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ABSTRACT  17 

The application of Hg isotope signatures as tracers for environmental Hg cycling requires the 18 

determination of isotope fractionation factors and mechanisms for individual processes. Here, we 19 

investigated Hg isotope fractionation of Hg(II) sorption to goethite in batch systems under different 20 

experimental conditions. We observed a mass-dependent enrichment of light Hg isotopes on the goethite 21 

surface relative to dissolved Hg (ε
202

Hg of -0.30 ‰ to -0.44 ‰) which was independent of pH, chloride 22 

and sulfate concentration, type of surface complex, and equilibration time. Based on previous theoretical 23 

equilibrium fractionation factors, we propose that Hg isotope fractionation of Hg(II) sorption to goethite 24 

is controlled by an equilibrium isotope effect between Hg(II) solution species, expressed on the mineral 25 

surface by the adsorption of the cationic solution species. In contrast, the formation of outer-sphere 26 

complexes and subsequent conformation changes to different inner-sphere complexes appeared to have 27 

insignificant effects on the observed isotope fractionation. Our findings emphasize the importance of 28 

solution speciation in metal isotope sorption studies and suggest that the dissolved Hg(II) pool in soils 29 

and sediments, which is most mobile and bioavailable, should be isotopically heavy, as light Hg 30 

isotopes are preferentially sequestered during binding to both mineral phases and natural organic matter. 31 
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Introduction 35 

Soils worldwide contain a total pool of 1.15×106 tons of mercury (Hg) and represent the most important 36 

terrestrial sink for atmospherically deposited Hg from natural and anthropogenic sources.1 Mercury in 37 

soils can be exported to aquatic environments, re-emitted as Hg
0
 to the atmosphere, or methylated under 38 

anoxic conditions to form neurotoxic and bioaccumulating methyl-Hg.
2
 However, the largest Hg pool in 39 

soils is bound to organic and mineral soil phases, where it is immobilized.
1
 In organic topsoils, Hg is 40 

mainly bound to reduced organic sulfur groups,
3
 whereas in soils and sediments with low organic matter 41 

contents, mineral phases like Fe and other metal (oxyhydr)oxides and clay minerals play an important 42 

role as sorbents.
4,5

 In addition, Fe (oxyhydr)oxides form colloidal particles in natural aquatic and 43 

terrestrial environments and can thus act as carriers of sorbed metals such as Hg by colloidal transport.6   44 

The fractionation of stable Hg isotopes in nature has gained much attention in recent years,7,8,9 as 45 

it provides a promising tracer for environmental Hg cycling. Mercury isotopes have been shown to 46 

exhibit mass-dependent fractionation (MDF) as well as mass-independent fractionation (MIF), caused 47 

by nuclear volume fractionation (NVF)
10

 or magnetic isotope effects (MIE)
11

, together generating a 48 

multidimensional isotope signature.  In order to apply stable Hg isotopes as a tool to understand the fate 49 

of Hg in the environment, one needs to understand Hg isotope fractionation factors and mechanisms of 50 

individual biogeochemical pathways. With this mechanistic information, it will be possible to 51 

deconvolute different sources and processes using measured stable Hg isotope ratios in natural samples. 52 

So far, Hg isotope fractionation has been studied experimentally for photoreduction of Hg
2+

 and methyl-53 

Hg,
12,13

 abiotic and biotic methylation of Hg,
14,15

 abiotic and biotic reduction of Hg
2+

,
16,17

 photolytic and 54 

microbial methyl-Hg degradation,
18,19

 volatilization of elemental liquid Hg,
20,21

 and aqueous to gas 55 

phase transfer of elemental Hg.
22

 In a previous study, we investigated equilibrium isotope fractionation 56 

between dissolved Hg(II) species and thiol-bound Hg as a model system for sorption of Hg(II) to natural 57 

organic matter.
23

 No data are available yet for stable isotope fractionation of Hg sorption to mineral 58 

phases. However, stable isotope fractionation during sorption to minerals has been described for other 59 

metals. Sorption studies for Cu(II),24,25 Zn(II),25,26 and Fe(II),27,28 to mineral phases (Fe- and Mn- 60 
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(oxyhydr)oxides) revealed that sorption was in most cases associated with an enrichment of heavy 61 

isotopes on mineral surfaces relative to the dissolved phase. The observed isotope fractionation was 62 

explained by the lower vibrational frequencies of the sorption complexes with heavy isotopes and thus a 63 

lower zero-point energy compared with complexes with light isotopes.
29

 In contrast, an isotope 64 

fractionation towards light isotopes on the mineral surface for metals sorbing as cations has been 65 

observed for some Zn experiments
30

 and preliminary Cd data,
31

 a mechanistic interpretation is however 66 

lacking. Mo(VI) and U(VI), both predominantly present in anionic form, showed a preferential sorption 67 

of light isotopes to Mn-(oxyhydr)oxides.
32,33

 The interpretation of these isotope effects is still under 68 

debate: in the case of U(VI), the isotope fractionation was attributed to a change in coordination 69 

environment between the dissolved and sorbed phase.33 For Mo(VI) it has been proposed that the 70 

isotope fractionation is caused by an equilibrium isotope effect between different solution species, 71 

where only the minor species is actively sorbing.
34,35

 However, a newer study postulates a fractionation 72 

between the dissolved Mo and a polynuclear surface precipitate.
36

   73 

In this study we present the first data for Hg isotope fractionation during sorption processes to 74 

mineral surfaces. Goethite (α-FeOOH) was chosen as sorbent because it is the most abundant iron 75 

