nal diameter size of the borosilicate glass impinger. Each weighed 
sample was step-combusted in dual-stage furnaces and the com-
bustion products were carried by Hg-free O2 gas into a 3 mL 40% 
(v/v, 2HNO3/1HCl) acid-trapping solution. The trapping device was 
rinsed with 3 mL MilliQ H2O. An aliquot of 200 μL of 0.2 M BrCl 
was added to stabilize the Hg2+ . The final trapping solutions were 
transferred to 40 mL pre-cleaned (at 500 ◦C for 3 hrs) borosilicate 
glass bottles and stored at 4 ◦C for the subsequent Hg concentra-
tion and isotope measurement. The two certified reference materi-
als CRM GBW07311 (Hg = 72 ± 9 ng/g) and CRM GBW07405 (Hg 
= 290 ± 30 ng/g) were processed in the same way, which yielded 
Hg recoveries of 98 ± 4% (2SD, n = 6) and 99 ± 8% (2SD, n = 16) 
respectively.

Mercury isotopic analysis was carried out using an MC-ICP-
MS (Nu Plasma 3D, Nu Instruments, UK) equipped with a home-
made continuous flow cold vapor generation system at the Insti-
tute of Surface-Earth System Science, Tianjin University, following 
the same setup as described in previous studies (Chen et al., 2010; 
Huang et al., 2015; Yuan et al., 2018; Zhang et al., 2020). Briefly, 
the Hg(0) vapor was generated via online reduction of SnCl2 (3%) 
solution. The Tl aerosol produced from the Aridus II nebulizer 
was simultaneously introduced into the plasma with Hg(0). The 
instrumental mass bias was corrected by an internal NIST SRM 
997 Tl standard using the standard-sample bracketing method. The 
sample solutions were introduced at 0.7 mL/min, which gave an 
instrumental sensitivity of 2.5 V on 202Hg for 1 ng/mL Hg so-
lution. Mercury concentrations of bracketing standards NIST SRM 
3133 and secondary standard UM-Almadén were matched to the 
sample solutions within 10%. All samples were analyzed in three 
blocks with 33 cycles for each and within 10 min washout time 
in between samples to ensure the blank levels were <0.2% of the 
preceding sample signals.

The data for mass-dependent fractionation of Hg isotopes is re-
ported as δxHg, the permil deviation of the xHg/198Hg ratio relative 
to the NIST-3133 standard, and is defined as:
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Table 1
Mercury isotopic and elemental composition the meteoritic samples analyzed in this study and in Meier et al. (2016). The full data table can be found in supplementary 
materials (Table S2).
Samples Hg 

(ng/g)
δ202Hg 2SD �199Hg 2SD �200Hg 2SD �201Hg 2SD �204Hg 2SD

Orgueil CI1 23380 −3.85 0.04 0.19 0.00 0.01 0.02 0.09 0.04 −0.03 0.03
Orgueil CI1 23380 −4.04 0.04 0.22 0.00 0.04 0.02 0.11 0.04 −0.01 0.03
Orgueil CI1 23380 −4.03 0.04 0.20 0.00 0.02 0.02 0.12 0.04 0.00 0.03
Orgueil Meier CI1 13600 −3.74 0.18 0.26 0.03 0.06 0.04 0.16 0.07 −0.03 0.20
Tagish Lake Meier C2 71 −3.57 0.20 0.25 0.05 0.06 0.03 0.14 0.02 0.00 0.09
Murchison-1 CM2 408 −2.79 0.06 0.04 0.03 0.02 0.03 −0.02 0.05 −0.08 0.03
Murchison-2 CM2 221 −1.62 0.08 0.26 0.03 0.09 0.03 0.07 0.05 −0.16 0.09
Murchison Meier CM2 2570 −1.29 0.65 0.15 0.10 0.01 0.01 0.06 0.04
Paris Meier CM2 11800 −3.38 0.18 0.31 0.06 0.01 0.08 0.14 0.05 −0.02 0.09
Felix CO3.2 2832 −1.01 0.08 −0.02 0.03 0.00 0.03 −0.03 0.05 0.07 0.09
Kainsaz Meier CO3.2 267 −7.13 0.03 0.10 0.10 0.03 0.11 0.07 0.12 −0.02 0.09
Allende-1 CV2 102 −3.14 0.06 0.01 0.03 0.01 0.03 0.01 0.05 −0.01 0.03
Allende-2 CV2 127 −5.75 0.08 0.14 0.02 0.04 0.03 0.11 0.03 −0.01 0.06
Allende-3 CV2 475 −2.08 0.08 0.05 0.03 0.01 0.03 0.02 0.05 −0.03 0.09
Allende Meier CV2 39 −3.66 0.57 0.25 0.13 0.07 0.04 0.08 0.22 0.04 0.01
Karoonda Meier CK4 401 −2.46 0.12 −0.07 0.04 0.02 0.04 −0.09 0.09 −0.04 0.01
Bencubbin silicates 
Meier

