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Abstract 9 

Antimony (Sb) isotopes are gaining increasing interest for their potential as geochemical tracers in geological, 10 

environmental and archaeological studies. However, little is known about the parameters controlling Sb 11 

isotope fractionation, which is essential to interpret variations of isotopic signature in natural systems. In this 12 

study, equilibrium mass-dependent isotope fractionation factors (β-factor) were determined between different 13 

Sb-bearing minerals commonly found in mining environments including primary Sb sulphide (stibnite Sb2S3) and 14 

its oxidation products (valentinite Sb2O3, senarmontite Sb2O3, cervantite Sb2O4) and synthetic antimony 15 

pentoxide Sb2O5. First-principles calculations within the Density Functional Theory (DFT) were performed with 16 

different functionals to test the robustness of the method. Among the studied minerals, stibnite has the lowest 17 

β-factor (ln(β) = 0.71 ‰ at 22°C), then β-factors progressively increase from valentinite (ln(β) = 1.64 ‰ at 18 

22 °C), to senarmontite (ln(β) = 1.80 ‰ at 22 °C), cervantite (ln(β) = 2.20 ‰ at 22 °C) and antimony pentoxide 19 

(ln(β) = 3.03 ‰ at 22 °C). The parameters that most fractionate Sb isotopes are found to be i) the change of Sb 20 

oxidation state (Sb isotope ratio in Sb(V)-bearing minerals is higher than in Sb(III)-bearing minerals), ii) the 21 

change of first neighbour of Sb (Sb isotope ratio in Sb – O bonds is higher than in Sb – S bonds) and iii) 22 

distortion of the atomic Sb - O polyhedrons. The negligible differences in the β-factors obtained with different 23 

functionals showed the robustness of the approach for the calculation of β-factors, despite differences in the 24 

calculated mineral lattice and Raman frequencies. The results of this study provide a theoretical basis to 25 

interpret natural Sb isotope variations. In sulphide mining environments, the results suggest that a significant 26 

enrichment in the heavy isotope could occur during oxidative dissolution of stibnite and subsequent 27 

precipitation of Sb(III) and Sb(V) oxides. More generally, this work strongly supports that Sb isotopes may be a 28 

useful tracer of Sb transformation processes in nature. 29 

Keywords: Antimony, Equilibrium isotope fractionation, Density Functional Theory (DFT), Sb minerals, Ab initio 30 

calculations.  31 

1. Introduction 32 

Antimony (Sb) is toxic for organisms and considered as a possible human carcinogen (Sundar and Chakravarty, 2010). 33 

Global anthropogenic Sb emissions have dramatically increased during the 20
th

 century and a further two-fold 34 

increase is expected between 2010 and 2050 (Zhou et al., 2015). Anthropogenic sources of antimony emission 35 

include mining and metallurgical industries, coal and fuel combustion, waste incineration and road traffic (He et al., 36 

2019; Tian et al., 2014). As a result, environmental contamination with Sb has been reported in various urban, 37 
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industrial and mining contexts (He et al., 2019). In particular, the mining of Sb- or base metals-sulphide ores is a 38 

major cause of high environmental Sb concentrations (Hiller et al., 2012; Liu et al., 2010). However, compared to 39 

other toxic metal(loid)s, the behaviour of Sb in the environment is poorly known. 40 

Metal(loid) stable isotopes are useful geochemical tracers for tracking the sources and fate of metals in the 41 

environment (Wiederhold, 2015). While some isotopic systems are relatively well-known (e.g. Cu, Zn (Moynier et al., 42 

2017)), only few studies have focused on antimony stable isotopes (
121

Sb (57.21%) and 
123

Sb (42.79%), Chang et al., 43 

1993). Rouxel et al. (2003) first showed that natural variations of the isotopic composition (δ
123

Sb) were wide 44 

enough to be applied as a geochemical tracer and the potential of Sb isotopes as archaeological and environmental 45 

tracers has been confirmed afterwards (Degryse et al., 2020, 2015; Dillis et al., 2019; Lobo et al., 2014, 2013; 46 