(oxyhydr)oxide in soils
37

 and Hg(II) sorption to goethite has been studied both with macroscopic
38,39

 76 

and spectroscopic techniques.40,41 The objectives of this study were (i) to investigate stable Hg isotope 77 

fractionation associated with sorption of Hg(II) to goethite under different environmentally relevant pH 78 

conditions, chloride and sulfate concentrations, and after different equilibration times, and (ii) to 79 

elucidate the mechanisms driving Hg isotope fractionation of sorption based on our experimental 80 

results, previously presented surface complexation studies, and theoretical calculations for equilibrium 81 

fractionation factors of Hg species.  82 

Experimental Section 83 

Materials and reagents. The goethite was synthesized following a standard method (preparation from 84 

an alkaline system after Böhm, 1925) described in Schwertmann and Cornell42 and was already used 85 

and characterized in previous studies.43,44 The structure of the synthesized goethite was confirmed by 86 
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 5

X-ray diffraction (XRD) and a surface area of 38 m
2
 g

-1
 was measured using the N2-BET method.

43
 All 87 

chemicals used in this study were analytical grade and used without further treatment, if not indicated 88 

otherwise. A detailed list of reagents, chemical impurities, and preparation procedures is provided in the 89 

Supporting Information (SI).  90 

Batch experiments. Two types of sorption experiments were performed in batch reactors to assess the 91 

Hg isotope fractionation at different fractions of the total Hg sorbed to goethite. In the pH series, the 92 

sorbed fraction of Hg was varied by adjusting the suspension pH to values between 3.1 and 6, and in the 93 

mercury-to-goethite-ratio (MGR) series, the ratio between total Hg and goethite was varied at constant 94 

pH 7. Goethite (between 0.5 to 20 g L
-1

, see Table 1) was added to acid-washed 30-mL Teflon 95 

centrifuge tubes and was dispersed by ultrasonication in 20 mL matrix solution. The experiments at pH 96 

7 were performed in a buffer solution containing 2.5 mM 3-morpholino-propanesulfonic acid (MOPS), 97 

whereas pH-series were unbuffered. Experiments were conducted in the absence and presence of 98 

chloride and sulfate, respectively, which influences the speciation of Hg(II) in solution and on the 99 

surface.
41,45

 For chloride-bearing experiments, the solution matrix contained 0.5 mM NaCl, for sulfate-100 

bearing experiments, 0.95 M Na2SO4 was added, as listed in Table 1. The pH was adjusted by titration 101 

with diluted HNO3 or NaOH. Aliquots of a Hg(II)-nitrate stock solution were then added to the goethite 102 

suspension to yield an initial Hg concentration of 5 to 25 µM and equilibrated during 18 h, 72 h, or 103 

720 h on an end-over-end shaker at room temperature in the dark. To separate the sorbed and dissolved 104 

pools, the equilibrated samples were centrifuged at 3000 rpm for 15 min. The supernatants were 105 

decanted and filtered through 0.2-µm Nylon filters to obtain the dissolved pool. The goethite, containing 106 

the sorbed Hg, was dissolved in 6 M HCl at 80°C. All samples were stabilized with 1 % BrCl (v/v) (0.2 107 

M BrCl in HClconc.) and stored at 4°C prior to analysis.  108 

Analytical methods. Hg concentrations were measured by cold vapor atomic fluorescence spectrometry 109 

(CV-AFS, Millennium Merlin, PS Analytical, U.K.). Samples were diluted to 2.5 to 25 nM for 110 

concentration measurements. Standards prepared in triplicate reproduced with ±3.6 % (2σ), which is 111 

reported as the uncertainty of the concentration measurements. Hg isotope ratios were measured by cold 112 

Page 5 of 27

ACS Paragon Plus Environment

Environmental Science & Technology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 6

vapor generation (HGX-200, Cetac, Omaha, U.S.) coupled to a multicollector inductively-coupled 113 

plasma mass spectrometer (MC-ICPMS, Nu instruments; Wrexham, U.K.). In addition to standard 114 

bracketing, mass bias was corrected by Tl addition using a desolvating nebulizer. This method was 115 

previously described in detail
23

 and further information is provided in the SI. All isotope ratios of 116 

samples and secondary standards were measured relative to NIST-3133, which was used as bracketing 117 

standard. We report Hg isotope data following the nomenclature suggested by Blum and Bergquist,
46