CB 202 −4.2 0.49 0.06 0.06 −0.02 0.04 0.06 0.06 0.00 0.04

Abee EH4 190 −3.58 0.08 0.08 0.03 0.00 0.03 0.06 0.05 0.04 0.09
Indarch-1 EH4 69 −2.60 0.21 0.06 0.03 −0.02 0.08 0.07 0.02 0.06 0.04
Indarch-2 EH4 204 −3.85 0.10 0.22 0.08 0.01 0.01 0.16 0.09 −0.02 0.04
Indarch-3 EH4 204 −3.87 0.10 0.22 0.08 0.01 0.01 0.16 0.09 −0.03 0.04
Indarch-4 EH4 204 −3.78 0.10 0.15 0.08 0.02 0.01 0.08 0.09 0.01 0.04
Hvittis EL6 652 −3.01 0.06 0.03 0.03 0.01 0.03 −0.01 0.05 0.02 0.03

Allegan-1 H5 1822 −2.39 0.06 0.02 0.03 0.03 0.03 −0.03 0.05 −0.02 0.03
Allegan-2 H5 2857 −2.28 0.03 0.14 0.03 0.02 0.03 0.08 0.04 0.00 0.01
Kernouve H6 445 −2.18 0.06 −0.02 0.03 0.00 0.03 −0.03 0.05 −0.02 0.03
Olivenza LL5 305 −2.30 0.06 −0.03 0.03 0.03 0.03 −0.08 0.05 0.02 0.03
St Severin LL6 335 −2.70 0.06 0.01 0.03 0.02 0.03 −0.02 0.05 −0.01 0.03
Tuxtuac-1 LL5 165 −1.71 0.06 −0.03 0.03 0.00 0.03 −0.02 0.05 −0.01 0.03
Tuxtuac-2 LL5 165 −1.77 0.06 0.00 0.02 0.01 0.01 −0.04 0.00 0.01 0.01
Tuxtuac-3 LL5 174 −1.73 0.06 −0.02 0.02 0.01 0.01 −0.04 0.00 0.00 0.01
Mezo Madaras 
Meier

L3.7 3150 −1.19 0.23 −0.06 0.02 −0.03 0.04 −0.1 0.08 −0.40 0.24

Mocs Meier L6 965 −2.4 0.79 0.06 0.05 0.01 0.03 −.010 0.07

Dhofar 007 Euc 5 0.00 0.08 −0.26 0.03 −0.04 0.03 −0.12 0.05 0.16 0.09
Millbillillie Meier Euc 28 −0.73 0.31 −0.26 0.04 −0.08 0.07 −0.13 0.04 −0.2 0.06
δxHg(�) = [(x
Hg/198Hg

)
sample/

(x
Hg/198Hg

)
NIST SRM 3133 − 1

]

× 1000 (1)

where x refers to the mass of each isotope between 199 and 202 
amu. By convention, δ202Hg is used for the discussion of MDF 
variations and as the reference ratio with which to calculate the 
mass-independent fractionation MIF. The MIF data are defined as 
the deviation of the δxHg from the theoretical value estimated 
from the δ202Hg based on kinetic isotopic fractionation (e.g. Blum 
and Johnson, 2017):

�xHg(�) = δxHg(�) − βx × δ202Hg (2)

where the mass dependent scaling factor βx is 0.2520, 0.5024 and 
0.7520 for 199Hg, 200Hg and 201Hg, respectively.

During the analysis session, repeated measurements gave av-
erage values of −0.53 ± 0.07�, 0.00 ± 0.03�, 0.01 ± 0.03�
and −0.03 ± 0.05� for δ202Hg, �199Hg, �200Hg and �201Hg 
of UM-Almadén Hg (2SD, n = 21), and −1.75 ± 0.05�, −0.35 
± 0.03�, 0.00 ± 0.05� and −0.32 ± 0.04� for those of CRM 
GBW07405 (2SD, n = 5), respectively. All values were consistent 
with previous results (Chen et al., 2010; Huang et al., 2019; 
Zhang et al., 2020). The 2SD of UM-Almadén with δ202Hg, �199Hg, 
�200Hg and �201Hg of respectively 0.08�, 0.03�, 0.03�, 0.05�
represent the typical analytical uncertainties of our samples. Er-
rors are reported as twice the standard deviation from the repli-
cate measurements of the same solution (generally measured two 
times).
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. Results