Resongles et al., 2015). As for other stable isotope systems, Sb isotopes may be fractionated during (bio-47 

)geochemical processes controlling Sb fate in surface environments (e.g. change of redox state, adsorption, 48 

precipitation…) (Wiederhold, 2015). Documenting the direction and intensity of Sb isotope fractionation during 49 

these processes is of primary importance to interpret Sb isotope signatures in complex environmental systems 50 

(Komárek et al., 2021). 51 

Metal isotope fractionation factors have been acquired from field observations, laboratory experimentations, or 52 

theoretical calculations (Fujii et al., 2014; Schauble et al., 2009; Sherman, 2013; Wiederhold, 2015) but 53 

investigations of Sb isotope fractionation are scarce. Rouxel et al. (2003) showed a large fractionation of Sb isotopes 54 

during the abiotic reduction of aqueous Sb(V) to Sb(III). A recent experimental study showed no significant 55 

equilibrium isotope fractionation due to adsorption of Sb on aluminium oxides while a kinetic fractionation was 56 

observed in the first stage of the reaction (Zhou et al., 2022). Wang et al. (2021) and Zhai et al. (2021) showed large 57 

δ
123

Sb range of 0.75 ‰ and 1.13 ‰, respectively, among stibnite ores or Sb sulfosalts in the epithermal system but 58 

the origin of Sb isotope fractionation during the precipitation of Sb-bearing mineral from the hydrothermal fluid is 59 

still under debate (Wang et al., 2021; Zhai et al., 2021). To date, no theoretical study has been made to predict the 60 

cause of Sb isotopic fractionation at equilibrium among various Sb minerals and different bonding environments, 61 

and the current knowledge of Sb isotope fractionation caused by physical and biogeochemical processes is very 62 

limited. 63 

This study aims to determine mass dependant equilibrium isotopic fractionation factors between various Sb 64 

minerals to provide a theoretical basis for the interpretation of Sb isotopic signatures in natural systems. For this, Sb 65 

isotopic partitions at equilibrium were calculated between stibnite (Sb2S3), the main Sb primary ore and selected Sb 66 

secondary minerals (senarmontite, valentinite, cervantite (Figure 1)) (Roper et al., 2012). The methodology is based 67 

on the Density Functional Theory (DFT); it involves determining theoretically the vibrational properties of these 68 

structures. The theoretical and quantum approach of DFT aims at estimating the relationship between fractionation 69 

properties and interatomic bond strengths (Sb-S bond or Sb-O bond), or Sb redox change. In this work, we modelled 70 

the oxidation steps of stibnite (orthorhombic Sb(III)2S3) towards a fully oxidized and synthetic Sb2O5 phase, via 71 

valentinite (orthorhombic Sb(III)2O3), senarmontite (cubic Sb(III)2O3) and cervantite (orthorhombic α-Sb(V)Sb(III)O4) 72 

by calculating their isotopic partition 
123

Sb β-factor. To quantify the extent of Sb isotopic fractionation associated 73 

with the different parameters controlling the isotopic fractionation, each site of cervantite has then been studied 74 

and calculated separately to observe the effect of trivalent/pentavalent antimony and its oxygen bonds on the β-75 

factor. The site-by-site calculation have also been made with the two Sb sites in stibnite, where their coordination 76 

number and average bond length are significantly different. This oxidation process, described by Roper et al. (2012), 77 

commonly occurs in sulphide mining environments and plays an important role in Sb attenuation in the supergene 78 

environments (Ashley et al., 2003; Filella et al., 2009). Computations have been made using two different 79 

functionals (Local Density Approximation (LDA) and Generalized Gradient Approximation (GGA)). At all steps of the 80 

calculation (relaxation, phonon dispersion; Infra-Red (IR) and Raman spectrum), results have been compared with 81 

experimental values, when available (Cody et al., 1979; Mestl et al., 1994.; Sereni et al., 2010). The results are 82 

expected to provide information on the direction and magnitude of Sb isotope fractionation factors, to help 83 

interpretation of future field or experimental observations.  84 
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 85 