 118 

adapted to recent recommendations of IUPAC:
47

  119 

δ���Hg���	
����	 =
( ����� ������ )������

	( ����� ������ )� �!"#�##
− 1	        (1) 120 

∆�''Hg	 = 	 δ�''Hg − (δ���Hg	 × 	0.2520)     (2) 121 

The mass-independent fractionation, expressed here as ∆199Hg, represents the deviation of the isotope 122 

ratio from the mass dependent fractionation line, where 0.2520 was used as the kinetic mass dependent 123 

scaling factor for δ
199

Hg, calculated in analogous manner to δ
202

Hg based on 
199

Hg/
198

Hg. Please note 124 

that the use of the equilibrium mass dependent scaling factor (0.2539) would not alter our results in a 125 

significant manner and we decided to use the kinetic factor for reasons of consistency with the 126 

nomenclature used in field studies.
46

 Our in-house standard (ETH Fluka) was regularly measured 127 

between samples and reproduced at δ202HgNIST-3133= -1.38 ±0.09 ‰, ∆199Hg = +0.08 ±0.03 ‰ (2σ, 128 

n=16). For the UM-Almadèn standard (provided by Joel Blum, University of Michigan), we obtained 129 

isotope ratios of δ
202

HgNIST-3133= -0.55 ±0.02 ‰, ∆
199

Hg = -0.02 ±0.05 ‰ (2σ, n=4), which is in 130 

excellent agreement with published values (δ
202

HgNIST-3133 = -0.54 ±0.08 ‰, ∆
199

Hg = -0.01  ±0.05 ‰ 131 

(2σ, n=4)).
12

 Multiple measurements of the Hg(II)-nitrate salt used in the sorption experiments resulted 132 

in values of  δ
202

HgNIST-3133 = -0.69 ± 0.09 ‰ and ∆
199

Hg = +0.01 ± 0.03 ‰ (2σ, n=4). The ETH Fluka 133 

in-house standard and Hg(II)-nitrate salt both reproduced with ±0.09 ‰ (2σ) for δ
202

Hg and ±0.03 ‰ 134 

(2σ) for ∆
199

Hg, which is considered to be the analytical precision for all reported measurements. To 135 

simplify further data analysis and presentation, Hg isotope ratios of all experimental data are in the 136 
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 7

following reported relative to the composition of the Hg(II)-nitrate salt used in all experiments, 137 

representing the starting condition: 138 

δ���Hg	 = 	 δ���Hg���	
����
-./012 	− 	δ���Hg���	
����

��(��)
3456.52	-.15
   (3) 139 

The fractionation of Hg isotopes on the goethite surface relative to the solution is expressed as 140 

enrichment factor ε for mass-dependent fractionation (MDF): 141 

ε���Hg-8692:
:4--81;2: = 	δ���Hg-8692: −	δ���Hg:4--81;2:    (4) 142 

and as enrichment factor Ε for mass-independent fractionation (MIF): 143 

Ε Hg�'' = 	ε Hg − (ε Hg��� 	× 	0.2520)�''      (5) 144 

Calculating the enrichment factors (ε202
Hg and Ε199

Hg) as difference of the isotope signature between 145 

the sorbed and the dissolved pool averaged over the number of batches in an experimental series (n = 3 146 

to 5) allowed us to ensure mass balance criteria. The uncertainties of the enrichment factors, reported as 147 

one standard deviation σ, were calculated from the error propagation of the difference calculation based 148 

on the above reported analytical precision (±0.09 ‰ (2σ) for δ202Hg and ±0.03 ‰ (2σ) for ∆199Hg). All 149 

statistical tests were performed based on a 95 % confidence level. Further details on data analysis, mass 150 

balance criteria, error propagation, and statistical tests are provided in the SI. 151 

Results and Discussion 152 

Sorption of Hg to goethite. In accordance with previous studies,
38,39,48

 the sorption of Hg(II) to goethite 153 

exhibited a strong pH-dependence characterized by a distinct increase of the sorbed fraction with 154 

increasing pH; for instance, from 15 % at pH 3.6 to 64 % at pH 5.3 (Figure S2, Table S4a). Addition of 155 

chloride resulted in a pronounced decrease in Hg sorption compared to the chloride-free series (Figures 156 

S2 and S3), which is due to the formation of stable Hg(II)-chloro complexes in solution.
45

 The variation 157 

of the mercury-to-goethite ratio (MGR) at constant pH 7 resulted in Hg surface coverages between 158 

