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Abstract

Liquid–vapor mercury isotope fractionation was investigated under equilibrium and dynamic conditions. Equilibrium
evaporation experiments were performed in a closed glass system under atmospheric pressure between 0 and 22 �C, where
vapor above the liquid was sampled at chemical equilibrium. Dynamic evaporation experiments were conducted in a closed
glass system under 10�5 bar vacuum conditions varying (1) the fraction of liquid Hg evaporated at 22 �C and (2) the temper-
ature of evaporation (22–100 �C). Both, residual liquid and condensed vapor fractions were analyzed using stannous chloride
CV-MC-ICP-MS.
Equilibrium evaporation showed a constant liquid–vapor fractionation factor (a202/198) of 1.00086 ± 0.00022 (2SD, n = 6)

within the 0–22 �C range. The 22 �C dynamic evaporations experiments displayed Rayleigh distillation fractionation behavior
with liquid–vapor a202/198 = 1.0067 ± 0.0011 (2SD), calculated from both residual and condensed vapor fractions. Our results
confirm historical data (1920s) from Brönsted, Mulliken and coworkers on mercury isotopes separation using evaporation
experiments, for which recalculated d202Hg0 showed a liquid–vapor a202/198 of 1.0076 ± 0.0017 (2SD). This liquid–vapor
a202/198 is significantly different from the expected kinetic a202/198 value ((202/198)

0.5 = 1.0101). A conceptual evaporation
model of back condensation fluxes within a thin layer at the liquid–vapor interface was used to explain this discrepancy.
The d202Hg0 of condensed vapor fractions in the 22–100 �C temperature range experiments showed a negative linear relation-
ship with 106/T2, explained by increasing rates of exchange within the layer with the increase in temperature.
Evaporation experiments also resulted in non-mass-dependent fractionation (NMF) of odd 199Hg and 201Hg isotopes,

expressed as D199Hg0 and D201Hg0, the deviation in & from the mass fractionation relationship with even isotopes. Liquid–
vapor equilibrium yielded D199Hg0/D201Hg0 relationship of 2.0 ± 0.6 (2SE), which is statistically not different from the one pre-
dicted for the nuclear field shift effect (D199Hg/D201Hg � 2.47). On the other hand, evaporation under dynamic conditions at
22 �C led to negative anomalies in the residual liquid fractions that are balanced by positive anomalies in condensed vapors
with lower D199Hg0/D201Hg0 ratios of 1.2 ± 0.4 (2SD). This suggests that either magnetic isotope effects may have occurred
without radical chemistry or an unknown NMF process on odd isotopes operated during liquid mercury evaporation.
� 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The geochemical cycling of mercury at the Earth’s sur-
face is dominated by atmospheric pathways and Hg0 repre-
sents more than 60% of total anthropogenic gaseous
mercury emitted (Lohman et al., 2008). Pacyna et al.

0016-7037/$ - see front matter � 2009 Elsevier Ltd. All rights reserved.

doi:10.1016/j.gca.2009.01.024

* Corresponding author. Address: Centre de Recherche Pétro-
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(2006) estimated that for the year 2000 global anthropo-
genic emissions were nearly 2200 T yr�1, whereas Selin
et al. (2007) estimated the global primary natural flux from
land and sea to be 900 T yr�1, although natural volcanic
fluxes of 112–700 T yr�1 (Nriagu and Becker, 2003; Pyle
and Mather, 2003) were not included in the latter. Anthro-
pogenic emissions, mostly due to stationary combustion
(notably coal), non-ferrous metal refining, cement produc-
tion and gold mining, therefore represent approximately
58–71% of the total primary emissions. Evaporation (distil-
lation) of liquid mercury can take place in a variety of
industrial applications such as refining processes. Mercury
has a high-saturated vapor pressure for a metal and is easily
subject to liquid–vapor changes. The study of liquid mer-
cury evaporation through a simple experimental setup
should provide a first basis for isotopic fractionation in
the liquid–vapor system.
Up to now, evaporation and condensation laboratory

experiments have mainly been used to understand elemental
and isotopic fractionation of extraterrestrial material in the
context of solar nebula processes. High temperature evapo-
rations have been conducted on Mg (Wang et al., 2001;
Richter et al., 2002, 2007; Young et al., 2002) and on K iso-
topes (Yu et al., 2003), while moderate temperature evapo-
ration (Wombacher et al., 2004) has been undertaken with
cadmium metal. All of these studies showed substantial iso-
topic fractionation during evaporation and condensation,
and in particular an enrichment of the lighter isotopes in
the vapor phase.
Mercury evaporation experiments were already being

conducted at the beginning of the 20th century in order
to investigate the separation of isotopes. In 1920, the future
Nobel Prize winner, J.N. Brönsted published with G. von
Hevesy a short communication (Brönsted and von Hevesy,
1920), reporting that they had achieved the partial separa-
tion of Hg isotopes by vacuum evaporation of liquid mer-
cury. A 14% Rayleigh evaporation yielded a light
evaporated fraction with a density of 0.999980 times the
original density, and a 75% evaporation yielded a residue
that was heavier by a factor of 1.000031. These measure-
ments were made by pycnometry, a highly precise method
for determining relative density differences, with typical
precision of �1 ppm (density). Shortly afterwards, Brön-
sted and von Hevesy (1921), and Mulliken and Harkins
(1922) published detailed articles on the theory and experi-
ments of Hg evaporation and condensation. In these stud-
ies, the relative density of the lightest distillate and
heaviest residue after multiple evaporation/condensation
were reported to be �260 and +230 ppm, respectively. This
amounts to approximately �84& and +74& on the
d202Hg0 scale.
The development of cold vapor multicollector ICP-MS

(CV-MC-ICP-MS) has made possible high precision iso-
tope abundance analysis of small amounts of Hg (Klaue
et al., 2000). Since then, numerous studies have charted
the large variation in natural mass-dependent fraction-
ation (MDF) of Hg isotopes (�1.75&/amu) and the pro-
cesses that govern them (Lauretta et al., 2001;
Hintelmann and Lu, 2003; Jackson et al., 2004; Smith
et al., 2005; Xie et al., 2005; Foucher and Hintelmann,

2006; Kritee et al., 2007; Zheng et al., 2007; Smith
et al., 2008; Sonke et al., 2008; Zambardi et al., 2008).
Recent works denoted significant non-mass-dependent
fractionation (NMF) of the odd isotopes (199Hg and
201Hg) of mercury in biogeological samples (Jackson
et al., 2006; Bergquist and Blum, 2007; Epov et al.,
2008; Biswas et al., 2008; Ghosh et al. 2008; Jackson
et al., 2008). In contrast to MDF, which is governed
by chemical energy of the starting and transition states
of reactant molecules, NMF reported on Hg isotopes in
experimental and natural processes have been suggested
to result from either magnetic interactions (magnetic iso-
tope effect) (Buchachenko et al., 2004; Bergquist and
Blum, 2007; Buchachenko et al., 2007) or from nuclear
volume effects (also known as nuclear field shift effect)
(Schauble, 2007).
Here, isotopic fractionation of liquid elemental mercury

during evaporation has been investigated under (1) atmo-
spheric pressure at equilibrium and (2) under vacuum
(10�5 bar) in a dynamic, non-equilibrium mode. Extent of
fractionation, MDF and NMF are documented during
equilibrium and kinetic evaporation of liquid mercury from
0 to 100 �C. We compare our results with historical data of
Brönsted, Mulliken and coworkers and the current theories
on MDF and NMF.

2. MATERIALS AND METHODS

2.1. Experimental evaporation

For the present study, a commercial liquid metal mer-
cury solution (Rhône-Alpes Technologies) was used as the
starting material for evaporation experiments. HNO3 used
was a 69% (weight) PROLABO� solution, NORMAPUR
for trace analysis of Cd, Hg and Pb. All dilutions were
undertaken with MilliQ water.
Two different types of evaporation were conducted.

The first one, representing equilibrium evaporation
(Fig. 1a), consisted of introducing 30 g of liquid mercury
under atmospheric pressure into a 40 ml vessel, hermeti-
cally sealed by a Teflon lined septum. The temperature
was held constant in the range 2–22 �C over 24 h in order
to reach equilibrium (PHg = Psat,Hg) between liquid mer-
cury and its saturated vapor. Subsequently, the mercury
vapor above the liquid was collected with a 10 ml
Hamilton Gastight� syringe instantaneously injected and
bubbled into a second hermetically sealed vessel which
contained 1 ml concentrated HNO3, then shaken for
10 h. An estimation of the amount of sampled gaseous
Hg was done assuming saturation vapor pressure laws
for liquid mercury (log (P) = 10.122–3190/T(K)), Weast
(1999). The collected vapor was adjusted to reach
10 lg L�1 after dilution. Final concentrations were mea-
sured with a Perkin-Elmer ELAN 6000 ICP-MS. Six
samples in the 2–22 �C temperature range presented
yields of dissolution more than 90 ± 10%. Due to the
large volume of the syringe and the fact that several up-
takes were necessary, a 10% concentration uncertainty is
assumed. These yields allowed us to justify that equilib-
rium evaporation conditions were reached.

2694 N. Estrade et al. /Geochimica et Cosmochimica Acta 73 (2009) 2693–2711
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For the second type of evaporation, two dynamic exper-
iments were performed in a closed system made of glass
(Fig. 1b). Prior to each experiment, a weighted amount of
liquid mercury reservoir was dipped into a �30 �C bath
during 10 min and a 10�5 bar vacuum was reached in the
system, using a diffusion pump. Then, the liquid mercury
reservoir was isolated from the pump and held five minutes
at the experimental temperature before the liquid nitrogen
cold trap (�196 �C) was put into operation. Finally, the li-
quid mercury was continuously evaporated and its vapor
condensed onto the wall of the cold trap (diameter 5 mm,
length 10 cm). The condensed mercury vapor, which repre-
sents the cumulated evaporated fraction, was collected and
dissolved in concentrated nitric acid. The evaporation glass
line was cleaned in concentrated nitric acid bath after each
run to prevent any contamination due to possible adsorp-
tion of mercury onto the tube wall.
The first set of experiments (Fig. 1b, reactor A) simu-

lated a Rayleigh distillation. About 10 mg of liquid mercury
(�1 mm3) was introduced into the reservoir and evaporated
at 22 �C. Evaporation times were between 6 and 24 h and
the fraction of mercury remaining in the liquid (fHg) was be-
tween 0.3 and 0.9. fHg was determined by two independent
methods. The first one consisted of weighing with a preci-
sion scale (0.1 mg) the initial mercury reservoir and the
residual liquid fraction. For the second one, residual liquid
and evaporated fractions concentrations were precisely
measured by MC-ICP-MS. Results with both methods were
similar and the difference was considered as the error on the
fHg determination. Both residual liquid and evaporated
fractions were analyzed for their isotopic composition.
The second set of experiments (Fig. 1b, reactor B) inves-

tigated the temperature dependency of the liquid–vapor Hg

isotope fractionation. Liquid mercury was introduced into
the reservoir and dipped into a water bath heated at 100,
65, 50 and 35 �C. The connection tube between the Hg li-
quid reservoir and the cold trap was continuously heated
with a heating tape at the experimental temperature to
avoid any glass wall adsorption. Two different weights
(250 and 50 g) of liquid mercury were evaporated at
22 �C. A 250 g sample was put into a large spherical volume
reservoir with an evaporation surface of ca. 20 cm2 and a
50 g sample was put into a small cylindrical sample volume
reservoir with an evaporation surface of 3 cm2. The evapo-
ration times were approximately 5 min at 100 �C up to 1 h
at 22 �C to recover a fraction of Hg remaining in the liquid
around 0.999 in each experiment. For this second set of
experiments, only condensed vapor fractions were
analyzed.

2.2. Isotopic analysis

Isotopic measurements were conducted with a Thermo-
Finnigan Neptune MC-ICP-MS at the Laboratoire de
Mécanismes et Transfers en Géologie (LMTG) in Toulouse
(France). A stannous chloride cold vapor generation system
(Perkin-Elmer� FIAS-400MS) and a CETAC Aridus II
desolvation unit were coupled directly to the MC-ICP-MS
for mercury and thallium introduction, respectively. For
most samples, isotopes 198, 199, 200, 201 and 202 for mer-
cury and 203 and 205 for thallium were monitored with the
static cup configuration (Table 1). Selected samples were
analyzed for 204Hg as well with a dynamic collection
scheme (Table 1). Data acquisition utilized one block of
60 times 8 s integration cycles (8 min total). Bracketing ref-
erence and sample solutions were mono-elementary Hg

Fig. 1. A schematic of experimental evaporation systems. (a) Equilibrium evaporation: 30 g liquid Hg was introduced into a 40 ml glass vessel.
Saturated vapor was taken up after 24 h equilibration at various temperatures (0–22 �C) and dissolved into nitric acid. (b) Dynamic

evaporation: liquid Hg was evaporated under a vacuum of 10�5 bar and vapor was condensed onto the wall of a cold trap. Reactor A
contained a ca. 10 mg liquid Hg droplet which evaporated at 22 �C between 6 and 24 h. Reactor B contained 250 g (or 50 g, see text) liquid Hg
fractions which evaporated between 22 and 100 �C for a few minutes. A heating tape surrounded the glass tubing in order to maintain the
temperature and prevent any Hg condensation outside the cold trap.