Because of the low Hg content of some samples (in particu-
r the eucrite meteorite), we performed sensitivity tests using the 
M-Almadén solution. We ran the solution with concentrations 
etween 1 ppb (the concentration used for most samples) down to 
.22 ppb (Table S1). At 0.22 ppb, which corresponds to ∼0.2 ng of 
g processed, the accuracy and precision of both MDF and of the 
IF are not influenced by the reduction of the signal, where 202Hg 
rops from ∼2 V to 0.6 V (Table S1). All data obtained on the UM-
lmadén samples are consistent with literature values (Blum and 
hnson, 2017).
Isotopic and concentration data for the meteoritic and terres-

ial samples are reported in Tables 1 and 2 and in Table S2. Data 
re reported using the traditional notation relative to the NIST-
133 standard (see Blum and Johnson, 2017) and the MIF are cal-
ulated as described above. Replicate measurements of meteoritic 
mples from the same powder return values (both δ202Hg and 
IF) consistent within error confirming the overall reproducibility 
f the full analytical procedure (Table 1). On the other hand, differ-
nt chips of the same meteorite have more variable δ202Hg while 
IF stays consistent. These isotopic variations were observed by 
eier et al. (2016) and may represent sample heterogeneity within 
eteoritic samples.
The isotopic compositions of chondrites are in good agreement 

ith those reported by Meier et al. (2016) for the same samples 
at we analyzed (i.e. for Orgueil, Allende, Murchison), with gen-
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Table 2
Mercury isotopic and elemental composition of the terrestrial samples analyzed in this study. The full data table can be found in supplementary materials (Table S2).
Samples Hg 

(ng/g)
δ202Hg 2SD �199Hg 2SD �200Hg 2SD �201Hg 2SD �204Hg 2SD

BE-N basalt 14 −3.08 0.08 0.00 0.03 0.01 0.03 −0.02 0.05 −0.01 0.09
BIR-1 basalt 3 −2.42 0.08 0.04 0.03 0.08 0.03 0.01 0.05 −0.04 0.09
GA granite 42 −4.40 0.08 0.02 0.03 0.00 0.03 0.01 0.05 0.01 0.09
GH granite 8 −2.90 0.08 −0.04 0.03 0.01 0.03 −0.07 0.05 0.03 0.09
GIT ACE-E granite 6 −3.56 0.08 −0.05 0.03 −0.02 0.03 −0.01 0.05 −0.01 0.09
GIT MDO-G trachyte 7 −2.73 0.08 −0.05 0.03 0.05 0.03 0.01 0.05 −0.04 0.09
Bouvet BV2 trachyte 4 −2.35 0.08 −0.03 0.03 −0.01 0.03 −0.06 0.05 0.05 0.09
ISH-G trachyte 8 −4.95 0.08 0.06 0.03 0.00 0.03 0.02 0.05 −0.05 0.09
Fig. 1. �199Hg against δ202Hg for chondrites from this study and Meier et al. (2016). 
(For interpretation of the colors in the figure(s), the reader is referred to the web 
version of this article.)

Fig. 2. �199Hg against �201Hg. The slope of 1.33 ± 0.10 corresponds to what is 
predicted for evaporation under kinetic conditions (slope ∼1.2, Estrade et al., 2009).

erally positive odd-MIF and negative δ202Hg (Fig. 1). The data are 
in particularly good agreement for Orgueil (δ202Hg = −3.74 ±0.18, 
�199Hg = 0.26 ± 0.03, �201Hg = 0.16 ± 0.07 in Meier et al. (2016)
versus δ202Hg = −3.97 ± 0.22, �199Hg = 0.21 ± 0.03, �201Hg =
0.11 ±0.04 for this study). For Allende and Murchison, the odd-MIF 
is smaller in our study, but with the same general positive shift 
(Fig. 2) and no meteorites exhibit even-MIF. For the CO chondrites, 
while we have no samples in common between our data and that 
of Meier et al. (2016), Felix and Kainsaz, respectively, are the only 
CCs that return MIF indistinguishable from zero. The results for 
δ202Hg are more variable, and the relatively small differences be-
tween our study and Meier et al. (2016) may result from sample 
heterogeneity.

The five ordinary chondrites have Hg isotopic compositions in 
the range observed previously (Meier et al., 2016; Wiederhold and 
Schönbächler, 2015). The δ202Hg is less variable than in CC, and 
falls between −2.70 and −1.70. As observed by Meier et al. (2016)
most OC do not exhibit any odd-MIF, but here we find one instance 
(Allegan) that shows slightly positive MIF (�199Hg = 0.14 ± 0.03, 
�201Hg = 0.08 ± 0.04).

Both EH and EL chondrites show limited variations in the 
δ202Hg values (between −4.00 and −3.00), as also shown for the 
OC. The two EH exhibit clear positive MIF while the EL6 sample 
shows no MIF effect (Table 1).