0.025 and 0.30 µmol m
-2

. In the MGR-sulfate series, Hg showed a slightly lower sorption affinity 159 

compared to the series in the absence of chloride and sulfate (Figure S3). Comparing the experiments 160 

with different equilibration times (18 h, 72 h, and 720 h), we observed an increase in the sorbed fraction 161 
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 8

of about 10 to 17 % between 18 h and 720 h equilibration (Figure S4). Similar observations were 162 

previously reported for a time series from 2 h up to 8 weeks with an increase in the Hg fraction sorbed 163 

to goethite without any clear endpoint.49 EXAFS spectroscopy on Hg(II) sorbed to goethite at a surface 164 

coverage (Γ) of  0.4 µmol m
-2

 provided no evidence for surface precipitation of Hg.
40,41

 As the surface 165 

coverage in our experiments never exceeded 0.3 µmol m
-2

, we conclude that surface precipitation is 166 

unlikely and Hg was sorbed as outer-sphere and/or inner-sphere complexes.   167 

Stable Hg isotope fractionation. In all experiments, Hg sorbed to goethite was found to be enriched in 168 

light Hg isotopes. Figure 1a displays the δ
202

Hg isotope signature as a function of the fraction of total 169 

Hg which was sorbed to goethite in the experimental series with no chloride and variable pH (pH series; 170 

Table 1) and for an experimental series with varying mercury-to-goethite-ratio (MGR-72h series). Both 171 

data sets exhibited an increase of δ202Hg in the dissolved phase with increasing fraction of sorbed Hg. 172 

The sorbed pool was correspondingly enriched in light Hg isotopes, as indicated by negative δ
202

Hg 173 

values. The δ
202

Hg signatures of the sorbed and dissolved Hg pools in the presence of 0.5 mM chloride 174 

followed the same trends (Figure 1b). The enrichment factors ε202
Hg, calculated from the difference 175 

between the sorbed and dissolved δ202Hg averaged over the number of batches in one experimental 176 

series (n = 3 to 5), fell in a narrow range between -0.30 ±0.04 ‰ and -0.44 ±0.04 ‰ (Table 1). A 177 

statistical test comparing the determined enrichment factors (ε202
Hg, see SI) of the MGR-72h series in 178 

the absence of chloride and the MGR-Cl series with 0.5 mM Cl
-
 revealed no significant differences. 179 

Furthermore, the isotopic results of the two approaches used to vary the fraction of sorbed Hg (pH and 180 

MGR series) were not significantly different from each other, both in the absence of chloride and with 181 

0.5 mM Cl
-
. Figure 2 shows the comparison between the experimental series with 0.95 M sulfate 182 

(MGR-sulfate) and with no sulfate (MGR-72h). The enrichment factors for the MGR-sulfate and for the 183 

MGR-72h series (see Table 1) were not significantly different from each other. Figure 3 shows a time 184 

series of Hg(II) sorption to goethite with equilibration times of 18 h, 72 h, and 720 h. Even though there 185 

was a significant increase in the fraction of sorbed Hg with time (Figure S4), the comparison of the time 186 

series revealed no statistically significant difference between their enrichment factors (ε202Hg). 187 
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 9

Therefore, although the adsorption of Hg was continuing, we observed no dependence of the Hg isotope 188 

fractionation on equilibration time. The comparison of two alternative model approaches did not yield 189 

conclusive results concerning the reversibility of the sorption process (see SI). None of the experimental 190 

series showed mass independent fractionation expressed by E
199

Hg being significantly different from 191 

zero (Figure 4b, Table 1, Table S2). 192 
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 10

Table 1. Parameters of the experimental series: Number of batches in experimental series (n), amount of goethite (g L-1), initial Hg concentration 193 

(Hg) in µM, pH, solution matrix with MOPS (2.5 mM), SO4
2- (0.95 M) and Cl- (0.5 mM), equilibration time (teq) in h, expected dominating Hg(II) 194 

surface complex with b for bidentate and m for monodentate, and isotopic enrichment factors of stable Hg isotopes on the goethite surface relative 195 

to the solution for mass-dependent fractionation (ε202
Hg) and mass-independent fractionation (Ε199

Hg) with 1σ uncertainties (see SI for details).  196 

Each experimental series was performed with different fractions of total Hg sorbed, which was varied by different mercury-to-goethite-ratio (MGR 197 

series) or by different pH (pH series). 198 

series 

 

n goethite 

(g L
-1

) 

Hg 

(µM) 

pH solution 

matrix 

teq 

(h) 

Hg(II) surface 

complex 

εεεε202
Hg  

(‰) 

σ 

(‰) 
ΕΕΕΕ199199199199

Hg 

(‰) 

σ 

(‰) 

pH 5 5 5 3.1 - 6 - 72 b
50,40

 -0.37 0.03 0.03 0.011 

MGR-18h 4 0.5 - 20 25 7 MOPS 18 b
50,40

 -0.36 0.03 -0.02 0.013 

MGR-72h 4 0.5 - 20 25 7 MOPS 72 b
50,40

 -0.32 0.03 -0.02 0.013 

MGR-720h 3 0.5 - 9 25 7 MOPS 720 b
50,40

 -0.42 0.04 -0.03 0.015 

MGR-sulfate 3 0.5 - 9 25 7 MOPS, SO4
2-

 72 m
41

 -0.30 0.04 0.01 0.015 

pH-Cl 3 5 5 5 - 6 Cl
-
 72 m

41
 -0.32 0.04 0.00 0.015 

MGR-Cl 3 0.5 - 9 10 7 MOPS, Cl- 72 m
41

 -0.44 0.04 -0.03 0.015 
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 199 