Hg isotope fractionation during evaporation 2695
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(+II) solutions prepared in 5% nitric acid. Both reference
and sample concentrations were adjusted to 10 lg L�1 for
equilibrium experiments and to 25 lg L�1 for dynamic
experiments. 202Hg intensity was around 5 V at an uptake
rate of 500 lL min�1. Wash-out time after samples and ref-
erence solutions were 12 min, so that blank solution inten-
sities were less than 1% of the reference and sample
intensity. Instrumental mass bias on Hg isotopes was cor-
rected using the exponential law, standard-sample bracket-
ing, and continuous measurement of the 205/203Tl ratio from
the isotopic certified standard reference material NIST 997.
Variations in Hg isotopic composition are expressed rela-
tive to the standard reference material NIST SRM 3133,
using the delta notation and following recent recommenda-
tions for Hg isotopes (Blum and Bergquist, 2007):

dX=198ð&Þsample=NIST3133 ¼
X=198Hgsample

X=198HgNIST3133
� 1

 !

� 1000 ð1Þ

where X represents Hg isotopes other than 198.
The external reproducibility of the method was deter-

mined using two fractionated isotopic in-house reference
materials (RM). Measurements were done with concentra-
tions between 5 and 25 ppb in 5–10% HNO3 matrix during
different sessions. Two standard deviation (2SD) on the
d202Hg obtained with 10 measurements for these two RM
were 0.22& (RM 1) and 0.26& (RM 2), 2SD on the
d199Hg were, respectively, 0.03& and 0.04& and 2SD on
the d201Hg were, respectively, 0.04& and 0.04& (see Sec-
tion 3.3 non-mass-dependent fractionation for d199Hg and
d201Hg definition). At the time of this study (2006), the sec-
ondary reference material UM-Almaden (Blum and Berg-
quist, 2007) was not available. More recent Hg isotope
analysis on the LMTG Neptune showed excellent agree-
ment with published values for UM-Almaden (Epov
et al., 2008). External reproducibility of unknown samples
reported is 2 standard error (2SE) of the mean value (calcu-
lated from different brackets of the sample), except when
this value is below the external reproducibility of the meth-
od (Goldstein et al., 2003). In this case the 2SD values cal-
culated for the RM 1 were used.

2.3. Evaporation laws

Evaporation and condensation are phase changes where
mass transport processes (kinetic aspect) between and with-
in phases take place, and during which isotopic fraction-
ation can take place (Davis et al., 1990; Ozawa and
Nagahara, 2001; Wang et al., 2001; Richter et al., 2002,
2007; Young et al., 2002; Richter, 2004; Wombacher
et al., 2004). The kinetic theory of gases used here (as devel-

oped in Richter et al., 2002, 2007; Richter, 2004; Dauphas
and Rouxel, 2006) aims to describe fluxes and rates of evap-
oration. The net evaporation flux of an element or an iso-
tope i from a condensed phase to a surrounding gas is
given by (Hertz–Knudsen equation):

J i ¼ nici
ðP i;sat � P iÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pmiRT

p ð2Þ

where Ji is the net evaporation flux of i in moles per unit
area per unit time, ni is the number of atoms of i in the
gas species (ni = 1, for all these gas species), ci is the evap-
oration coefficient of i, Pi,sat is the saturated vapor pressures
of i, Pi is the partial pressure of i at the evaporating surface,
mi the molar mass of gas species containing i, R is the gas
constant and T is absolute temperature. Different critical
evaporation regimes can be considered. One limiting case
is reached in the vacuum limit, Pi << Pi,sat, which repre-
sents free evaporation. Then, the ratio of the evaporation
flux of two isotopes indicated by the subscripts 1 and 2, is

J 1
J 2

¼ c1
c2

P 1;sat
P 2;sat

� � ffiffiffiffiffiffi
m2

m1

r
ð3Þ

where J1 and J2 are the evaporation flux, c1 and c2 are
the evaporation coefficients, P1,sat and P2,sat the saturated
vapor pressures and m1 and m2 the molar masses of the
two isotopes. Equilibrium evaporation represents the case
where partial pressure tends towards saturated vapor
pressure (P1? P1,sat), thus the net evaporation flux tends
towards zero. The fractionation factor between a con-
densed phase and the surrounding gas in the vacuum lim-
it is defined as the ratio of the flux of the two isotopes,
J1/J2, divided by the atom ratio of the isotopes in the
condensed phase. Under equilibrium conditions, the iso-
topic fractionation factor represents the ratio of the atom
ratio in the gas phase and in the liquid phase. In a closed
system, the expression of the atom ratio in the gas phase
is equivalent to the ratio of saturated vapor pressure of
each isotope. The equilibrium isotopic fractionation fac-
tor is defined by:

aEq1=2 ¼
N 1

N 2

� �

vap

,
N 1

N 2

� �

liq

¼ P 1;sat
P 2;sat

� ��
N 1

N 2

� �

liq

ð4Þ

where (N1/N2)liq is the isotopic ratio in the condensed
phase. Note that as P1,sat and P2,sat are only function of
temperature, P1,sat/P2,sat is the isotopic ratio of the gas
phase. Using Eqs. (3) and (4), the kinetic isotope fraction-
ation factor of the evaporated fraction relative to the liquid
source is then defined as

a1=2 ¼
J 1
J 2

� ��
N 1

N 2

� �
¼ aEq1=2

c1
c2

� � ffiffiffiffiffiffi
m2

m1

r
¼ aEq1=2a

Kin
1=2 ð5Þ

Table 1
Neptune cup configurations for static and for dynamic (targeted at 204Hg) collection of Hg isotopes. Despite a dynamic range of 17 mass
percent, the LMTG Neptune is constructed in the positioning of L4, L3, H3, H4, such that dynamic collection is necessary to measure 204Hg.

L4 L3 L2 L1 C H1 H2 H3 H4

Static — 198Hg 199Hg 200Hg 201Hg 202Hg 203Tl 205Tl —
Dynamic — 200Hg 201Hg 202Hg 203Tl 204Hg 205Tl 207Pb —

2696 N. Estrade et al. /Geochimica et Cosmochimica Acta 73 (2009) 2693–2711
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To a first approximation, evaporation coefficients are
usually assumed to be equal for the isotopes of a same ele-
ment and in our case the fractionation factors (equilibrium,
kinetic and total) are now defined relative to the gas phase
as:

aEq1=2 ¼
N 1

N 2

� ��
P 1;sat
P 2;sat

� �
; aKin1=2 ¼

ffiffiffiffiffiffi
m1

m2

r
and atotal1=2

¼ R12;liq
R12;vap

¼ aEq1=2

ffiffiffiffiffiffi
m1

m2

r
ð6Þ

In order to determine fractionation factors, Rayleigh
distillation equations were used to simulate the evolu-
tion of isotope ratios data from this study and of the
historical data. Equations for Rayleigh type distillations
apply to the remaining liquid phase (Eq. (7)), the
instantaneous vapor (Eq. (8)) and the cumulative vapor
that is condensed into the cold trap (Eq. (9)) (Hoefs
et al., 1987):

Rl ¼ Rl0 � f ð1a�1Þ ð7Þ

Rv ¼ Rl0 �
1

a
� f ð1a�1Þ ð8Þ

Rv ¼ Rl0 �
1� f

1
a

1� f
ð9Þ

where f is the fraction of Hg remaining in the liquid, a is the
fractionation factor between liquid and vapor, Rl0 is isoto-
pic ratio of the starting liquid, Rl is the instantaneous isoto-
pic ratio in the liquid, Rv is the instantaneous isotopic ratio
in the vapor and Rv is the cumulated isotopic ratio in the
vapor. These relations are easily converted into delta nota-
tion, d ¼ ðR=Rl0 � 1Þ10

3.

2.4. Isotope fractionation laws

Isotope fractionation laws have been the subject of
numerous studies, particularly for describing mass-depen-
dent kinetic and equilibrium fractionations (e.g., Urey,
1947; Bigeleisen, 1949; Young et al., 2002; Schauble,
2004). Furthermore, non-mass-dependent isotopic fraction-
ation (NMF) for Hg isotopes by (i) the nuclear volume
(NV) fractionation mechanism has been investigated by
Bigeleisen (1996) and Schauble (2007) and (ii) the magnetic
isotope effect by Buchachenko et al. (1976), Turro and
Kraeutler (1978), Turro (1993), Buchachenko (1995),
Buchachenko (2001). Isotope fractionation mechanisms
are summarized in the following and precisions are given
on NMF processes.
Generally, fractionation between two isotopic ratios

with a common isotope denominator is described by a
power law (Young et al., 2002):

a2=1 ¼ ða3=1Þb ð10Þ

where a is the fractionation factor of the isotopic ratio of
two species or two reservoirs. The exponent b varies with
the fractionation process and represents the slope of a frac-
tionation line in a linearized three-isotope diagram. In this
study, the range of delta values measured (d202Hg) exceed
5&, thus linearized delta values, denoted as ‘delta prime’

(d0), have been used based on the formula given by Young
and Galy (2004): d0 ¼ 103 lnððdþ 103Þ= 103Þ.
In the case of an ideal gas without interaction, the mass-

dependent physical kinetic (mass transport process) isotope
fractionation, b (Table 2) is defined as:

bKin ¼
ln m1

m2

� �

ln m1
m3

� � ð11Þ

in the case of mass-dependent equilibrium fractionation, b
(Table 2) is defined as:

bEq;MD ¼
1
m1
� 1

m2

� �

1
m1
� 1

m3

� � ð12Þ

As suggested by Schauble (2007), the natural isotopic
variations of very heavy elements such as Hg (Z = 80)
and Tl (Z = 81) of up to 1.75&/amu are difficult to recon-
cile by equilibrium MDF. In a recent revision of the theory
of first-order mass-dependent fractionation, Bigeleisen
(1996) evaluated another isotope fractionation mechanism,
named the nuclear volume effect (NV, or nuclear field shift
effect), to explain the isotopic shifts reported in the elec-
tronic spectra of heavy elements. This type of fractionation
results in a displacement of the ground electronic energy of
an atom or molecule due to the nuclear sizes and shapes of
isotopes. The nuclear charge radii, and thus nuclear vol-
umes, of the even isotopes 198Hg, 200Hg and 202Hg increase
almost perfectly linearly with isotope mass (Angeli, 2004).
The odd isotopes 199Hg and 201Hg however, have a smaller
nuclear volume than expected from this linear relationship.
Consequently, the relative nuclear charge density is larger
for the 199Hg and 201Hg isotopes and results in a stronger
pull on the valence band electrons that participate in chem-
ical bonding. With their valence electrons spending rela-
tively more time in the nucleus, the 199Hg and 201Hg
isotopes tend to form weaker bonds than the 198Hg,
200Hg and 200Hg isotopes. Schauble (2007) calculated
MDF and nuclear volume NMF for solvated, halogenated
or methyl mercury species relative to mercury vapor at
equilibrium and emphasized the dominant role of the nucle-
ar volume fractionation for the super heavy elements. In
terms of the isotope fractionation law (Eq. (10)), Schauble
(2007) defined b values for Eq. (10) (Table 2) depending
upon nuclear charge radii as:

bNV ¼ hr21i � hr22i
hr21i � hr23i

ð13Þ

where hr2i is the mean square charge radii (fm2) of the iso-
topes. However, based on a compilation of nuclear charge
radii by Angeli (2004), Schauble (2007) suggested that nu-
clear volume fractionation will differ from mass dependency
for 196Hg, 199Hg, 201Hg and 204Hg when normalized to
198Hg. Whereas 196Hg is typically not measured due to its
low abundance, 204Hg data has been reported and shown
to display MDF rather than NMF anomalies, even in the
presence of large 199Hg, and 201Hg NMF anomalies (Berg-
quist and Blum, 2007; Ghosh et al., 2008). Ghosh et al.
(2008), pointed recently out that Angeli’s (2004) statistically

Hg isotope fractionation during evaporation 2697
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determined nuclear charge radii agree with experimentally
determined radii (Hahn et al., 1979), except for 204Hg. They
suggested that no 204Hg NMF anomaly is to be expected
during NV fractionation. The improved NV scaling factors
by Ghosh et al. (2008) apply to isotope fractionation fac-
tors with 202Hg as the reference isotope. Here (Table 2)
we re-evaluated NV scaling factors (bNV, Eq. (13)) for the
recently recommended Hg stable isotope reporting guide-
lines, using 198Hg as the reference isotope in the denomina-
tor (Blum and Bergquist, 2007). Note the absence of
deviations from MDF in bNV for 204Hg, using Hahn’s
(1979) data. The sensitivity of predicted nuclear volume
Hg isotope anomalies to the nuclear charge radii, suggests
that caution should be taken in identifying NV effects in
natural or experimental Hg NMF observations.
Another type of NMF has been discovered in the mid-