As previously observed (Meier et al., 2016; Wiederhold and 
Schönbächler, 2015) isotopic and elemental abundances of Hg vary 
within single chondrite samples (Table 1). The elemental variations 
within a single chondrite have been interpreted to be caused by 
nuggets effects of Hg carriers, most probably HgS (Meier et al., 
2016; Caillet Komorowski et al., 2012). For Orgueil and Murchison, 
we find Hg concentrations close to those obtained by Meier et al. 
(2016), while for Allende our two different sample splits each have 
slightly different concentrations than those reported previously. 
Meier et al. (2016) performed heating experiments on Orgueil and 
Mezo-Madaras (OC, L3.7) to desorb possible terrestrial contamina-
tion and demonstrated limited terrestrial contamination, at least 
for meteorite falls, a reason why we only selected falls of chon-
drite meteorites.

The eucrite Dhofar 007 is highly depleted (by a >factor 100) in 
Hg compared to chondrites, and has δ202Hg higher (−1.16 ± 0.08) 
than most chondrites and negative odd-MIF (�199Hg = −0.26 ±
0.03, �201Hg = −0.13 ± 0.05) (Table 1). This is consistent with 
the data from Meier et al. (2016) for another eucrite, Millbillil-
lie (δ202Hg = −0.73 ± 0.31, �199Hg = −0.26 ± 0.03, �201Hg =
−0.13 ± 0.04), and the data of Wiederhold and Schönbächler 
(2015) for Pasamonte (δ202Hg ∼−1.5) and Bouvante (δ202Hg ∼0) 
(see Fig. 3). While our eucrite samples (as well as Bouvante) are 
not observed fall meteorites they give consistent results with Mill-
billillie and Pasamonte which are two observed falls, suggesting 
limited effect of terrestrial loss or contamination on their Hg iso-
topic composition.

The terrestrial igneous rock samples show variable δ202Hg, from 
−4.95 to −2.35, with no systematic difference between felsic and 
mafic rocks (Table 2). The basalts have δ202Hg between −3.08 and 
−2.42, the trachytes between −4.95 and −2.35, and the granites 
between −4.40 and −2.90. The terrestrial samples exhibit small 
odd-MIF (�199Hg between −0.05±0.03 and +0.06±0.03), that is 
slightly correlated (P value = 0.08) with the MDF (Figs. 4 and 5). 
The terrestrial samples do not exhibit even-MIF.
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Fig. 3. �199Hg against �201Hg for the eucrite meteorites (red dots) together with 
ordinary chondrites (A), enstatite chondrites (B), and carbonaceous chondrites (C). 
The slopes comprised between 1.67 and 1.82 correspond to what is predicted for 
evaporation under equilibrium conditions.

4. Discussion

4.1. Isotopic variations preserved in chondrites controlled by kinetic 
evaporation

As previously observed (Wiederhold and Schönbächler, 2015; 
Meier et al., 2016;), chondrites exhibit large MDF with no system-
atic variations between chondrite groups nor correlations with Hg 
abundance (Fig. 6). The behavior of Hg isotopes is clearly differ-
ent from other moderately volatile elements such as Zn (Luck et 
al., 2005; Pringle et al., 2017) or Rb (Pringle and Moynier, 2017), 
which show systematic variations in chondrite meteorites. The 
MDF and odd-MIF variations observed in carbonaceous chondrites 
and ordinary chondrites have already been discussed in Meier et al. 
Fig. 4. �199Hg against δ202Hg for terrestrial and meteoritic samples. Terrestrial ig-
neous rocks are isotopically heavier than shales and schists that had previously been 
used as representing the composition of the Earth (data from Blum et al., 2014). The 
igneous rocks fall within the range defined by chondrites.

Fig. 5. �199Hg against δ202Hg for the terrestrial igneous rocks. The weak correla-
tion with a slope of −0.023 is consistent with evaporation under kinetic conditions, 
possibly corresponding to volatile loss during magma degassing.

Fig. 6. δ202Hg against Hg concentration for chondrites, including data from Meier et 
al. (2016) and this study. Mercury isotopic composition does not correlate with Hg 
concentration.
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(2016). While we do not report 196Hg due to its low natural iso-
topic abundance, Meier et al. (2016) has shown that chondrites do 
not exhibit nucleosynthetic 196Hg anomalies, suggesting that other 
odd isotope (199Hg and 201Hg) variations are not due to nucleosyn-
thetic effects either, but rather are attributed to MIF.