 200 

Figure 1. δ
202

Hg of sorbed (open symbols) and dissolved (closed symbols) pool as a function of the Hg-201 

fraction sorbed (in %). Experiments in the absence of chloride (a) and with 0.5 mM chloride (b) 202 

performed with 72 h equilibration time. The sorbed fraction was varied by changing the pH (pH and 203 

pH-Cl series) and by changing the mercury-to-goethite ratio (MGR-72h and MGR-Cl series). The 204 

equilibrium fractionation lines, derived from the calculated enrichment factors (see Table 1), are shown 205 

as dotted lines for the MGR series and dashed lines for the pH series.  206 

 207 

 208 
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 12

 209 

Figure 2. δ
202

Hg of sorbed (open symbols) and dissolved (closed symbols) pool as function of fraction 210 

sorbed (in %). Experiments were performed with 0.95 M sulfate (circles, MGR-sulfate series) and in the 211 

absence of sulfate (triangles, MGR-72h series). The equilibrium fractionation lines, derived from the 212 

calculated enrichment factors, are shown as dashed lines for the MGR-sulfate series and dotted lines for 213 

the MGR-72h series without sulfate (see Table 1).  214 

 215 

 216 

 217 

 218 
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 13

 219 

Figure 3. Hg isotope fractionation during sorption of Hg(II) to goethite as a function of equilibration 220 

time (18 h, 72 h, and 720 h, see Table 1). δ
202

Hg of sorbed (open symbols) and dissolved (closed 221 

symbols) pool as function of fraction sorbed (in %). The equilibrium fractionation lines, derived from 222 

the calculated enrichment factors, are shown as short-dashed line for the MGR-18h series, as dotted 223 

lines for the MGR-72h series, and as long-dashed lined for the MGR-720h series (see Table 1). 224 

Possible Hg isotope fractionation mechanisms. Previous studies identified the cationic Hg(II) species 225 

(HgOH
+
 and HgCl

+
) as the sorption active solution species as discussed further below.

39,51
 Following 226 

this, the sorption of Hg(II) to a mineral surface, in this case goethite (α-FeOOH), can be described by 227 

the following reaction steps, which all might be potentially associated with an isotopic enrichment (IE):  228 

HgL3 	
�>�?
@AB HgL3
�

C D	L
       (6) 229 

HgL3
�
C 	D	≡ FeOH	

�>I�
@AB 	≡ FeOH―HgLJ�

C �> �
@B		≡ FeO‒Hg�� D HC   (7) 230 

Neutral dissolved Hg(II) species (HgL3 ) dissociate to the cationic Hg(II) species (HgL3
�
C ) and the 231 

ligand (L
-
, in our experiments OH

-
 or Cl

-
). This species equilibration (SE) in solution might be 232 

associated with an equilibrium isotope effect (IESE). The sorption active Hg(II) cationic species 233 

(HgL3
�
C ) adsorbs to the goethite surface to form an outer-sphere complex (≡ FeOH―HgLJ�

C ) followed 234 

by the dehydration of the outer-sphere complex and a deprotonation of the goethite surface hydroxyl 235 
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group to form an inner-sphere complex 	(≡ FeO‒Hg��). The conformation change between the bonding 236 

environment of the Hg(II) cation in solution and the outer-sphere complex could potentially cause an 237 

isotopic enrichment (IEOS), as well as the conformation change between the outer-sphere complex and 238 

the inner-sphere complex during dehydration (IEIS). 239 

Isotope fractionation during species equilibration in solution (IESE). Species equilibration under the 240 

experimental conditions presented here usually involves hydroxide as ligand and can be therefore 241 

denoted for the most part as hydrolysis, with the exception of the dissociation of HgCl2, where chloride 242 

is the leaving ligand. Based on the observed strong correlation between metal’s first hydrolysis constant 243 

and the surface complexation constant for metal sorption to mineral surfaces, the concept of hydrolysis 244 

as first reaction step in the adsorption of Hg(II) to goethite was established.52 Following this, the 245 

adsorption of Hg(II) to mineral phases was successfully modeled by the solution concentration of 246 