1970’s and is called magnetic isotope effect (MIE) because
it separates isotopes into different reaction products accord-
ing to their spin and magnetic moment. MIE is based on the
spin conservation principle between reactants and products
in a reaction involving Hg radicals. During radical reac-
tions, stable reactants absorb energy (thermal, photons)
to produce a radical pair of reactants (R��R) in the triplet
state. Although back transformation into the original reac-
tants is technically spin-forbidden, strong spin–orbit cou-
pling in Hg can induce triplet singlet conversion and back
reaction for all Hg isotopes. Nuclei with odd neutron num-
bers exhibit nonzero nuclear spin quantum numbers ‘I’ and
have nuclear magnetic moments, l, that interact with elec-
tron magnetic moments through the nuclear-electron
hyperfine coupling. Mercury has two odd neutron number
isotopes (199Hg and 201Hg), which have nuclear spins 1/2
and 3/2 and magnetic moments of +0.5029 and �0.5602
lB, respectively, and subject to the magnetic isotope effect.
Triplet-singlet conversion of magnetic radical pairs (oddHg)
is enhanced and magnetic. Magnetic pairs are therefore also
more probable to recombine into the starting molecules,
while nonmagnetic pairs are more likely to form reaction
products via dissociation of R��R into free radicals. Due
to the difference in the rates of spin conversion, isotopes
with magnetic and nonmagnetic are separated and accumu-
lation of magnetic versus nonmagnetic isotopes can be gen-
erated in products and reactants (Buchachenko, 1995;
Buchachenko, 2000; Buchachenko, 2001).
The magnetic isotope effect for mercury has been inves-

tigated and claimed to be observed in the reaction of
kreatine kinase and methylmercury by gas source mass
spectrometry (Buchachenko et al., 2004) and in the

photolysis of Bis(p-trifluoromethylbenzyl)mercury by nu-
clear magnetic resonance (Buchachenko et al., 2007). Hg
isotope fractionation during photoreduction of Hg2+ and
MeHg in the presence of dissolved organic carbon (DOC)
in aqueous solution was conducted by Bergquist and Blum
(2007) using CV-MC-ICP-MS and showed 199Hg and 201Hg
isotope enrichment for mercury remaining in solution rela-
tive to MDF. The authors suggested MIE as the underlying
NMF mechanism, based on the analogy between aquatic
Hg photoreduction and the understanding of MIE during
radical chemistry.

2.5. Extracting data from historical experiments

The isotope separation theories developed by Brönsted,
Harkins and coworkers in their remarkable papers used a
nomenclature aimed at describing relative density differ-
ences (kg m�3), based on separation coefficients. The origi-
nal density data are summarized in Appendix A Table 1.
We assume that their liquid Hg source had an IUPAC iso-
topic composition, and associated isotope ratios R. Initially
we chose physical kinetic isotope fractionation as the gov-
erning mass fractionation law (Eq. (11)). The evolving iso-
topic composition of IUPAC Hg during Rayleigh
distillation can be simulated in terms of isotope ratios R

as described above (Eqs. (7)–(9)). Once this has been
achieved we calculated the densities that correspond to
the isotopically fractionated Hg residues and condensed va-
pors as follows: first, isotopic abundances, Abx, are calcu-
lated from the isotope ratios for each fractionated sample.
Density contributions, qc,x (g cm

�3), for each isotope ‘x’
can then be calculated:

qc;x ¼
mxAbx
V Hg

ð14Þ

where VHg is the constant atomic volume for Hg isotopes of
14.8222 cm3 mol�1, and mx are the isotope masses
(g mol�1). The atomic volume (not to be confused with nu-
clear volume) was calculated by dividing the atomic weight
of IUPAC Hg (200.5927 g mol�1) by an assumed density of
this starting material (13.5400 g cm�3 at 25 �C, CRC Hand-
book of Physics and Chemistry). Finally summing all den-
sity contributions yields the density (kg m�3) for a
fractionated Hg sample:

qsim;Hg ¼
X
x

qx ð15Þ

Table 2
b Factors values for equilibrium and kinetic mass-dependent fractionation, nuclear volume fractionation and magnetic isotope effect processes
relative to 202/198Hg.

196/198Hg 199/198Hg 200/198Hg 201/198Hg 202/198Hg 204/198Hg

Mass-dependent equilibrium �0.5151 0.2539 0.50493 0.7539 1.0000 1.4855
Mass-dependent kinetic �0.5074 0.2520 0.5024 0.7520 1.0000 1.4928
Nuclear volume (Angeli, 2004) �0.4660 0.1076 0.4966 0.7003 1.0000 1.6543
Nuclear volume (Hahnet al., 1979) n.d. 0.0804 0.4712 0.6838 1.0000 1.4994
Magnetic isotope effect ? ? ? ? ? ?
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The simulated densities, qsim,Hg of fractionated Hg can be
directly compared to the measured experimental densities,
qexp,Hg by Brönsted and von Hevesy (1920), Brönsted and
vonHevesy (1921), and byMulliken andHarkins (1922). Ini-
tially all historical data points were fitted together, by opti-
mizing one adjustable parameter, aliq–vap until the root
mean square error (RMSE) between qexp,Hg and qsim,Hg
reached a minimum value. The resulting fitted aliq–vap for
physical kinetic mass-dependent Hg isotope fractionation is

1.0076 ± 0.0017 (2SD, n = 6). Sensitivity testing shows that
the assumed IUPAC isotopic abundances and density of
the historical starting material does not influence the out-
come of aliq–vap, because all analytical measurements involve
relative changes in density. Fig. A1 illustrates recalculated
data for the historical dataset on the d202Hg0 scale (see also
Table 1). The heaviest residue measured is +74& on the
d202Hg0 scale (Fig. A1), while the lightest vapor obtained
after sequential distillations reached �84& (not shown).

3. RESULTS

In the following sections, the Hg isotopic composition of
residual Hg0(liq) fractions and condensed Hg0(vap) frac-
tions are reported relative to the isotopic composition of
the initial liquid mercury. Scale translation was determined
using:

d202Hg0sample=Initial Hg ¼ d202Hg0sample=NIST 3133

� d202Hg0Initial Hg=NIST 3133 ð16Þ

This approximation is valid because d202Hg0initial Hg/NIST
3133 is small (�1.06 ± 0.22& (2SD), Table 2). Furthermore,
the starting material does not present NMF
(D199Hg0 = 0.01 ± 0.03&, D201Hg0 = �0.01 ± 0.04&).

3.1. Equilibrium evaporation experiments

Six samples of Hg0(vap) above the liquid mercury sam-
pled at equilibrium between 2 and 22 �C have been ana-
lyzed. Linearized delta values of the saturated vapor
relative to the starting liquid between 2 and 22 �C are listed
in Table 3 and presented in Fig. A2 against temperature.
For all experiments, the saturated Hg0(vap) is enriched in
the light isotopes relative to liquid mercury. Furthermore,
all results are identical within analytical errors. The average
d202Hg0 of saturated vapor relative to the liquid is
�0.86 ± 0.22& (2SD, n = 6). Thus, the average liquid–va-

Fig. A1. Selected historical and new data for liquid Hg evapora-
tion from Table A1 reported in a Rayleigh diagram. Original
density data are recalculated on the d202Hg0 scale. The black line
denotes the isotopic evolution of residual liquid and vapor Hg
using a fractionation factor of 1.0067, as experimentally measured
in this study, whereas the gray dashed line marks the isotopic
evolution of residual liquid and vapor Hg using a fractionation
factor of 1.0109, as theoretically expected for pure kinetic
fractionation.

Table 3
Isotopic compositions of the starting liquid Hg relative to the NIST 3133, and isotopic composition of the vapor above liquid Hg under
equilibrium conditions between 2 and 22 �C relative to the starting liquid.

Sample T

(�C)
nb d199Hg0 2SE d200Hg0 2SE d201Hg0 2SE d202Hg0 2SE D199Hg0e 2SE D200Hg0e 2SE D201Hg0e 2SE

Starting
materialc

equilibriumd

20 3 �0.26 0.06* �0.52 0.11* �0.82 0.18* �1.06 0.22* 0.01 0.03* 0.02 0.06* �0.01 0.04*

1a 2.0 1 �0.10 0.06 �0.41 0.11 �0.58 0.18 �0.87 0.22 0.12 0.03 0.03 0.06 0.08 0.04
2a 7.2 1 �0.09 0.06 �0.40 0.11 �0.56 0.18 �0.83 0.22 0.12 0.03 0.02 0.06 0.07 0.04
3a 7.5 1 �0.10 0.06 �0.46 0.11 �0.62 0.18 �0.90 0.22 0.12 0.03 0.00 0.06 0.06 0.04
4a 11.4 1 �0.10 0.06 �0.43 0.11 �0.57 0.18 �0.87 0.22 0.12 0.03 0.01 0.06 0.08 0.04
5a 22.0 1 �0.12 0.06 �0.46 0.11 �0.59 0.18 �0.87 0.22 0.10 0.03 �0.02 0.06 0.07 0.04
6a 22.0 1 �0.07 0.06 �0.41 0.11 �0.58 0.18 �0.83 0.22 0.14 0.03 0.01 0.06 0.04 0.04

Averagef 2�22 �0.10 0.06 �0.43 0.11 �0.59 0.18 �0.86 0.22 0.12 0.03 0.01 0.06 0.07 0.04

a 2SD RM 1 value (see Part 2.2).
b Number of measurements.
c Isotopic composition relative to NIST 3133.
d Isotopic composition relative to starting material.
e D199,200,201Hg0 are calculated relative to equilibrium MDF process.
f 2SE on the average of the six measurements is below the 2SD RM 1 value, 2SD RM 1 value is reported.
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por fractionation factor at equilibrium is aEqliq–vap = 1.000
86 ± 0.000 22 for the 202/198Hg isotope pair from 2 to 22 �C.

3.2. Dynamic evaporation experiments

Dynamic experiments were performed under a vacuum
of 10�5 bar by continuous cryogenic pumping of the liquid
mercury stock. The first set of experiments was undertaken
at 22 �C and various fractions of residual liquid mercury
(fHg) were obtained. Evaporation flux, linearized delta val-
ues of the remaining liquid and condensed vapor relative to
the starting liquid are listed in Table 4.
Evaporation fluxes have been calculated using the

approximation that the evaporating surface was a half
sphere of 1 mm radius. Overall, experiments conducted at
22 �C present evaporation fluxes within the range 2–
8 � 10�6 mol cm�2 s�1. Residual liquid fractions show a
range of isotopic fractionation (d202Hg0) from 0& at
fHg = 1 (starting liquid) to +7.23 ± 0.22& at fHg = 0.3.
According to Eq. (7), isotopic compositions of residual li-
quid fractions lnR are plotted versus �ln fHg in Fig. 2,
where R represents (1 + d202Hg0/1000). This diagram shows
a linear relationship, which points out that liquid–vapor
evaporation under a 10�5 bar vacuum, complies with Ray-
leigh fractionation behavior. A constant fractionation fac-
tor between phases was extracted from the slope (1 � 1/a)
using Isoplot� X-Y regression software. The uncertainties
of fHg and d202Hg0 were taken into account by the software.
The liquid–vapor fractionation factor under dynamic con-
ditions is aliq/vap = 1.0067 ± 0.0011 (2SD) for 202/198Hg.
Therefore, at 22 �C and under dynamic conditions, the va-
por is enriched in the lighter Hg isotopes by �6.7 ± 1.1&
for d202Hg0. This liquid–vapor fractionation factor is signif-