Previous studies have reported that the �199Hg/�201Hg ratio 
provides specific information on the processes, as variable mecha-
nisms (e.g. nuclear field shift effect versus magnetic isotope effect) 
would induce different isotopic ratios (Blum et al., 2014 and ref-
erences therein). Meier et al. (2016) focused the discussion on the 
�199Hg versus �201Hg correlation and the meaning of the slope. It 
has been shown that during a given process, e.g. evaporation/con-
densation, the slope in this diagram depends on the degree of 
equilibrium of the reaction, as different mechanisms will be acting 
on the process (nuclear field shift effect versus magnetic isotope 
effect). For example, during kinetic evaporation, based on evapora-
tion experiments, the slope is estimated to be ∼1.2 (Estrade et al., 
2009), while under equilibrium condition the slope has been found 
to be higher, at 1.59 ± 0.05 (2 standard error, 2se) (Ghosh et al., 
2013) to 2.0 ± 0.6 (2se) (Estrade et al., 2009). As a caveat, it should 
be noted that the kinetic evaporation experiments of Estrade et 
al. (2009) were conducted under low temperature (<100 ◦C) and 
we assume here that the slope holds at higher temperature. Fur-
thermore, these experiments were carried out by evaporating pure 
Hg under vacuum, but the condition of degassing on the mete-
orite parent body would have been different, which could also 
affect the value of the slope. High temperature volatilization ex-
periments under various conditions will therefore be necessary to 
further confirm the evaporation conditions.

Including all the chondritic data, we obtain a slope of 1.33 ±
0.10 (1sd) in a �199Hg versus �201Hg diagram (Fig. 2). This slope 
is similar to that obtained by Meier et al. (2016), while including 
almost three times more data. This suggests a process dominated 
by kinetic evaporation/condensation (slope of ∼1.2), most probably 
during degassing on the meteoritic parent bodies. The MDF of the 
chondrites is therefore variable (−7 < δ202Hg < −1) and it is thus 
likely controlled by the evaporation/condensation process. We also 
show that EH chondrites exhibit a positive odd-MIF (Fig. 1).

4.2. Heavy isotopes enrichment in eucrites reflect evaporation under an 
equilibrium regime

The general heavy isotope enrichment (high δ202Hg values) for 
eucrites (our datum, Meier et al., 2016; Wiederhold and Schön-
bächler, 2015) (Fig. 3), likely originating from the asteroid 4-Vesta, 
is consistent with light isotope loss during volatilization of Hg, as 
previously observed for other moderately volatile elements (Zn, Rb, 
K, Cd; Wombacher et al., 2008; Paniello et al., 2012b; Pringle and 
Moynier, 2017; Tian et al., 2019). This heavy isotope enrichment 
is generally interpreted to reflect volatile loss due to evaporation 
during the history of Vesta. The major unanswered question is 
whether this process happens during the emplacement of the lavas 
at the surface of the asteroid or following impacts (most likely a 
kinetic effect), or during the degassing of a magma ocean (possibly 
an equilibrium process). Based on an apparent small enrichment in 
the lighter isotopes of Cr in HED (group of meteorites, likely from 
Vesta) meteorites, Zhu et al. (2019) suggested that Vesta lost iso-
topically heavy Cr isotopes during degassing, reflecting equilibrium 
isotopic fractionation rather than kinetic fractionation. Given that 
the relation between �199Hg and �201Hg is different between ki-
netic effects controlled by magnetic isotope effects (slope of ∼1.2, 
Estrade et al., 2009) and equilibrium fractionation due to the nu-
clear field shift effect (slope between 1.59 ± 0.05, Ghosh et al. 
(2013) and 2.0 ± 0.6 Estrade et al. (2009)), it is possible to test 
the degree of equilibrium of the fractionation. As we show below, 
whatever chondrite type is used to represent the HED parent body 
starting materials does not affect the final results. While the HED 
starting material composition is not known, ordinary chondrites 
possess the closest Cr and Ti isotopic composition to HED mete-
orites (Trinquier et al., 2007, 2009). When ordinary chondrites are 
taken as the HED starting material, the slope in a �199Hg versus 
�201Hg diagram is 1.82 ± 0.29 (Fig. 3A). Similar results, within 
error, are obtained when carbonaceous chondrites (1.79 ± 0.15) 
or enstatite chondrites (1.67 ± 0.14) are used as the starting ma-
terials (Fig. 3B, 3C). In Fig. 3 we include both the data obtained 
here (Dhofar 007) and the one analysis previously published (Mill-
billillie, Meier et al., 2016), the two other data points have only 
been reported in abstracts and are not available. These correlations 
are what would be expected for an isotopic fractionation under 
an equilibrium control by the NFSE (assuming the slope estimated 
from low temperature experiments and calculations holds at mag-
matic temperatures). The Hg isotopic composition of the eucrites, 
therefore suggests Hg loss by evaporation (heavy stable isotope en-
richment) under an equilibrium condition, as previously suggested 
for Cr (Zhu et al., 2019). Here we show that Hg isotopes are crit-
ical for testing the condition of evaporation as demonstrated by 
the relationship between two odd-MIF. To fully demonstrate this 
effect, additional eucrite meteorites should be analyzed in the fu-
ture. With the addition of Hg isotopic data on lunar samples, this 
methodology will be valuable in the future to test lunar volatile 
loss which is presently highly debated (Sharp et al., 2010; Paniello 
et al., 2012b; Boyce et al., 2015; Kato et al., 2015; Pringle and 
Moynier, 2017; Wang and Jacobsen, 2016; Wang et al., 2019; Day 
et al., 2020)