HgOH
+
 and HgCl

+
 in the absence and presence of chloride, respectively, which were considered as the 247 

sorption active species.
39,51

 Based on calculations performed using Visual MINTEQ
53

 (database 248 

NIST 46.7), in the absence of Cl
-
 and at pH 7, HgOH

+
 occurs with an abundance of 0.06 % and all the 249 

remaining Hg is present as Hg(OH)2. With 0.5 mM Cl
-
 at pH 7, HgCl

+
 is present with 0.006 % and the 250 

main solution species are HgClOH
0
 (49.6 %), Hg(OH)2

0
 (37.0 %), and HgCl2

0
 (13.4 %). It is important 251 

to consider that after the removal of cationic species from solution by adsorption to surfaces, a re-252 

equilibration takes place which replenishes the small stock of cationic species by dissociation of the 253 

dominant neutral Hg(II) species, which is very fast with a dehydration rate constant (kw) for Hg(II) of 254 

9.3 × 10
10 

s
-1

.
54

 Thus, the small pool size of the cationic Hg(II) species in solution does not preclude that 255 

adsorption of larger amounts of Hg(II) to surfaces can proceed via the positively charged species which 256 

exhibit a higher affinity for surface binding.  Based on this fast equilibration between cationic and 257 

neutral Hg species, an equilibrium isotope effect between those species can be transferred to the goethite 258 

surface as the low abundance cations interact dominantly with the mineral surface. 259 

Calculated predictions of MDF and NVF. We calculated the isotopic enrichment factor of cationic 260 

species relevant in our experiments based on theoretical equilibrium isotope fractionation factors for 261 
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individual Hg species relative to elemental Hg vapor (calculated in gas phase) published by Wiederhold 262 

et al.23 The equilibrium enrichment factors consist of a mass-dependent fractionation (MDF) component 263 

based on density functional theory and a nuclear volume fractionation (NVF) component based on 264 

relativistic Dirac-Coulomb calculations following the work of Schauble.
10

 The sum of the MDF and 265 

NVF component resulted in the predicted isotopic enrichment factor for each Hg species (MDF + NVF). 266 

Based on the assumption that 1000lnβ
202-198  

≈  ε
202

Hg, the enrichment factor of the cationic species 267 

ε
202

Hgcat (HgOH
+
 or HgCl

+
) was calculated from the difference between the 1000lnβP.5

���
�'Q of the 268 

cationic species and the average of the 1000lnβ3R
���
�'Q	of the neutral species ni, where S3R

 is their 269 

relative abundance.   270 

	ε���HgP.5 = 1000lnβP.5
���
�'Q − ∑ (S3R

	× 1000lnβ3R
���
�'Q)4

   
(8)

 
271 

NVF is related to the nuclear charge radii of the Hg isotopes which do not scale linearly with mass, 272 

therefore, NVF is associated with mass independent fractionation (MIF). The expected mass 273 

independent enrichment in E
199

Hg is calculated from the cationic enrichment factor of the nuclear 274 

volume component (ε202HgNVF) using the scaling factors of 199/198Hg relative to 202/198Hg,23 where SFMDF 275 

is the kinetic mass dependent scaling factor of 0.252 and SFNVF is the nuclear volume scaling factor of 276 

0.0525 using nuclear charge radii from Landolt-Boernstein:
55

  277 

Ε�''Hg = (ε���Hg�UV × SF�UV) 	− 	(ε���Hg�UV × SFXYV)    (9) 278 

Figure 4a shows the calculated Hg isotope enrichment factor of the cationic species HgOH+ and HgCl+ 279 

relative to the main solution species for the experimental series at pH 7. The 95 % confidence interval 280 

for all experimental series at pH 7 in the absence of chloride overlapped with the calculated enrichment 281 

factor (MDF+NVF) for HgOH
+
 (ε

202
Hg = -0.37 ‰). The calculated enrichment factor for HgCl

+
 282 

(ε
202

Hg = -0.28 ‰), although not within the 95 % confidence interval of the chloride experiment 283 

(-0.36 ‰ to -0.52 ‰), was still in reasonable agreement with the experimental series. The NVF 284 

component of the calculations predicts a MIF of -0.08 ‰ in E
199

Hg both for the HgOH
+
 and the HgCl

+
 285 

experiments, as illustrated by the NVF values in Figure 4b. However, none of the experimental series 286 
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showed any mass independent fractionation expressed by E199Hg being statistically different from zero 287 

(Figure 4b, Table 1, Table S2). This discrepancy between the experimental findings and the theoretical 288 

calculations for the Hg species is not yet fully understood. We can only speculate that there might be a 289 

certain overestimation of the NVF component or the resulting extent of MIF in the calculations. Errors 290 

on the species calculations might result from uncertainties of input parameters (nuclear charge radii), the 291 

neglected influence of solvation effects, or the adequacy of the model; a quantification of these errors 292 

however was not feasible (see SI of Wiederhold et al.
23

 for detailed discussion on errors). The species 293 

calculations for lower pH are not shown here, but they were in qualitative agreement with the results at 294 

pH 7, although there are large uncertainties due to a lack of calculated 1000lnβ202-198 values for some 295 

species present at lower pH (e.g., Hg
2+

).   296 

 297 

Figure 4. Calculated isotopic enrichment factors (ε
202

Hg and E
199

Hg) of cationic Hg species relative to 298 

the dominant solution species at pH 7 are plotted as hatched bars.
23

 In the absence of chloride the 299 

isotopic fractionation was calculated for HgOH+, in the presence of chloride for HgCl+. The calculations 300 

include two components from mass-dependent fractionation (MDF) and nuclear volume fractionation 301 