Fig. A2. The Hg isotopic composition (d202Hg0) of the saturated
vapor relative to the starting liquid as a function of temperature.
Error bars correspond to the 2SD reported on RM1 (Table 2).
Saturated vapor is enriched in light isotopes relative to the liquid
and d202Hg0 do not present a systematic variation with temperature
(within error) in the range 2–22�C. The equilibrium liquid–vapor
fractionation factor is 1.000 86 ± 0.000 22 (2SD).
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icantly different from equilibrium evaporation where vapor
was enriched only by 0.86& in the lighter isotopes. In addi-
tion, the value of 1.0067 is statistically not different from
the fitted value of 1.0076 ± 0.0017 (2SD) for the historical
data (see also Fig. A1).
Fig. 3 illustrates a common Rayleigh diagram where iso-

topic compositions (d202Hg0) of residual liquid and evapo-
rated fractions are plotted versus fHg. In this diagram,
isotopic compositions evolution of residual liquid and evap-
orated fractions are modeled using Eqs. (7) and (9), respec-
tively, with a = 1.0067. Two evaporated fractions at 22 �C
and f = 1 (see Table 5) show an average isotopic composi-
tion of �6.6 ± 0.7& (2SD) (d202Hg0). This value represents
the isotopic fractionation between the liquid and the vapor
and defines a fractionation factor of 1.0066 ± 0.0007 (2SD),
which is in good agreement with the value of
1.0067 ± 0.0011 (2SD), determined independently from
residual liquid fractions.
A theoretical overall fractionation factor under dynamic

conditions can be calculated, using Eq. (6) and the equilib-
rium fractionation factor of 1.00086 previously determined.
This yields a value of atheory = 1.0109, which is significantly
larger than the two experimental fractionation factors mea-
sured in this study (1.0067 ± 0.0011 and 1.0066 ± 0.0007)
and the historical experiments (1.0076 ± 0.0017, (2SD)).
Figs. 2 and 3 show this discrepancy with modeled isotopic
evolution calculated with atheory = 1.0109. Similar disagree-
ment between theoretical and experimental a has been ob-
served during evaporation of Mg (e.g. Davis et al., 1990;
Wang et al., 2001; Richter et al., 2002; Richter et al.,
2007) and Cd (Wombacher et al., 2008).
Fig. 3 illustrates also that the isotopic compositions of

vapor condensed fractions (fHg = 0.91 and fHg = 0.78)
poorly fit with the modeled Rayleigh curve (aliq/vap =
.0067 ± 0.0011), while vapor condensed fractions with
fHg < 0.78 are not significantly different from the Rayleigh
curve. These two fractions present a heavy isotope enrich-
ment relative to the expected isotopic compositions. More-
over, the complementary residual liquid fractions for
fHg = 0.91 and fHg = 0.78 do not show light isotope enrich-
ment. These results suggest that condensation of Hg vapor
in the cold trap may not have been quantitative and that the
vapor Hg isotopic composition was slightly affected during
its way to the cold trap.
The second set of dynamic experiments was done at the

22–100 �C temperature range with a 250 g liquid mercury
reservoir at fHg � 1, such that the isotopic composition of
the liquid mercury reservoir was not measurably modified
between each run. Evaporation flux and delta values are
listed in Table 5. Delta values for each temperature repli-
cate were homogeneous within analytical error. Here, evap-
oration fluxes have been calculated using the
approximation that the evaporating surface was a disk of
20 cm2. The evaporation of larger amount of liquid Hg at
22 �C resulted in a 10 times lower Hg flux (mean of
0.35 � 10�6 mol cm�2 s�1) than the small evaporating sur-
face experiments, also conducted at 22 �C (mean of
4.5 � 10�6 mol cm�2 s�1). The 100 �C experiment induced
evaporation fluxes of 2 � 10�6 mol cm�2 s�1 similar to the
small surface evaporation.

Fig. 2. The Hg isotopic composition of residual liquid fractions
evaporated at 22 �C (Table 3) plotted as lnR against �lnfHg, where
fHg represent the fraction of Hg remaining in the liquid and R
represents (1 + d202Hg0/1000). According to Eq. (7), a linear
relationship indicates that the evolution of isotopic fractionation
follows a Rayleigh distillation behavior with a constant fraction-
ation factor, represented by the slope (1 � 1/a) and calculated using
the X–Y Isoplot regression software. The obtained liquid–vapor
a202/198 of 1.0067 ± 0.0011 (2SD) (black line) is significantly
different from the global fractionation factor value (a202/198,
global = aEq (202/198)

0.5 = 1.0109) (black dashed line) expected in
an open system.

Fig. 3. A common Rayleigh isotope diagram where residual liquid
and condensed vapor fractions isotope compositions (d202Hg’) are
plotted as a function of the fraction of Hg remaining in the liquid
(fHg) (evaporated at 22�C). Two fHg = 1 condensed vapor fractions
display d202Hg0 = �6.6 ± 0.7& (2SD), which fit with modeled
evolution of isotopic compositions using Eq. (7) and liquid–vapor
a202/198 = 1.0067 (black line). This confirms the discrepancy with
expected a202/198, value (1.0109) (gray dashed line).

Hg isotope fractionation during evaporation 2701
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Vapor condensed fractions collected during this second
set of experiments were also enriched in the lighter Hg iso-
topes. At 22 �C d202Hg0 = �6.65 ± 0.28& (2SE; n = 5), and
as the temperature increased, the vapor became increasingly
less enriched in the lighter isotopes reaching a d202Hg0 of
�0.79 ± 0.22& (2SE; n = 2) at 100 �C. Linearized d202Hg0

are plotted versus 106/T2 in Fig. 4. Extrapolation of the lin-
ear relationship constrains the temperature where isotopic
fractionation tends towards zero at ca. 115 �C. Alterna-
tively, such a relationship with temperature could be related
to progressive condensation of vapor Hg on its way to the
cold trap, like suspected for some experiments conducted at
22 �C. Indeed, Brönsted and Mulliken experiments used a
cold surface only 3 cm above the evaporating liquid Hg in
order to prevent any loses on the way. Based on their den-
sity results, we calculated no significant change in alpha val-
ues from 40 to 80 �C. On the other hand, the fact that the
isotopic composition of vapor Hg from the majority of
our 22 �C experiments are reproducible and fits the evolu-
tion curve in a Rayleigh diagram (Fig. 3), along with the
very good fit of d202Hg0 with temperature, suggests that
there might be a variation of aliq–vap with the temperature
of Hg evaporation in our set of experiments.

3.3. Non-mass-dependent fractionation

Fig. 5 illustrates a Hg three-isotope diagram, on which
mass-dependent equilibrium fractionation lines between lin-
earized d202Hg0 (abscissa) and d199Hg0, d200Hg0, d201Hg0

(ordinates) have been traced and equilibrium evaporation
data plotted. No deviation from the equilibrium mass-
dependent fractionation line is reported for d200Hg0,
whereas d199Hg0 and d201Hg0 yield a small but significant
deviation from the mass fractionation line.

In order to quantify NMF, the resulting measurements
should be treated as if mass dependent. Quantification of
non-mass-dependent fractionation, e.g. DXHg0 (&) (see
Fig. 5) is defined as the difference between the measured
dXHg0 and the value of dXHg0 if fractionation was entirely
mass dependent (kinetic or equilibrium). Expression of
these capital delta values (Hulston and Thode, 1965; Young
and Galy, 2004; Blum and Bergquist, 2007) for isotopes
199, 200 and 201 are given below:

D199Hg0 ¼ d199Hg0measured � b199vs202Eq=Kin d202Hg0measured

D200Hg0 ¼ d200Hg0measured � b200vs202Eq=Kin d202Hg0measured

D201Hg0 ¼ d201Hg0measured � b201vs202Eq=Kin d202Hg0measured ð17Þ

The b values used (equilibrium or kinetic) are given in
Table 2. The analytical uncertainties on D199Hg0, D200Hg0

and D201Hg0 (0.03&, 0.06& and 0.04&, respectively,
2SD), were determined from long-term liquid Hg� reference
material analysis as described in Section 2.2. This supports
the fact that D199Hg0 and D201Hg0 measured here are signif-
icant (tenth of a permil) but much smaller than values re-
ported for some natural samples such as fish tissues (few
permil; Bergquist and Blum, 2007).
In order to verify that the observed deviations of odd

Hg isotope ratios from the equilibrium MDF lines are
not analytical artifacts, we investigated potential interfer-
ences. Neither 199Hg+ nor 201Hg+ have isobaric interfer-
ences from other stable isotopes, yet both have potential
molecular interferences from 159Tb40Ar+, 183W16O+,
181Ta18O+, 185Re14N+, 198Hg1H+, 198Pt1H+, and

Fig. 4. The Hg isotopic composition of evaporated fractions
(dynamic mode) between 22 and 100 �C are plotted against the
temperature of evaporation 106/T2 (K) (Table 4). The linear
relationship shows that the Hg isotopic fractionation during
dynamic evaporation is strongly dependent on temperature (black
line).

Fig. 5. A three-isotope diagram, where the isotopic composition of
saturated Hg vapor from equilibrium evaporation experiments is
represented as d202Hg0 in abscissa against d199Hg0, d200Hg0 and
d201Hg0 in ordinates. Equilibrium MDF lines are reported (gray
and black lines) for the three delta values. A significant deviation
from the MDF lines is observed for 199Hg and 201Hg and may
be quantified using DXHg0 (DXHg0 ¼ dXHg0measured � bXvs202

Eq=Kind
202

Hg0measured). Average D199Hg0 and D201Hg0 for 6 independent
equilibrium evaporation are, respectively, 0.12 ± 0.04& (2SD,
n = 6) and 0.07 ± 0.03& (2SD, n = 6).
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161Dy40Ar+, 185Re16O+, 187Os14N+ 200Hg1H+, respectively.
Signal intensities for Tb, Dy, W, Re, Os, Pt isotopes were
monitored during sample and bracketing standard analysis
and found to be insignificant (<0.0005 V). Since SnCl2
rather than NaBH4 is used for on-line Hg(II) reduction to
Hg(0), no volatile metal hydrides are produced during cold
vapor generation. Detailed 199Hg+ and 201Hg+ peak scans
were made in both low and high mass resolution modes of
the Neptune MC-ICP-MS in order to verify unexpected
molecular interferences, but no evidence was observed of
peak shoulders or deviations from flat peak tops. The reduc-
tion efficiency of the CV system was verified to be >99.5%
efficient by analyzing the gas–liquid separator waste line
for any remaining Hg(II). Finally 120Sn+ was monitored reg-
ularly during sessions to monitor CV membrane failure and
found to be <4 mV at all times, ruling out further exotic
interferences such as 119Sn40Ar40Ar+ as well as mass-depen-
dent matrix effects on instrumental mass bias. Based on
these tests, the absence of odd-isotope anomalies in the li-
quid Hg starting material, and the identical sample prepara-
tion and ensuing analysis matrix (Hg(II) in 5% HNO3), we
conclude that the observed odd-isotope anomalies in
Fig. 5 are real and are a component of the equilibrium iso-
tope effect. At this point a final, testable, criteria of quality
can be postulated: if evaporation of liquid Hg results in an
excess of the 199Hg and 201Hg isotopes in the vapor, then
automatically the residual liquid should develop a deficit
of the 199Hg and 201Hg isotopes.
Then, equilibrium evaporation experiments present

D199Hg0 from +0.10& to +0.14& and D201Hg0 from
+0.04& to +0.08& whereas D200Hg0 from �0.02 to
+0.03& for each evaporation sample (Table 2). Isotopic
fractionation measured as d199Hg0 and d201Hg0 indicates
an excess of the two odd isotopes in the vapor phase
(D199Hg0 and D201Hg0 > 0) compared to MDF, whereas
no isotopic anomalies were found for the 200Hg isotope.
The average D199Hg0 and D201Hg0 of saturated vapor rela-
tive to the liquid are 0.12 ± 0.03& (2SD, n = 6) and
0.07 ± 0.04&, (2SD, n = 6), respectively.
Dynamic evaporation experiments conducted at 22 �C

also presentNMF(seeTable 4).Again condensed vapor have
D199Hg0 and D201Hg0 >0&, (from 0.08& to 0.05& and from
0.06& to 0.03&, respectively), indicating an excess of the two
odd isotopes in the vaporphase compared tomass-dependent
equilibrium isotope fractionation. The residual liquid Hg
fractions have D199Hg0 and D201Hg0 < 0&, (from �0.12&
to�0.02& and from�0.09& to�0.01&, respectively), indi-
cating adeficit in theodd isotopes.Theaboveoutlinedquality
criteria is thereforemet with our dynamic experiments: coun-
ter anomalies are measured in the Hg vapor and its relative
residual liquid Hg. Fig. 6 illustrates the evolution of
D199Hg0 with decreasing fHg for residual liquid and evapo-
rated fractions.Residual liquid fractions display agradual in-
crease in the (negative) magnitude ofD199Hg0 with increasing
fHg, suggesting that themore evaporation takes place, the lar-
ger the anomaly is. Despite the significantly positive D199Hg0

anomalies of the vapor phase (Fig. 6), the D199Hg0 values do
not provide a pronounced trend with fHg. The set of
D199Hg0 values for the dynamic experimental data can be
modeled with Rayleigh isotope fractionation equations:

D199Hg0res:liq ¼ 1000 f
1
a�1ð Þ � 1

� �
; D199Hg0vap

¼ 1000
1� f

1
a

1� f
� 1

 !
ð18Þ

A fitted Rayleigh fractionation factor between liquid
and vapor of 0.999 900 ± 0.000 025 (2SD) for both
D199Hg0 and D201Hg0 was obtained using the same proce-
dure as described Section 3.2.
The variable temperature experiments present limited

NMF (see Table 4) in the ranges of D199Hg0 of +0.02&
to +0.07&, but do not show a temperature dependency
as observed for d202Hg0 (Fig. 4). The 204Hg isotope was
monitored using a dynamic collection scheme (see Section
2.2) for sample T100 (Table 2 and Fig. 7). Calculation of
D204Hg0 did not reveal isotopic anomalies.