4.3. A terrestrial Hg isotope signature dominantly controlled by late 
accretion?

The eight terrestrial igneous rocks analyzed here (δ202Hg be-
tween −4.95 and −2.42) have isotopic compositions mostly con-
sistent with the data reported in Geng et al. (2018) (e.g. two 
basalts, BHVO-2 and BCR-2 have a δ202Hg of −2.44 and −2.08 re-
spectively, one andesite GSR-2 has a δ202Hg of −1.47) but clearly 
heavier than what had been reported in Smith et al. (2009). Smith 
et al. (2009) reported data for several igneous rocks from the Cal-
ifornia coast ranges (USA), including basalts, dacites and rhyolites. 
These samples have δ202Hg between −1.2 and −0.46, therefore 
falling within the range of sedimentary rock compositions. On the 
other hand, all these samples are highly enriched in Hg compared 
to the igneous rocks presented here (up to 300 ppb vs a few ppb 
in our basalts) suggesting Hg contamination from sediment was 
likely during the significant (15-40%) crustal assimilation sustained 
by these rocks (Hammersley and Depaolo, 2006). To a first or-
der, many igneous rock types that suffered no (or, at least, more 
limited) crustal assimilation should be better samples to character-
ize the composition of the terrestrial silicate composition as these 
rocks are formed by melting of mantle source rocks. The ques-
tion is whether the values obtained from igneous rocks represent 
the composition of Earth’s mantle given the high volatility of Hg 
leading to potential isotopic fractionation during degassing (e.g. 
Zambardi et al., 2009; Sherman et al., 2009), and potential isotopic 
fractionation during magmatic differentiation as observed for other 
metals (e.g. Deng et al., 2018; Inglis et al., 2019; Schuessler et al., 
2009). Volatilization is known to strongly fractionate moderately 
volatile elements and their isotopes such as Zn or Cd (e.g. Moynier 
et al., 2017; Wombacher et al., 2008). During degassing it would 
be expected that the gas would be enriched in the lighter isotopes, 
leaving an isotopically heavy residue behind. For example, this is 
what Zambardi et al. (2009) observed for Hg between fumarolic 
gas and condensed particles of Vulcano Island, with an isotopic 
fractionation factor for the 202Hg/198Hg ratio between solid and 
gas that was greater than one. In that case study, the value ob-
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tained for degassed igneous rocks would be enriched in the heavier 
Hg isotopes compared to their source rocks. However, because the 
rocks analyzed lack a genetic relationship, and because the rocks 
are derived from sources that possibly had different Hg contents, 
different degrees of melting, or different temperature, it is not pos-
sible to calculate the Hg isotopic composition of the mantle source 
based on these data.

Magmatic processes, such as partial melting or fractional crys-
tallization, are also known to produce isotopic fractionation which 
could also lead to the isotopic variability (e.g. Deng et al., 2018; 
Schuessler et al., 2009). This effect can contribute to the isotopic 
variability observed among the igneous rocks. However, given what 
is observed for much lighter elements (the effect is <1 permil for 
even the most extreme cases, e.g. Deng et al., 2018; Schuessler 
et al., 2009), and that the traditional isotopic fractionation is pro-
portional to the relative mass difference, we would not expect 
fractional crystallization to generate the large (∼2 permil) δ202Hg 
variability observed in the terrestrial samples reported here. It is 
possible that, during igneous petrogenesis, the isotopic fraction-
ation would be controlled by the nuclear field shift effect (e.g. 
Bigeleisen, 1996), but elements of similar mass such as Tl, do not 
show resolvable isotopic fractionation within 0.1 permil (Nielsen 
et al., 2017). Furthermore, in terms of MIF, while none of the ig-
neous rocks analyzed here show strong isotopic effects, there is 
a weak negative trend between �199Hg and δ202Hg (Fig. 5), with 
the largest �199Hg = 0.06 ± 0.03 (2sd) for the isotopically light-
est sample (δ202Hg = −4.95 ± 0.08) (Table 2). The range of MIF 
is consistent with what has been observed for volcanic gas from 
Vulcano, Italy (Zambardi et al., 2009), and in samples from hot 
springs from the Yellowstone Plateau volcanic field and vent chim-
ney samples from the Guaymas Basin sea-floor rift, USA (Sherman 
et al., 2009) where �199Hg up to 0.22 was observed. The limited 
correlation between the MDF and MIF is not surprising given that 
all samples are unrelated rocks (and therefore are not linked by 
a common process, e.g., degassing, fractional crystallization). How-
ever, it should be noted that there is generally a weak negative 
trend (Fig. 5, slope of −0.023 ± 0.016, 1σ , when all samples are 
included), consistent with kinetic evaporation experiments made 
by Estrade et al. (2009) (Slope of −0.014 ± 0.001). As mentioned 
previously, the Estrade et al. (2009) experiments were conducted 
in conditions (pure Hg, low temperature, vacuum) irrelevant to 
magmatic degassing, and the magnitude of the isotopic fractiona-
tion and the slope in a �199Hg versus δ202Hg plot may be affected 
by the experimental conditions. While we acknowledge this caveat 
and the uncertainty in the slope of the trend formed by terres-
trial igneous data in �199Hg versus δ202Hg space, we suggest that 
the ∼2 permil isotopic variability among igneous rocks is mainly 
controlled by degassing, and we thus infer that their source rocks 
must have an isotopic composition even lighter than the igneous 
samples. Alternatively, it is possible that some of the isotopically 
light Hg represents contamination by isotopically light vapor. In 
this unlikely event, all eight igneous rocks analyzed so far would 
have been contaminated by isotopically light vapor. More data will 
be required to fully test the origin of the isotopically light igneous 
rocks.