(NVF). The sum of these results is the expected net effect (MDF+NVF). Plain bars represent 302 

experimental enrichment factors (a: ε
202

Hg for MDF, b: E
199

Hg for MIF, Table 1) of the Hg pool sorbed 303 

to goethite relative to dissolved Hg. 304 
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Isotope fractionation during surface complex formation (IEOS, IEIS). As mentioned above, the 305 

change in conformation between the dissolved Hg species and the sorption complexes (outer-sphere and 306 

inner-sphere complex) could cause isotope fractionation as proposed in the example of Mo and U.32,33 307 

There are no calculations of enrichment factors for surface bound Hg species available and an 308 

assessment of potentially different Hg isotope signatures of outer-sphere and inner-sphere complexes 309 

was not possible, as only total sorbed Hg was measured. However, previous studies have identified 310 

different types of inner-sphere surface complexes for different experimental conditions presented here. 311 

Hg(II) sorbed to goethite forms bidentate inner-sphere complexes over the entire pH range investigated, 312 

as shown by extended X-ray absorption fine structure (EXAFS) spectroscopy.
40,50

 High sulfate 313 

concentrations (~1 M) were found to trigger the formation of ternary monodentate complexes 314 

(≡Fe-O-Hg-SO4),
41 whereas the solution speciation of Hg is not significantly altered by sulfate addition. 315 

Calculations with stability constants using Visual MINTEQ and literature data
45

 predicted a >10
6
 times 316 

lower abundance of HgSO4 and Hg(SO4)2
2-

 compared to the predominant Hg(OH)2 species (over 317 

99.99 % at pH 7), which was in agreement with previous calculations.
41

 There was no statistical 318 

difference between Hg isotope fractionation of Hg(II) sorption to goethite in systems expected to form 319 

bidentate surface complexes (MGR-72h series, Figure 2) and monodentate complexes (MGR-sulfate 320 

series, Figure 2), which indicates that the conformation of inner-sphere complexes (IEIS) does not 321 

significantly influence the Hg isotope fractionation. This finding is supported by the experiments in the 322 

presence of chloride, as the Hg isotope enrichment did not significantly vary compared with the absence 323 

of Cl
-
,
 
although a change in surface complexation towards ternary monodentate inner-sphere complexes 324 

(≡Fe-O-Hg-Cl) was expected based on previous studies.
 41,56

 325 

Control of Hg isotope fractionation. The measured isotopic enrichment between the sorbed and 326 

dissolved pool can be expressed as a function of the isotopic enrichment of the cationic species during 327 

equilibration in solution (ε���Hg�>	) and the isotopic enrichment during sorption of the cationic species 328 

(ε���Hg-8605483	)  (derivation shown in SI): 329 
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ε���Hg-8692:
:4--81;2: =	 ε���Hg-8605483	 D (1 − fP.5) × ε���Hg�>	   (10) 330 

The scaling term representing the relative fraction of cationic species (1-fcat) was close to one in both 331 

experimental series (MGR-72h and MGR-Cl) as the cationic species occurred at very low abundances at 332 

pH 7 (fP.5(��J�[) = 0.06 %, fP.5(��\1[)	= 0.006 %). As shown in Figure 4, the observed isotope 333 

fractionation between the sorbed and dissolved Hg-pool (ε���Hg-8692:
:4--81;2:) is in good agreement 334 

with the predicted isotope enrichment of the cationic species during species equilibration (ε���Hg�>	). 335 

Therefore, we conclude that the isotope fractionation of Hg(II) sorption (ε���Hg-8692:
:4--81;2:) is 336 

controlled by an equilibrium isotope effect between Hg(II) solution species, expressed on the goethite 337 

surface by the adsorption of the cationic solution species. The isotopic fractionation during sorption of 338 

the cationic species (ε���Hg-8605483), consisting of possible effects during conformation change 339 

between the cationic solution species and the outer-sphere complex (IEOS) as well as during the 340 

dehydration of the outer-sphere complex to form an inner-sphere complex (IEIS), appear to have an 341 

insignificant contribution. This is supported by the fact that the isotopic enrichment factors for 342 

experimental conditions forming monodentate inner-sphere complexes (MGR-sulfate and MGR-Cl 343 

series) were statistically indistinguishable from experiments forming bidentate complexes (e.g., MGR-344 

72 h series). In addition, the finding that the observed isotope effect was insensitive to equilibration time 345 

provided further evidence that the different reaction steps at the mineral surface, some of which are 346 

expected to exhibit much slower kinetics compared with species equilibration in solution and thus 347 

explaining why the sorption had not yet reached a maximum, did not exert an important influence of the 348 