4. DISCUSSION

In the following, evaporation and isotope fractionation
processes are discussed to explain isotopic fractionation re-
ported during equilibrium and dynamic evaporation exper-
iments of liquid mercury. In the first part, we will discuss
the extent of MDF using the d202Hg0 and in the second part
the NMF using the odd 199Hg and 201Hg isotopes.

4.1. Liquid–vapor isotope fractionation factors

Under equilibrium conditions, evaporation and conden-
sation fluxes are equal and no physical kinetic isotopic frac-
tionation should occur between liquid and vapor (Dauphas
and Rouxel, 2006). Indeed, equilibrium may be reached in a

Fig. 6. A Rayleigh diagram reporting the evolution of D199Hg0

with the residual liquid fraction fHg for the dynamic evaporation
experiments done at 22 �C. Residual liquid fractions display
increasing anomalies with the ongoing evaporation. A Rayleigh
fractionation behavior is modeled according to Eq. (7) with a
liquid–vapor fractionation factor of 0.999 900 ± 0.000 025 (2SD)
(gray dashed line). This value also fit the measured 201Hg isotope
anomalies.
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closed liquid–vapor system after continual exchange be-
tween the two Hg phases so that the evaporation–condensa-
tion reaction rapidly goes back and forth and total Hg
Jevap. = Jcond. (net evaporation = 0). The coherence of our

results from many independent experiments suggests that
chemical equilibrium was achieved (Pi = Psat), but that an
isotopic fractionation (aEqliq–vap = 1.000 86 ± 0.000 22 on
202/198Hg) between the liquid and vapor was measured.
Although Richter (2004) proposed that such a situation
may result from a slight difference in the saturated vapor
pressure from one isotope to another, a major question in
the understanding of isotopic fractionation during evapora-
tion–condensation processes is how does a system reach
equilibrium from its initial conditions? When the vapor
pressure is building up above liquid Hg, the first Hg frac-
tions to evaporate must be affected by nearly pure kinetic
fractionation (d202Hg of the vapor ��10.1& relative to
the liquid). Approaching the saturated vapor pressure, con-
densation of vapor Hg0 starts to progressively attain the sit-
uation where Jevap. = Jcond. at equilibrium. In order to
bring back the isotopic composition of the vapor from
�10& towards �0.86& (as measured here at equilibrium),
(J1/J2)evap. must be different from (J1/J2)cond. (see Eq. (5))
until total fluxes Jevap. = Jcond.. At this point, (J1/J2)evap. =
(J1/J2)cond. otherwise the isotopic composition of the vapor
will continuously evolve and never reach an ‘‘equilibrium”

value.
In an open system like the one represented by the dy-

namic evaporation under vacuum, one can imagine that
the evaporation–condensation reaction operates within a
thin layer at the liquid–vapor interface and that Hg� vapor
can escape and condense further away, sampling the isoto-
pic composition of vapor within the interface layer as pro-
posed to explain Cd isotope fractionation during
evaporation (Wombacher et al., 2004). The apparent over-
all isotopic fractionation during evaporation will then de-
pend on the evaporation–condensation fluxes for all
isotopes between the liquid and the vapor within the inter-
face layer (Jevap. and Jcond.), and the flux of vapor Hg escap-
ing from the layer (Jescape), the latter will regulate the Jevap.
and Jcond. equilibrium (Fig. 8). A pure kinetic fractionation

Fig. 7. Isotopic anomalies D199Hg0 versus D201Hg0 diagram into
which data obtained for equilibrium and dynamic evaporation
experiments were reported. Nuclear volume fractionation line (gray
dashed line) using a slope of 2.47 (see text) is reported. Coordinates
point (0;0) represents in this diagram MDF process. The compo-
sitions of residual liquid fractions from dynamic evaporation define
a straight line with a slope D199Hg0/D201Hg0 = 1.2 ± 0.4 (2SD, X-Y
isoplot regression) (Black line) (one outsider data point was
rejected from calculations, see Table 4). Condensed vapor fractions
are scattered between nuclear volume fractionation line and the
residual liquid fractions NMF line. One vapor data point (circled)
falling on the nuclear volume line was measured for its d204Hg
value and did not revealed 204Hg isotopic anomaly relative to MDF
(D204Hg0 = 0&).

Fig. 8. Scheme of the conceptual model relating evaporation (Jevap.) condensation (Jcond.) and escape (Jescape) fluxes to liquid–vapor isotopic
fractionation at the liquid–vapor interface layer. Conditions changing fluxes relationship will control the apparent liquid–vapor fractionation
factor. Evaporation will proceed with Jevap. only so that the first vapor produced will be strictly affected by kinetic fractionation (a). The
system will move towards equilibrium for which evaporation and back condensation fluxes will be equal because no Hg escapes from the
system (b). Our dynamic evaporation experiments are represented by an intermediate situation (c) where the apparent liquid–vapor
fractionation factor will depend on an equilibrium between Jevap., Jcond. and Jescape.

Hg isotope fractionation during evaporation 2705
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would then be recorded when (Jescape) >> (Jevap. and Jcond.),
a free evaporation situation, whereas equilibrium condi-
tions will be reached when (Jescape) << (Jevap. and Jcond.),
in other words when (Jescape) = 0, a closed system. In this
conceptual system, the (Jescape)/(Jevap. + Jcond.) ratio will
determine the apparent isotopic fractionation during evap-
oration. Indeed, the liquid–vapor isotopic fractionation fac-
tor under dynamic evaporation measured in this study, as
well as in historical studies, is smaller than the theoretically
expected value for pure kinetic. This situation is also abun-
dantly reported in the literature (e.g. Davis et al., 1990;
Wang et al., 2001; Richter et al., 2002, 2007; Dauphas
et al. 2004). For example, Wombacher et al. (2004) under-
took a moderate temperature (180 �C) evaporation of mol-
ten Cd under vacuum for which liquid–vapor fractionation
factor was 40–50% smaller than the theoretical expected va-
lue (Wombacher et al., 2008) similar to what was reported
by Richter et al. (2002) for high temperature Mg evapora-
tion. We report here, a fractionation factor 40–50% smaller
than the expected value calculated from Eq. (7):
atotal202=198 ¼ aEq202=198

ffiffiffiffiffiffiffi
m202
m198

q
¼ 1:00086�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
201:970632
197:96676

q
¼ 1:0109.

In our various kinetic experiments at 22 �C, the net
evaporation flux J is highly variable according to the
amount of starting liquid Hg. Small droplets evaporated
at a flux varying between 1.4 � 10�6 and
8.3 � 10�6 mol cm�2 s�1 (Table 4), whereas lower fluxes
of 0.2–0.5 � 10�6 mol cm�2 s�1 were recorded for larger
amounts of liquids having 20 and 3 cm2 of surface to evap-
orate, respectively (Table 5). Finding a similar liquid–vapor
fractionation factor of 1.0067 for all the experiments at
22 �C, we suggest that both (Jescape)/(Jevap.) and J1/J2 at
evaporation and condensation at the liquid–vapor interface
are equal and constant at 22 �C, independently of the abso-
lute fluxes values. This also indicates that the liquid mer-
cury reservoir was well mixed during the evaporation
process (Wang et al., 2001). This instantaneous homogeni-
zation prevented evaporation from diffusion-controlled
process (Ozawa and Nagahara, 2001), which would lead
to an isotopic stratification of the liquid surface (Womb-
acher et al., 2004).
Experiments conducted at higher temperature show that

the isotopic fractionation of Hg during evaporation is smal-
ler and that there is a strong relationship with the temper-
ature (Fig. 4). The saturated vapor pressure is a power
function of temperature such that the partial pressure
above the liquid should also have increased with tempera-
ture. However, Hg vapor probably never reached the satu-
rated pressure in the whole assembly because of the cold
trap. Furthermore, the net evaporation flux increased with
temperature (Table 5), an inverse situation from the one
predicted by Eq. (2) in a system reaching equilibrium. This
suggests that conditions changed within the interface layer,
such as the (Jescape)/(Jevap.) ratio. Raising the temperature
of the system certainly affects the kinetics of phase transfor-
mations so that equilibrium is more rapidly reached in the
liquid–vapor interface layer. Because Hg extracted from the
layer by Jescape reflects the isotopic composition of the va-
por within the layer, this would explain why the apparent
liquid–vapor isotopic fractionation changes with
temperature.

4.2. Evaporation processes and non-mass-dependent

fractionations

We report here that vapor above the liquid Hg sampled
at chemical equilibrium between 0 and 22 �C (equivalent to
saturated vapor) is isotopically fractionated relative to li-
quid. In this work, is reported a significant fractionation
(aEq = 1.000 86 ± 0.000 05) between Hg� vapor in equilib-
rium with infinite liquid Hg reservoir. Isotopic fraction-
ation is not mass dependent, at least for the odd 199 and
201 Hg isotopes.
In order to potentially discriminate nuclear volume frac-

tionation from magnetic isotope effect as a cause of NMF,
the ratio of anomalies D199Hg0/D201Hg0 are of interest. In-
deed, in a plot D199Hg0 versus D201Hg0, where D199Hg0 = 0
and D201Hg0 = 0 coordinates represent MDF, we can define
a nuclear volume fractionation line according to fraction-
ation laws and b values described in Section 2.4 and listed
in Table 2, leading to a slope of 2.47 based on the Hahn
et al. (1979) hr2i values (Fig. 7). Given the sensitivity of this
slope to hr2i values, caution should be taken in attributing
an exact slope value. Recent work by Bergquist and Blum
(2007) on inorganic Hg(II) and methyl-Hg photoreduction
revealed a different evolution of 199 and 201 Hg isotope
anomalies. In a D199Hg0 versus D201Hg0 diagram Hg(II)
and MeHg photoreduction define slopes of 1.00 and 1.36
(±0.02, 2SE), respectively. Based on the photochemical nat-
ure of their experiments, likely involving Hg radical inter-
mediates, Bergquist and Blum (2007) suggested the MIE
to be the responsible non-mass-dependent isotope fraction-
ation mechanism. Ghosh et al. (2008) recently suggested
that the MIE induces a D199Hg0/D201Hg0 slope of 0.90 de-
fined by the ratio of the respective 199Hg and 201Hg nuclear
magnetic moments of +0.5029 and �0.5602 lB. However,
no theoretical framework exists for prediction of MIE that
would justify such an educated guess.
The average D199Hg0 and D201Hg0 for equilibrium evap-

oration experiments plotted in Fig. 7 is similar to the nucle-
ar volume fractionation line within the analytical
uncertainty (D199Hg0/D201Hg0 = 2.0 ± 0.6; 2SE, n = 6).
Since the magnetic isotope effect is a kinetic phenomena
(Buchachenko, 2001; Bergquist and Blum, 2007), we sug-
gest therefore that Hg isotope fractionation between liquid
Hg and vapor Hg under equilibrium conditions is caused by
nuclear volume fractionation in addition to mass
fractionation.
Theoretical work by Bigeleisen (1996) and Schauble

(2007) indicates that nuclear volume fractionation can oc-
cur if and only if the electronic configuration between reac-
tants and products is modified. In our case, equilibrium
evaporation involves a priori no distinction between the
electronic configuration of liquid metallic mercury (Hg0:
[Xe]4f145d106s2) and monoatomic elemental mercury vapor
(Hg0: [Xe]4f145d106s2). However, in metallic bonding va-
lence electrons in the 6s orbital are shared and one can
straightforwardly rationalize that the odd 199Hg and
201Hg isotopes with their small nuclear volume, and high
nuclear charge density tend to share their valence electrons
less than the 198Hg, 200Hg and 202Hg isotopes. Conse-
quently, 199Hg and 201Hg have weaker metallic bonds and
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thus a higher vapor pressure, which will tend to enrich them
in the vapor, in accordance with our observations.
Dynamic evaporations conducted at 22 �C also showed

NMF. D199Hg0 and D201Hg0 follow Rayleigh behavior
(Fig. 6) with a common fractionation factor of 0.999
900 ± 0.000 025 (2SD). As the evaporation takes place,
the residual liquid fractions are depleted in 199Hg and
201Hg isotopes relative to MDF and the D199Hg0/D201Hg0

ratios (Fig. 7) are close to unity (1.2 ± 0.4 (2SD)), signifi-
cantly different from the slope of 2.47 involved in nuclear
volume fractionation but in the range of the estimated rela-
tionship for magnetic isotope effects. However, according
to the theory, the absence of known Hg radical intermedi-
ates in liquid Hg evaporation would preclude any magnetic
isotope effect. Our experimental results suggest that either
magnetic isotope effects may take place without radical
chemistry or that another unknown process may lead to
NMF of odd Hg isotopes resulting in a D199Hg0/D201Hg0

relationship of ca. 1.
Isotopic anomalies measured in vapor condensed frac-

tions collected at 22 �C from the small liquid Hg droplet
and vapor condensed fractions collected between 22 and
100 �C from the large liquid mercury reservoir are also plot-
ted in Fig. 7 and show a scattering between the nuclear vol-
ume fractionation line and the residual liquid fractions
NMF line. These anomalies are very small and, according
to their relatively large uncertainties, do not discriminate
potential NMF processes. In any case, the fact that negative
anomalies in the residual liquid fractions are balanced by
positive anomalies in the condensed vapor strongly sup-
ports that NMF occurred during liquid Hg dynamic
evaporation.