These results point to a terrestrial igneous δ202Hg composition 
that is significantly lighter than previously suggested and that the 
mantle exhibits limited MIF of Hg. Until a more quantitative as-
sessment can be made, based on a larger variety of igneous rocks 
and on mantle peridotites, we suggest the Earth’s mantle has a 
δ202Hg < −2.35, which is more than 1 permil lighter than the pre-
vious assessment based on sedimentary rocks. The heavy isotopic 
enrichment of sedimentary rocks compared to the igneous rocks 
suggests further isotopic fractionation by geological processes such 
as Hg degassing, weathering, sorption/desorption and an isotopi-
cally light reservoir must complement the isotopically heavy sedi-
ments.

Thus, contrary to the earlier mantle δ202Hg estimate, terres-
trial igneous rocks falls within the range defined by chondrites in 
MDF (Fig. 4). The Hg abundance and isotopic composition of Hg 
recorded in terrestrial igneous rocks may have been affected by 
any one, or a combination of, the following processes: 1) core for-
mation; 2) volatilization during accretion, and 3) late accretion.

The concentration of Hg in the bulk Earth is not well known, 
as it is presently not possible to accurately determine the fraction 
of Hg partitioned into the core as no metal/silicate/sulphide ex-
perimental data presently exists. Based on concentration measure-
ments in peridotites and crustal rocks, Canil et al. (2015) suggested 
a concentration of 0.4 to 0.6 ppb of Hg in Earth’s upper mantle. On 
the other hand, estimates based on the continental crust compo-
sition and considering elemental ratios (e.g. Se/Hg ratio) lead to 
higher values, for example Salters and Stracke (2004) suggest 10 
ppb and Palme and O’Neill (2003) 6 ppb. The Hg content of the 
Earth’s mantle is therefore unclear. In any case, Hg is highly de-
pleted in Earth’s mantle compared to CI chondrites, possibly in the 
same range as for Se, Te and S (Canil et al., 2015). Another strong 
limitation of this approach is that the concentration of Hg in CI 
chondrites is highly variable and it is therefore difficult to con-
strain the composition for the whole CI parent body. Furthermore, 
Hg is one of the elements for which we have no accurate solar 
composition (e.g. Grevesse et al., 2015), which limits the estimate 
of its cosmic abundance. To illustrate the large uncertainty on the 
Hg content of CI chondrites, Meier et al. (2016), Wiederhold and 
Schönbächler (2015) and our study point to a much higher Hg con-
tent (>13,000 ppb) in CI than that proposed by Canil et al. (2015)
or Palme et al. (2014) as the CI reference value (350 ppb). The 
Hg concentration reported in Palme et al. (2014) is actually not 
based on measurements in CI chondrites, but is reported from An-
ders and Grevesse (1989) which is estimated from nucleosynthetic 
modeling. Using a similar approach Lauretta et al. (1999) estimated 
the Hg abundance of the solar system to be 258 ppb. However, if 
we consider 13,000 ppb as the Hg concentration in CI, Hg would 
be ∼40 times more depleted in the mantle compared to CI chon-
drites as suggested in Canil et al. (2015).