Hg isotope distribution in our system.  Figure 5 shows the proposed schematic overview of the reaction 349 

steps involved in the sorption of Hg(II) to goethite and their associated Hg isotope enrichment factors 350 

for the example of HgOH
+
 sorption. 351 
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 352 

Figure 5. Proposed reaction scheme controlling Hg isotope fractionation of Hg(II) sorption to goethite. 353 

The equilibrium isotope effect between Hg(II) solution species is transferred to the goethite surface 354 

through the sorption active cationic species which are isotopically lighter than the neutral solution 355 

species. Subsequent conformation changes between dissolved species and outer-sphere complexes as 356 

well as during dehydration to form inner-sphere complexes appear to have an insignificant effect on the 357 

overall isotopic fractionation. 358 

Implications for other metal isotope and surface complexation studies.  359 

We think that the detailed mechanistic insights provided by this study will have implications for other 360 

metal isotope systems as well as for the general understanding of metal sorption processes to mineral 361 

surfaces. On the one hand, the postulated importance of equilibrium isotope fractionation during 362 

hydrolysis, or in more general terms equilibration of solution species which are involved to a different 363 

extent in sorption processes, may influence the isotope fractionation during sorption for other metals as 364 

well. Apart from Hg(II), the correlation between the metal’s hydrolysis constant and the metal’s surface 365 

complexation constant was shown for other metal cations (Ag+, Pb2+, Cd2+, Zn2+, Co2+, Cu2+, Ni2+),52,57 366 

most of which possess several stable isotopes. Theoretical investigations of stable isotope fractionation 367 

between solution species were recently published for some metal isotope systems (e.g., Ni, Zn).
58,59,60

 A 368 

comparison with experimental data for metal isotope fractionation during sorption to a mineral phase 369 
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could potentially help in further identifying the mechanisms causing metal isotope fractionation for 370 

these elements too and may provide further validation for the concept presented here. On the other hand, 371 

stable isotope fractionation during sorption of other metals could also be influenced to a larger extent by 372 

surface reactions depending on the relative importance of the factors and processes described in 373 

equation 10, which could be different compared with the specific example of Hg(II) presented here. In 374 

the context of surface complexation, this study demonstrates that stable isotope fractionation studies can 375 

offer new insights into reaction mechanisms at mineral surfaces and provide further evidence for 376 

existing surface complexation models. 377 

Implications for stable Hg isotopes as environmental tracer. The observed MDF and the absence of 378 

MIF during sorption of Hg(II) to goethite have been shown to be constant over a range of pH, as well as 379 

chloride and sulfate concentrations which trigger the formation of different surface complexes. 380 

Although the experiments were performed at higher concentrations than generally found in the 381 

environment, the constant Hg isotope fractionation over a large range of surface coverages (between 382 

0.002 and 0.3 μmol m
-2

) allows the transfer of our results to environmental systems, as there is no 383 

indication of a concentration dependence of the determined enrichment factors. This lack of dependence 384 

upon concentration, chemical conditions, and equilibration time will facilitate the interpretation of 385 

natural Hg isotope fractionation in soils and sediments driven by sorption processes. 386 

Previous field studies have reported systematic differences between Hg isotope compositions of 387 

different environmental compartments or Hg pools.  For instance, a consistent offset of 0.60 ±0.16 ‰ 388 

between fish and sediment samples (δ
202

Hg, corrected for photochemical effects deduced from MIF) 389 

was reported from the San Francisco Bay, USA
61

 and water leachates were found to be enriched by 0.70 390 

± 0.13 ‰ in δ202Hg compared with soil samples from a mining site in China.62 We suggest, based on the 391 

results of this study as well as the previously published work on Hg(II)-thiol binding,23 that sorption 392 

processes may be at least partially responsible for these observed systematic offsets and influence the 393 

isotope signature of natural Hg pools to a significant extent. Sorption of Hg(II) to goethite as well as 394 

sorption of Hg(II) to thiol groups,
23

 studied as a model system for binding to natural organic matter, 395 
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revealed a very similar isotopic enrichment of light Hg isotopes onto the surfaces. Based on these 396 

laboratory studies we expect that light Hg isotopes are preferentially sequestered in soils and sediments 397 

with enrichment factors in a relatively narrow range of about -0.3 ‰ to -0.6 ‰ in δ202Hg for both thiol-398 

bound and mineral-bound Hg(II). As a consequence, the mobile phase, eventually leaching from soils 399 

and sediments, is expected to be correspondingly enriched in heavy Hg isotopes. Furthermore, the 400 

proposed enrichment of heavy Hg isotopes in the mobile Hg(II) pool should also be considered when 401 

dealing with Hg isotope fractionation during bioaccumulation, as the mobile fraction is bioavailable.  402 
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