5. CONCLUSION

Liquid mercury evaporation experiments, under equilib-
rium and dynamic conditions, led to significant isotopic
fractionation governed by mass-dependent and non-mass-
dependent fractionation processes.
Mercury vapor sampled at chemical equilibrium with

Hg liquid at various temperatures from 0 to 22 �C were
fractionated from the starting liquid for six independent
experiments (vapor d202Hg0 = 0.86 ± 0.22&). This corre-
spond to a constant liquid–vapor fractionation factor
(a202/198) between liquid and vapor of 1.000 86 ± 0.000 22
(2SD, n = 6) for this temperature range.

The 22 �C dynamic evaporations experiments dis-
played a Rayleigh distillation behavior with liquid–vapor
a202/198 = 1.0067 ± 0.0011 (2SD) calculated from both
residual and condensed vapor fractions. Our results con-
firm historical data set (1920s) from Brönsted, Mulliken
and coworkers on mercury isotopes separation using
evaporation experiments, for which recalculated d202Hg0

showed a liquid–vapor a202/198 of 1.0076 ± 0.0017 (2SD).
Our experimental liquid–vapor a202/198 is 40% lower than
the total expected a202/198 value (aEqaKin = 1.0109) in
open system, a situation widely reported in the literature.
A conceptual evaporation model including back conden-
sation within a thin layer at the liquid–vapor interface
was used to explain this discrepancy. In such model,
the isotopic fractionation measured for the condensed va-
por represents the isotopic composition of the vapor
within the layer. The d202Hg0 of condensed vapor frac-
tions in the 22–100 �C range experiments showed a nega-
tive linear relationship with 106/T2, explained by
increasing the kinetic of equilibrium reactions within the
layer with the increase in temperature.
Evaporation experiments also resulted in non-mass-

dependent fractionation of odd 199Hg and 201Hg isotopes,
expressed as D199Hg0 and D201Hg0, the deviation in& from
the mass fractionation relationship with even isotopes. Li-
quid–vapor equilibrium yielded D199Hg0/D201Hg0 relation-
ship of 2.0 ± 0.6 (2SE, n = 6), similar to the ratio
predicted for nuclear field shift effects (D199Hg/
D201Hg � 2.47). Dynamic evaporation experiments led to
negative anomalies in the residual liquid fraction that are
balanced by positive anomalies in condensed vapor. The
D199Hg0/D201Hg0 measured in the residual liquid for the
22 �C dynamic evaporation experiments is similar to unity
(1.2 ± 0.4, 2SD), which suggest that magnetic isotope effect
may have occurred without radical chemistry or an un-
known NMF process on odd isotopes operated during li-
quid mercury evaporation.
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rö
n
st
ed
’2
1
T
ab
le
1

15
R
1

B
rö
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rö
n
st
ed
’2
1

E
va
p
o
ra
ti
o
n

0
15
0

0.
05

0.
95

2
2
.0

1
2
8

1
.0
0
0
0
7
9
23
.2
4

�
1.
16

27
R
1
3

B
rö
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Abstract18

Hg(II) reduction isotope fractionation was investigated by using the abiotic FeII-FeIII19

hydroxysalt green rust 2 (GR2), under anoxic conditions. Hg(II) was introduced to various20

green rust concentrations and fast reduction rates were observed for all experiments. The21

decreasing of remaining Hg(II) with time did not present regular rate of reduction.22

Transmission electronic microscopy measurements performed on GR2 after the reaction23

revealed mineral transformation (goethite and magnetite) and Hg0 trapped onto the solid24

phase. These findings identified sub-sequent reactions in the reactor and suggest that Hg0 is25

not easily evacuated from the system when solid suspension is present, even when bubbling.26

Isotope compositions of most Hg(II) fractions in the solution along the experiments presented27

enrichments in heavy isotopes compared to the starting material as the reaction proceeded,28

suggesting mass-dependent isotope fractionation. Some experiments reduced most of the29

initial Hg(II), which sometimes yielded an isotopic composition enriched in the lighter30

isotopes. This was attributed to a contribution of the Hg0 produced and remaining in the31

suspension. Combined observations suggested that the 202/198
Hg(II)/Hg° has a minimum value of32

1.0011. Abiotic reduction by green rusts display 202/198
Hg(II)/Hg° in the range of others mercury33

reduction processes (1.0005-1.002) documented.34
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Introduction35

The global biogeochemical mercury (Hg) cycle is currently not well constrains because of36

many uncertainties regarding sources and sinks as well as secondary emission processes37

(Lindberg et al., 2007; Selin, 2009; Gustin and Jaffe, 2010). Mercury is one of those isotope38

systems that shows mass dependent (MDF) and mass independent fractionation (MIF). Some39

source-reservoirs and key reactions controlling the Hg biogeochemical cycle throughout its40

transport into the environment were specifically studied for documenting isotopic41

compositions and fractionations. This allowed to built a framework for Hg isotope42

geochemistry and thus discriminate sources, trace and apportion their contributions in various43

environmental reservoirs (e.g. Bergquist and Blum, 2007; Foucher and Hintelmann, 2009,44

Carignan et al., 2009; Estrade et al., 2010a; Feng et al. 2010; Senn et al., 2010; Sherman et al.,45

2010).46

A lot of work still remains, specifically on the fractionation factors that govern isotope47

fractionation during chemical reactions affecting Hg speciation and reactivity.  At the present48

state of the art, about fifteen laboratory experimental studies have been conducted on relevant49

reactions and have shown mercury isotopes fractionation in the environment. Because of its50

key role in the biogeochemical cycle, the Hg(II) reduction reaction in Hg0 has mostly been51

studied. Hg(II) reduction occurs in a wide range of environmental reservoirs such as soils,52

water or sediments. The reaction occurs in light or dark environments, under oxic or anoxic53

conditions and can be promoted by biotic or abiotic agents (Gabriel and Williamson, 2004;54

Fitzgerald et al., 2007). Photoreduction of Hg(II) in water in the presence of dissolved organic55

matter (Bergquist and Blum, 2007; Zheng and Hintelmann, 2009) involves relatively small56

magnitude of mass dependent fractionation factors between the Hg(II) in solution and the Hg057

produced (1.0006  202/198
Hg(II)/Hg°  1.0012). In dark conditions, the fractionation factor has58

been found to increase significantly (1.0013  202/198
Hg(II)/Hg°  1.0020). Furthermore,59
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photoreduction of Hg(II) was characterized by MIF in both works and displayed a large range60

of fractionation factors on the odd isotopes depending on the conditions (1.001  199Hg
Hg(II)/Hg°61

 1.006). Reduction of Hg(II) in water was also conducted by using chemical reagents. Yang62

and Sturgeon (2008) reported a 202/198
Hg(II)/Hg° of 1.0005 for SnCl2 and NaBH4 reduction, with63

no significant MIF. Zheng and Hintelmann, (2010) found a 202/198
Hg(II)/Hg° of ~ 1.0016 for64

SnCl2 reduction, here with significant MIF. Hg(II) reduction by four different bacterial strains65

promotes mass dependent processes with a limited range of fractionation factor (1.0010 66

202/198
Hg(II)/Hg°  1.0021, Kritee et al., 2007, 2008). Since many reducing agents and conditions67

lead to Hg(II) reduction in the environment, experimental works remain necessary to68

document fractionation factors related to other specific reactions.69

This work reports the mercury isotope fractionation during Hg(II) abiotic reduction by a70

mixed FeII-FeIII hydroxysalt green rust (GR). The GR is constituted of FeII-FeIII hydroxide71

sheets separated by interlayer of anions and water molecules balancing the cation layer72

charge. GR is unstable under oxic conditions and thus found in transitional oxic and anoxic73

environments like hydromorphic soils (Trolard et al., 1997 ; Génin et al., 1998), ground water74

(Christiansen et al., 2009) or corroded iron based materials in marine environments or75

drinking water pipes (Refait et al., 2006). The name "fougerite" (IMA 2003-057) was76

attributed to this mineral (Trolard, 2006). The GR is considered as major actor in77

biogeochemical cycle (Herbillon, 2006; Borch et al., 2010), particularly for research on78

polluted soil and water remediation processes because of its high reactivity towards oxidized79

organic (nitroaromatics, chloride derived,…) or metallic compounds (HgII, SeVI, CrVI,…)80

(Myneni et al., 1997; Erbs et al., 1999; Loyaux-Lawniczak et al., 2000; Refait et al., 2000;81

O’Loughlin et al., 2003; Elsner et al., 2004).82
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Materials and Methods83

Hydroxysulfate Green Rust Synthesis and Characterisation. The hydroxysulfate green84

rust 2 (FeII
4FeIII

2(OH)12SO4•8H2O) (GR2) was synthesized by coprecipitation according to85

Gehin et al. (2002). Briefly, a mixture of ferrous sulphate heptahydrate FeSO4•7H2O and86

dehydrated ferric sulphate Fe2(SO4)3 were dissolved in 100 mL of purified water87

(MilliQ+/MilliRO, Millipore, Billerica, MA) in a 200 mL flask with a [FeII]/[FeIII] ratio of 388

and [FeII]+[FeIII] = 0.2 M and 100 mL of NaOH 0.3 M were then added to the solution under89

magnetic stirring. After few seconds, the flask was sheltered from the air to avoid any90

oxidation. The GR2 was recovered by centrifugation (10 min 5,000  g) and subsequently91

washed three times with filtered-sterilized and oxygen-free purified water (the water was92

previously boiled and cooled by bubbling with high purity N2 through butyl rubber stopper).93

For the last wash, the GR2 was resuspended in a saline solution (3 mmol L-1 FeSO4•7H2O) to94

get 31.2 g.L-1 (i.e. 4 10-2 mol.L-1) in final concentration for S1 – S5 experiments or in water95

for S0 and S6 experiments. The pH of the suspension was 6.9 ± 0.1. Aliquot of this96

suspension was dispatched in several flasks in order to get GR2 concentrations in the range97

0.01 mmol.L-1 to 3.27 mmol L-1 (Table 1). To prevent any dissolution of GR2 in water,98

dilutions were done in a solution of FeSO4•7H2O at 3 mmol.L-1 for experiments S2, S3, S499

and S5 and 0.8 mmol.L-1 for experiments B1 - B4. A solution of 3 mmol.L-1 FeSO4•7H2O was100

done and used as a GR2-free control (experiments S0, Table 1). The concentration of GR2101

(FeII
4FeIII

2(OH)12SO4•8H2O) was estimated from the measurement of FeII and Fetot (FeII and102

FeIII from the solid and aqueous phase) and by subtracting the contribution of FeSO4 to FeII103

measurements.104

The FeII and Fetot were measured according to Fadrus and Maly (1975) and by standard105

methods (APHA et al., 2004). Fetot was extracted by 6 mol.L-1 HCl (final concentration).106

Aqueous FeII was measured on the filtered sample (0.2 μm porosity, Millex-GP SLGP,107
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Milipore, Billerica, MA) before acid extraction and under anaerobic atmosphere (Anoxic108

chamber, COY Laboratory Product. Inc., Grass Lake, MI).109

The solids were characterized by X-ray diffraction (XRD) and transmission electronic110

microscopy (TEM). Briefly, the suspension was filtered under N2 atmosphere, then the wet111

paste was spread out on a glass plate and coated with glycerol to prevent oxidation. The XRD112

data were collected with a D8 Bruker diffractometer, equipped with a monochromator and113

position-sensitive detector. The X-ray source was a Co anode (  = 0.17902 nm). The114

diffractograms were recorded in the 3-64 2  range, with a 0.0359° step size and a collecting115

time of 3 sec per point (Fig. 1a). For TEM observation, one drop of the suspension was laid116

on an amorphous carbon-coated grid and the sample was loaded into the microscope (Philips117

CM20/STEM).118

The GR2 observed by TEM displayed crystal length from 0,2 μm up to 4 μm and exhibits a119

typical hexagonal geometry (Fig. 1b). The composition of these crystals (70%, 5% and 25%120

of O, S and Fe respectively) is characteristic of sulfated GR2 (Fig. 1c), electron diffraction121