The large difference in the Hg abundance in CI chondrites be-
tween modeling and measurements may be reconciled if we con-
sider that fluid alteration or thermal metamorphism (Springmann 
et al., 2019) of Orgueil enriched its surface in Hg compared to the 
whole parent body and that collected samples do not represent 
the whole CI parent body. Whatever estimate is considered, Hg is 
highly depleted in Earth compared to where it should be if it was 
solely controlled by volatilization processes, as suggested by Canil 
et al. (2015). The extreme depletion of Hg in mantle-derived ter-
restrial igneous rocks points toward a siderophilic behavior of Hg 
at high pressure and major partitioning of Hg into the Earth’s core 
and/or extreme degassing loss during its accretion.

The extreme uncertainties in the Hg abundance of both Earth’s 
mantle and CI chondrites make it difficult to meaningfully quan-
tify core segregation and late accretion modification of terrestrial 
Hg budgets. Instead, the isotopic composition of Hg can be used 
as a tool to quantify the relative proportion of the different pro-
cesses. Since there are presently no experimental data of the high-
pressure high-temperature isotopic behavior of Hg, it is not pos-
sible to estimate isotopic fractionation during partitioning of Hg 
in Earth’s core. Our present estimate for terrestrial δ202Hg falls 
within the chondritic range, and makes late accretion of carbona-
ceous chondrite-like material possible for explaining the terrestrial 
Hg content. Given the usual estimate of the amount of late accret-
ing material to Earth (∼0.5%, Day et al., 2016) necessary to explain 
the HSE budget of the mantle, and taking a minimum Hg con-
tent of ∼258 ppb (Lauretta et al., 1999), we obtain a Hg content 
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for the Earth’s mantle of ∼2ppb, which falls between estimates by 
Canil et al. (2015) (∼0.5 ppb) and Salters and Stracke (2004) (10 
ppb), therefore making late accretion of Hg a possible source for 
the mantle composition. This would be in agreement with prior 
suggestions for the origin of volatile elements in the Earth: Marty 
(2012) for N, C and noble gases, Meier et al. (2016) for Hg, Wang 
and Becker (2013) for S, Se and Te and Varas-Reus et al. (2019)
for Se. Given the large range of estimates for both chondrites and 
Earth’s mantle Hg, this mass-balance does not exclude the possi-
bility that a fraction of mantle Hg originated from metal/silicate 
differentiation.

Mass-independent fractionation of Hg isotopes could also be 
used to provide additional constraints on the origin of mantle Hg 
and decipher between the chondrite groups that may have par-
ticipated in the late accretion of Hg. While within one chondritic 
group (and even within a single sample, Table 1) a range of MIF 
is found, the limited terrestrial MIF suggests that terrestrial Hg is 
either closer to OC or CO chondrites. On the other hand, non-CO 
CC and EH chondrites exhibit generally larger MIF than that ob-
served in terrestrial igneous rocks. If these meteorite groups were 
to dominate the terrestrial late accretion budget (as suggested by 
Se isotopic compositions Varas-Reus et al., 2019) and noble gases 
(Bekaert et al., 2020), the Earth’s Hg budget would have to be con-
trolled by core formation. Refining of the Earth’s Hg MDF isotopic 
composition and future metal/silicate experiments will be neces-
sary to test these scenarios (Fig. 4).

5. Conclusions

While highly variable in Hg isotopic composition (−4.95 <
δ202Hg < −2.35), terrestrial igneous rocks are isotopically lighter 
than sedimentary rocks that were previously used as representa-
tive of mantle composition. We propose that the isotopic variabil-
ity is due to magmatic degassing and that the mantle composi-
tion must be at least lower than −2.35. Our chondrite data are 
consistent with previous work for carbonaceous chondrites (pos-
itive odd-MIF), ordinary chondrites (no odd-MIF) and we provide 
the first values for enstatite chondrites from which some exhibit 
positive odd-MIF similar to carbonaceous chondrites. Terrestrial ig-
neous rocks fall within the general range of chondritic isotopic 
composition. We suggest that Hg could have been delivered by 
late accretion as previously suggested for other volatile chalcophile 
elements, S, Se and Te. Considering the MIF, CO chondrites or or-
dinary chondrites are the most likely candidates, if the Hg content 
of the present Earth is dominated by late accretion. However, it 
cannot be excluded that all or a fraction of the mantle Hg bud-
get was modified further by core formation or degassing during 
a giant impact phase. Future high-pressure, high-temperature ex-
periments are thus necessary to test these scenarios. Finally, the 
eucrite meteorite data is consistent with previous data, being iso-
topically heavier than chondrites and having negative odd-MIF. We 
show that the �199Hg versus �201Hg relation points toward an 
equilibrium nuclear field shift effect in eucrite meteorites, suggest-
ing that the asteroid Vesta (the most likely parent body for the 
eucrite meteorites) lost its volatile during degassing of a magma 
ocean phase.
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