(not shown) and XRD indicate dhkl parameters specific of the GR2 (Fig. 1a).122

Mercury Reduction by Green Rust: Experimental Setup. At initial time, Hg was123

introduced into the 100 mL glass reactor as Hg(II) using the standard reference material NIST124

3133 at 9.95 ± 0.02 mg.g-1 in 10% HNO3 (v/v). A 0.1 mL aliquot of the Hg solution was125

added to the 50 mL of GR2 solution to reach ~ 19.9 ng.mL-1 Hg into the reactor as initial126

concentration for each set of experiment. Mercury was added to various GR2 concentrations127

ranging from 0.01 to 3.27 mmol.L-1 to spread the mercury-reduced fraction percentage (see128

Table 1 and discussion below). In order to monitor the evolution of the reaction and related129

isotopic variations, Hg(II) fractions were collected along with the time of the reaction (from130

120 to 1800 seconds for experiments S0 to S6 or 120 to 3600 seconds for experiments B1 to131

B4). One mL of solution was withdrawn with a 1 mL disposable syringe, then filtered through132
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a 0.45 μm size pore filter and injected directly into 1 mL concentrated HNO3 (69%, w/v,133

PROLABO®) in order to oxidize GR2 and thus stop the Hg(II) reduction reaction. Syringe134

and filter were further rinsed twice with 1mL purified water (18 M ). Six mL of purified135

water were finally added to the sub-sample to reach 10 % (v/v) HNO3 concentration prior to136

Hg concentrations and isotopic analyses.137

The reduction reaction of Hg(II) with GR2 leads to the formation of gaseous Hg0 in the138

liquid. In order to outgas Hg0, two methods were used. The first one (experiments S0 to S6)139

consisted in a mechanical agitation of the solution using a shaking apparatus. During all the140

reaction the reactor was continuously shaken and Hg0 was removed from the liquid but not141

evacuated from the reactor. The second method (experiments B1 to B4) is based on a Hg free142

gas bubbling into the reactor to removed dissolved gases from water. Argon gas was143

introduced into the reactor via a syringe needle dipped into the solution. Ar bubble size was144

controlled and adjusted using a flow meter, and a second syringe needle was introduced145

through the septum to evacuate Ar (and Hg) gas avoiding any contact with ambient air.146

Mercury Concentrations and Isotopic Analyses. Mercury concentrations in the GR2147

solution aliquots were determined using cold vapour atomic absorption spectrometry (CV-148

AAS) at CRPG. Blank procedures were performed on GR2 aliquot (without Hg(II) added)149

using the same sampling procedure as describe above, including bubbling argon in purified150

water during 1 hour before sampling procedure. None of these two blank procedures revealed151

any Hg contamination (below the detection limit: 0.5 ng.ml-1). Isotopic compositions of the152

Hg(II) fractions were measured using stannous chloride cold vapour generation coupled to a153

Neptune MC-ICP-MS (Thermo Scientific) at the Laboratoire des Mécanismes et Transfert en154

Géologie (LMTG, Toulouse, France) as described in Estrade et al., (2010b). Hg(II) was155

introduced in solution using the sample-standard bracketing technique and the isotopic156
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composition was reported as 
    

202
Hg( 0

00) = (

202 /198Hgsample

202 /198HgNIST3133

1) 1000 (Blum and Bergquist,157

2007).158

Samples and reference material were adjusted at 5 ng mL-1 into a 10% (v/v) HNO3 matrix159

solution. At the time of the study (2006-2007), the reference material UM-Almaden was not160

available and the reference material CRPG-RL24H presented in Estrade et al. (2010b) was161

used. The external reproducibility of the method was ± 0.24 ‰ (2SD, n= 14) on the 202Hg. In162

order to asses any effect due to the iron rich matrix during cold vapour generation or into the163

plasma, 1 mL of a concentrated GR2 sample (3.16 mmol.L-1) was filtered and oxidized as164

described above and spiked with the NIST 3133 to reach 50 ng.mL-1 into 10 mL. This solution165

was then analysed against the NIST 3133 in 10% HNO3 (v/v) matrix. Results do not show any166

deviation of the isotopic composition and are presented in Estrade et al. (2010b).167

168
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Results and discussion169

Reduction of Hg(II) to Hg0 by Green Rust. The reduction of Hg(II) by GR2 was170

investigated by reacting 100 nmol.L-1 of Hg(II) with 0.01 mmol.L-1 to 1.3 mmol.L-1 of GR2 in171

a continuously shaking mode (exp S0 to S6) and then with 0.88 mmol.L-1 to 3.27 mmol.L-1172

GR2 in a continuously bubbling mode (exp B1 to B4). Data on degassing methods, pH, Fe173

and GR2 concentrations are summarized in Table 1 and Hg(II) concentrations are reported in174

Table SI-S1.175

Hg(II) was first injected into a solution of FeSO4•7H2O at 3 mmol.L-1 (exp S0, no GR2).176

After 120 seconds, ~ 90% (fHg=0.89) of the initial mercury remained in solution and no further177

evolution of the Hg(II) with the time was observed (Figure SI-S1a). Then, Hg(II) was injected178

into a 0.01 mmol.L-1 GR2 solution in water containing only 0.04 mmol.L-1 Fe(II) (exp S1:179

FeSO4 was not added in the aqueous phase). After 120 seconds, the fraction of Hg(II)180

remaining in solution was ~ 80% (fHg=0.79) (Figure SI-S1a). With increasing the quantity of181

GR2 in suspension to 0.05 and 0.06 mmol.L-1 (exp S2 and S3) containing 3 mmol.L-1 FeSO4182

in solution, the Hg(II) fraction remaining was also 80% (fHg=0.79 and 0.80 respectively) after183

120 seconds (Figure SI-S1b). At 0.5 mmol.L-1 GR2, the Hg(II) fraction remaining after 120184

seconds decreased down to 40% (fHg=0.38 and 0.41) for exp S4 and S5 respectively (Figure185

SI-S1c). For a 1.3 mmol.L-1 GR2 (exp S6) solution, the Hg(II) fraction remaining after 120186

seconds reached 0.3% (fHg=0.003) (Figure SI-S1e).187

These results showed that GR2 is the reducing agent of Hg(II) and suggested that the188

reduction by GR2 proceeded almost instantaneously after the introduction of Hg(II). The fast189

rate of reduction observed in these experiments has previously been documented by190

O'Loughlin et al. (2003). These authors reported a reduction of 98.7% of the initial Hg(II)191

after injection of Hg(II) at 400 μmol.L-1 to 6.4 mmol.L-1 of GR2, after 30 min. Here, we report192

the reduction of up to 100% of Hg(II) by similar range of GR2 concentrations within 2 min.193
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The following aliquots through time of the experiment, showed a much lower decrease of194

remaining Hg(II)  than the one observed for the first 120 seconds (exp S2 - S5). The evolution195

of Hg(II) with time does not suggest a classical kinetic of reduction (Figure SI-S1b,c).196

Experiments S2 to S5 present a decreasing trend of Hg(II) concentrations with time which do197

not fit an exponential decay as observed for other Hg(II) reduction by abiotic materials (e.g.198

Wiatrowski et al., 2009). Furthermore, erratic increases in Hg(II) concentration are not199

compatible with a smooth and regular Hg(II) reduction by GR2. Considering the Fe(II)200

concentrations in solution after reduction (exp S2 to S6), and according to reaction [1], GR2201

was partially oxidized (1 mmol.L-1 of Fe(II) oxidized, see Table 1) by HNO3 introduced at202

2mmol.L-1 at initial time along with Hg(II).203

FeII
4FeIII

2OH12SO4(s) + 1/4NO3
- + 3/2 OH- = SO4

2- + 1/4NH4
+ + 2Fe3O4(s) + 6H2O [1]204

The pseudo-first order rate constant (kobs) derived from nitrate reduction by GR2 was  0.2205

10-5 s-1 from Hansen et al. (1996) under a pH of 8.1. The pH of the solution, in the present206

study, decreases from 6.9 to ~ 3. It is thus expected that just after mercury injection, GR2207

reduces Hg(II) in solution and undergoes oxidation by HNO3 due to the acidic pH conditions208

and according to equation [1]. Oxidation of GR2 will certainly result in the formation of new209

solid phases. TEM measurements were performed on the concentrated GR2 sample S1 (1.3210

mmol.L-1) in which ~ 80% of the initial Hg(II) was reduced in less than 120 seconds. No GR2211

was observed at the end of the experiment, but at least three crystalline phases were observed212

(Fig. SI-S2). The electron diffraction pattern yielded the same dhkl as magnetite (Fe3O4)213

platelet (Fig. SI-S2a), goethite ( -FeOOH) needle shape phase (Fig. SI-S2b), and hematite214

( -Fe2O3) granular phase (Fig. SI-S2c). All those iron oxi-hydroxides are possible oxidation215

products of GR2 (Hansen et al., 1996; Hansen, 2001). Amongst GR2 oxidation by-products216

observed, magnetite is a mixed-valence iron oxide that contains both Fe(II) and Fe(III) and217

that has recently been documented to reduced Hg(II) in Hg0 (Wiatrowski et al., 2009). TEM218
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images also revealed the presence of elemental Hg droplets associated with the granular phase219

(Figure 2a). The environment of these droplets is rich in Hg, O, Fe and sulfur (Figure 2b)220

suggesting that this phase corresponds to Hg0 liquid droplets. After few minutes of electron221

radiations, the droplet collapsed and disappeared. This strongly supports the hypothesis that222

liquid Hg0 droplets were trapped by the granular phase of GR2. These observations suggest a223

non-total efficiency of the shaking method to remove Hg0 from the solution, which may be224

trapped onto the granular phase. Subsequently, these Hg0 droplets can be withdrawn from the225

solution during the sub-sampling of the Hg(II) and get oxidized by dilution in concentrated226

nitric acid (see materials and methods). The sub-sampling of Hg0 droplets may readily explain227

the erratic Hg concentrations with time observed for many experiments.228

In order to better removed Hg0 produced by the reduction and trapped onto the solid phase,229

a second set of experiments was conducted using argon bubbling method to outgas Hg0 from230

the solution (exp B1 to B4). The evolution of Hg(II) concentrations remaining in solution231

with time for exp B1 and B2 (0.88 and 1.08 mmol.L-1 GR2) are presented in Figure SI-S2d.232

120 seconds after injection, a strong decrease in concentrations (fHg= 0.50 and 0.59233

respectively for exp B1 and B2) is observed as reported in the case of shaking experiments.234

For the next 1200 seconds, a slower decrease in concentration than the one observed for the235

first 120 seconds (fHg fall down to 0.35 and 0.43 respectively for exp B1 and B2) occurred, as236

reported for the shaking experiments. Experiments B1 and B2 display a smooth distribution of237

Hg(II) through time and the absence of erratic increase of Hg(II) concentrations is attributed238

to the outgassing bubbling method.239

Experiments B3 and B4 (and 1.42 and 3.27 mmol.L-1 GR2) present fHg= 0.008 and 0.006240

respectively, 120 seconds after Hg(II) injection. Evolution of the concentrations through time241

shows no significant increasing or decreasing trend but rather display an erratic distribution242

suggesting, here again, the sampling of Hg0 droplets adsorbed onto the solid phase although243
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Ar bubbling was used. The drastic decrease in concentration observed in exp B3 and B4 is244

attributable to the Hg(II) reduction by the GR2 as for exp S6.245

For this second set of experiment, GR2 concentrations of 0.88 and 1.08 mmol.L-1, (B1 and246

B2 respectively) reduced a lower amount of Hg(II) (~ 50%) than shaking experiments with247

0.5 mmol.L-1 GR2 (exp S4 and S5: ~ 60% Hg(II) reduced). However, increasing GR2248

concentrations to 1.4 and 3.2 mmol.L-1 (exp B3 and B4) resulted in only 0.6% of Hg(II)249

remaining in solution, only 120 seconds after injection (against 0.3% for exp S6 see above)250

which indicates also less reduction than shaking experiments for the same quantity of GR2 in251

solution. Nevertheless, the magnitudes of reduction for these two sets of experiments252

(bubbling versus shaking experiments) are similar. The use of two different preparations of253

initial GR2 and two different techniques to outgas Hg0, likely explains the small difference in254

reduction efficiency.255

To conclude this part, the reaction mechanism observed in these experiments did not allow256

to observe a direct and only reduction of the Hg(II) by the GR2. Subsequent and intermediate257

reactions were certainly involved: 1) the oxidation of GR2 resulted in by-products,258

themselves able to reduce Hg(II) remaining in solution (e.g. magnetite) (exp S2 - S6, B1 and259

B2); 2) the trapping of liquid Hg0 droplets observed onto the solid phase in solution may have260

led to an overestimation of the Hg(II) remaining in solution (all experiments).261

Mercury Isotope Fractionation During Green Rust Reduction. Only selected Hg(II)262

aliquot were analysed for their isotopic composition and are presented in Table SI-S2.263

Considering the whole dataset, Hg(II) fractions remaining in solution after the reduction264

yielded a range of isotopic ratios and displayed mass dependent fractionation as presented in a265

202Hg versus 201Hg diagram (Fig. SI-S3). Isotopic compositions measured in these266

experiments may originate from several processes such as Hg(II) reduction by green rust and267

subsequent Hg(II) reduction as well as Hg0 trapped onto the mineral phase. Nevertheless, it268
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appears that all these processes lead to mass dependent fractionation. In the following,269

isotopic composition of Hg(II) fractions remaining in solution will be described using 202Hg270

values relative to the starting material (NIST 3133). Except for samples from experiments S6,271

B3 and B4, for which the initial Hg(II) was almost entirely reduced and evacuated from the272

solution, all the measured 202Hg values are positive. This suggests that the reduction of273

Hg(II) by GR2 lead to Hg0 depleted in heavy mercury, similar to reduction reactions induced274

by other reducing agents (Kritee et al., 2007; 2008; Yang and Sturgeon, 2008; Zheng and275

Hintelmann, 2010). Samples from experiments S6, B3 and B4 yielded a larger range of 202Hg276

values, both positive and negative. This is surprising because one would expect highly277

positive 202Hg values of residual Hg when >99% of the initial Hg(II) was reduced. Negative278

202Hg values certainly characterize the reduction product Hg0. It was shown above that not all279

Hg0 was evacuated from the solution as we observed Hg0 droplets adsorbed on solution280

particles (Fig. 2). These may have been sampled along with residual Hg(II) and readily281

explain the low and negative 202Hg values measured for experiment S6, B3 and B4 samples.282

These Hg0 droplets may have formed all along the reduction experiment and integrated the283

composition of the reaction product over a certain time. A minimum 202Hg value measured284

would suggest a maximum of Hg0 contribution to the sample. Therefore, a 202Hg value of -285

1.14‰ (Tab. SI-S2) would indicate a minimum fractionation between Hg(II) and Hg0 during286

the reduction reaction of the B4 experiment. Samples from the other experiments (S2 to S5)287

were plotted in Rayleigh diagrams in order to see if the measured isotopic composition would288

fit a distillation effect with a fractionation factor  of ca. 1.00114 between Hg(II) and Hg0289

(Fig. SI-S4). For all the experiments, all the data do not align along the evolution curve290

corresponding to  = 1.00114 but rather fall between curves corresponding to  of 1.0013 and291

1.0005. According to the Rayleigh fractionation equation (
    

R
Ri

= f

1
1

 

 
 

 

 
 

), with R and Ri,292
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respectively the isotopic ratios during the reaction and at initial time (Hoefs, 1987), the293

overall fractionation process is characterized by a constant fractionation factor between the294

initial Hg(II) and the Hg0 produced ( 202
Hg(II)/Hg°). Figure 3b presents ln(R/Ri) versus -lnfHg,295

where (R/Ri) is represented by (1+ 202Hg/1000). In such a diagram, 202
Hg(II)/Hg° can be296

extracted from the slope of the linear relationship. Calculation of the slope using Isoplot® X-Y297

regression software led to a global 202
Hg(II)/Hg° of 1.000 94 ± 0.000 44 (2SD, n= 20 excluding298

S6, B3 and B4 experiments). 202
Hg(II)/Hg° display a large uncertainty associated to a weak299

determination coefficient (r2=0.56 for the relationship ln(R/Ri) vs -lnfHg). The fractionation300

factor calculated from the slope in the diagram of Fig. 3b is certainly only "apparent" and do301

not represent the real 202
Hg(II)/Hg° of the reduction reaction. All these observations suggest that302

many samples may have contained small contributions of Hg0 droplets so that the measured303

isotopic composition yielded lower 202Hg values than that of residual Hg(II) of our304

experiments.305

Environmental implications. This work reports a very rapid Hg(II) reduction rate by GR2.306

This confirms that GR2 can be an effective reducing agents for mercury in anoxic/suboxic307

environments. Experimental settings used in this work consisted in introducing Hg(II) with308

HNO3 in order to be able to sample a large range of Hg(II) fractions remaining in solution.309

The transformation of GR2 into oxidation products such as magnetite and others mineral310

phases indicated that subsequent reactions may play a significant role in the fate of residual311

Hg(II) and Hg0 produced. Hg(II) can undergo subsequent reduction and Hg0 produced may312

adsorbed onto the minerals formed by the oxidation of GR2. Our experiments can thus be313

compared to a simple, but nevertheless realistic, environmental medium where several314

reactions such as reduction and adsorption may take place simultaneously or continuously.315

The isotope fractionation processes observed during these reactions are all mass dependent.316

The isotopic composition of Hg(II) fractions remaining in solution of most experiments317



121

Chapitre 3, partie B "Mercury isotope fractionation during abiotic reduction by the 
hydroxysulfate green rust 2"

showed an enrichment in the heavier isotopes suggesting fractionation factor (202/198
Hg(II)/Hg°)318

of 1.0013. This value is considered minimum because we suspect that some Hg0 with negative319

202Hg may have been present in our samples. The fractionation factor determined here has an320

intermediate value compared to fractionation factors reported in the literature for reduction321

with organic matter, chemical or bacterial assemblages or photoreduction of Hg(II). For322

example, the maximum fractionation factor for reduction (bacterial reduction) was found to be323

around 1.002 for the 202/198
Hg(II)/Hg° (Kritee et al. 2007; 2008). Compared to other processes that324

show large fractionation factor (e.g. evaporation; Estrade et al., 2009), reduction will imply325

large Hg mass dependent isotope fractionation only if large amount of Hg is reduced within a326

given reservoir. In terrestrial environments, Hg(II) to Hg0 reduction is a reaction that will327

increase the mobility of mercury (Borch et al., 2010; Gabriel and Williamson, 2004).328

However, estimations of the amount and the importance of Hg(II) reduction in environmental329

reservoirs such as sediments and soils, combined to the relatively small related fractionation330

factors, will not result in significant isotope fractionation of the 202/198Hg ratio relative to the331

starting Hg stock. This suggests that Hg in soils may keep its original isotopic composition,332

opening the possibility of isotope source tracing of polluted areas.333

334
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Figure captions442

443

Figure 1. X-ray diffraction of the sulphated green rust 2 chemically synthesized (a). TEM444

image (b) and composition (c, as determined by EDX) of the hexagonal crystals. GR2 denotes445

dhkl (in Å) of the green rust 2.446

Figure 2: TEM image of solids after oxidation phase with Hg/HNO3 showing a Hg0 droplet447

into a hematite–like phase (a), and composition of the droplet as determined by EDX (b). The448

inset image corresponds to the electron diffraction of the hematite-like phase.449

Figure 3: a) Isotopic compositions of the Hg(II) fractions remaining in solution ( 202Hg) for450

the whole dataset plotted against the Hg(II) fractions remaining in solution (fHg). The451

progressive enrichment in the heavier isotopes for the Hg(II) fractions remaining in solution452

(fHg 0 excepted) indicates Rayleigh distillation process during the reduction of the Hg(II). b)453

ln(1+ 202Hg/1000) plotted against -lnfHg,. The fractionation factor between the Hg(II) and the454

Hg0 produced extracted from the slope yield a value of 1.00094 ± 0.00044 (2SD) associated455

with a weak determination coefficient (r2=0.56). These uncertainties reflect an apparent456

fractionation factor due to subsequent processes. In figure a) fractions with negative 202Hg457

suggest the sampling of Hg0 droplets (reduction product), implying a minimum fractionation458

between the Hg(II) and the Hg0 of 1.14 ± 0.24 ‰ ( 202HgHg(II)-Hg°) (see text).459

460
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Tables461

Table 1: Summary of pH and Fe and GR2

concentrations for each experiment before and after

oxidation.

Before oxidation After oxidation

Exp

N°
pH

Fetot
a

(mM)

FeGR2
b

(mM)

GR2

(mM)

GR2

(g L
-1

)

Total

Fe
IIc

(mM)

pH

Total

Fe
IIc

(mM)

Continuous shaking mode

S0 6.9 3.01 0.00 0.00 0.00 2.95 n.d. 2.99

S1 6.9 0.06 0.06 0.01 0.01 0.04 n.d. n.d.

S2 6.9 3.34 0.34 0.06 0.04 2.67 n.d. 2.72

S3 6.9 3.33 0.32 0.05 0.04 3.28 n.d. 2.82

S4 6.9 6.03 3.02 0.50 0.39 5.09 n.d. 3.92

S5 6.9 5.98 2.97 0.50 0.39 4.97 n.d. 4.27

S6 6.9 7.82 7.82 1.30 1.01 5.21 n.d. n.d.

Continuous bubbling mode

B1 6.8 6.10 5.30 0.88 0.69 4.1 3.1 n.d.

B2 6.8 7.30 6.50 1.08 0.84 4.7 3.0 n.d.

B3 6.8 8.90 8.50 1.42 1.10 5.65 2.8 n.d.

B4 6.8 20.40 19.60 3.27 2.55 11.5 3.5 n.d.

The italic values correspond to an estimation made from the462
measures. S0 & B0 = control (FeSO4 solution). n.d. = not463
determined.464
a
Fetot = Fe

II
 + Fe

III
 (aqueous and solid) excepted for S1465

& S6 where no FeSO4 was added.466
b
FeGR2 = Fetot - Fecontrol467

c
Total Fe

II
 = Fe

II
aq + Fe

II
s468
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Figures469

Figure 1470
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Figure 2479
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Figure 3481
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S2

Figure SI-S1: Hg(II) concentration remaining in solution in function of the time, a) S0:10

FeSO4 solution GR2= 0.00 mM, S1: GR2= 0.01 mM mechanical agitation , b) S2: GR2= 0.0611

mM, S3: GR2= 0.05 mM mechanical agitation c) S4 and S5: GR2= 0.5 mM, mechanical12

agitation d) ) B3: GR2= 1.08 mM, B4: GR2= 0.88 mM bubbling e) S6: GR2= 1.3 mM13
mechanical agitation, B2: GR2= 1.42 mM and B3: GR2= 3.27 mM bubbling14
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S4

Figure SI-S2: TEM images of solid phases after oxidation in presence of Hg/HNO3 with the16

corresponding electron diffractogram. a) magnetite phase, b) goethite phase, c) hematite17

phase.18
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S5

Figure SI-S3: Isotopic composition of all the Hg(II) fractions remaininig in solution plotted27

in a diagram 201Hg vs 202Hg. In this diagram, no deviation of the theoritical relationship28
201Hg (‰) vs 202Hg incates that the reduction mechanism depends upon on mass.29
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S6

Figure SI-S4: Rayleigh fractionation diagram where 202Hg of the Hg(II) remaining fractions30

is plotted against fHg. Data were individualyzed by GR2 concentrations range. Dashed lines31
represents Rayleigh fractionation modeling with a fractionationation factor comprise between32

1.0005 and 1.00114. a) experiments S6, B3, B4; b) experiments S2, S3; c) experiments S4,33

S5; d) experiments B1, B2.34
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S8

39

Table SI-S2: Isotopic composition (
202

Hg)

of Hg(II) fractions remaining in solution

Exp
GR2

(mM)

Time

elapsed

(Sec)

fHg n
a)

202
Hg

(‰)

2SE

S0 0.00 120 0.89 2 0.00 0.25

900 0.85 2 0.07 0.24

1800 0.85 2 0.14 0.24

S1 0.01 120 0.82 2 0.00 0.24

1800 0.79 2 0.19 0.24

S2 0.06 120 0.79 2 0.03 0.24

900 0.64 3 0.85 0.24

1320 0.74 3 0.63 0.43

1800 0.47 2 0.58 0.24

S3 0.05 120 0.81 2 0.22 0.24

900 0.68 2 0.74 0.24

1800 0.69 2 0.15 0.24

S4 0.50 120 0.42 2 0.32 0.24

480 0.37 2 0.24 0.32

900 0.27 2 1.52 0.27

1800 0.26 2 1.54 0.24

S5 0.50 120 0.42 2 0.18 0.24

480 0.27 2 1.30 0.42

900 0.34 3 0.96 0.38

1800 0.34 3 1.14 0.24

S6 1.30 120 0.003 1 -0.63 0.24

600 0.003 1 -0.34 0.24

1800 0.002 2 -0.40 0.24

B1 0.88 120.0 0.52 2 0.21 0.24

1200 0.35 2 0.85 0.27

3600 0.43 2 0.25 0.24

B2 1.08 120.0 0.59 2 0.28 0.24

1200 0.44 2 0.33 0.24

3600 0.45 2 0.31 0.24

B3 1.42 120.0 0.01 1 -0.94 0.24

1200 0.01 1 1.35 0.24

3600 0.01 1 -1.14 0.24

B4 3.27 120 0.01 1 1.43 0.24

  1200 0.01 1 1.66 0.24

a) number of measurements40
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