Figure 1: Scheme of stibnite transformation process from Sb2S3 to Sb2O5 modelled in this study indicating the crystal system, 86 
the spacegroup of the minerals and Sb coordination number. The atomic structures were drawn with VESTA software as well 87 
as the coordination number determination (Momma et al., (2011). 88 

 89 

2. Method 90 

2.1 β-factors 91 

The equilibrium isotope fractionation factor αB-A between two mineral phases A and B corresponds to the ratio of Sb 92 

isotope ratios in these minerals and can be expressed as: 93 

      
 

     

       

 
     

       

  
  

  
 (1) 94 

Where βX is the isotopic partition factor of a mineral X relative to an ideal atomic gas. As α is very close to 1, the 95 

isotopic fractionation factor can be expressed as (Schauble et al., 2009; Sherman, 2013): 96 
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Equilibrium mass-dependent isotope fractionation results from the effect of atomic mass on bond energy 99 

(Bigeleisen and Mayer, 1947; Urey, 1947). If A is a crystalline solid, and Y the element of interest, The β-factor of 100 

phase A for the Y/Y* substitution can be written as: 101 

          
     

  

      
 

 
 

  
  

   
 

 
 
     

where Y
*
 the heavier isotope and Y the main isotope, mY and mY* the respective mass of the isotopes Y and Y

*
 and n 102 

the total number of sites.      
   denotes the partition function of the system having all the Y isotopes substituted 103 

with Y
*
(Méheut-Le Quéau, 2008). 104 

When the crystal structure presents two types of sites with significantly different environments, such as the Sb(III) 105 

and Sb(V) sites in cervantite, it is interesting to consider the local β-factor, relative to one type of site only. In this 106 

case, if the system is written AY1,iY2,j, with i and j the number of sites 1 and 2, the β-factor of site 1 is:  107 
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The partition function Q can then be computed from the vibrational properties of the system:  108 

      

    

     

 

   

     
     

     
 

         
      

    
 

 

 
  

     

Where      are the frequencies of the phonon with the wavevector q and branch index i=1.3N
at

. N
at

 is the number of 109 

atoms in the unit cell, N is the number of sites for the Y atom in the unit cell, T is the temperature (K), k is the 110 

Boltzmann constant and h is Plank’s constant. In the product of Eq. (6) the three translational q=0 modes with 111 

       are not considered. 112 

2.2 Computational methods  113 

In this paper, electronic and vibrational properties are calculated within the first-principles plane waves method 114 

based on DFT through the Quantum espresso suite (version 6.4 (Giannozzi et al., 2017, 2009)). The starting 115 

structures are those experimentally determined for stibnite in orthorhombic Pnma symmetry (Kyono and Kimata, 116 

2004), senarmontite in cubic Fd-3m symmetry (Whitten et al., 2004), valentinite in Pccn symmetry (Whitten et al., 117 

2004), cervantite in Pna21 symmetry (Gopalakrishnan et al., 1975) and Sb2O5 in monoclinic C12/c1 symmetry (Jansen, 118 

1979). For stibnite, valentinite and cervantite, we use several functionals, namely the local approximation of Perdew 119 

and Zunger (PZ) (Perdew and Zunger, 1981), the generalized-gradient approximations to the exchange-correlation 120 

functional of Perdew, Burke and Ernzerhoff (PBE) (Perdew et al., 1996) and the recent PBEsol functional (Perdew et 121 

al., 2008). Previous models have shown good results for stibnite using the PZ (Filip et al., 2013) and PBESOL (Ibáñez 122 

et al., 2016) pseudopotentials. However, no model tested the PBE functional, it is then interesting to compare the 123 

results on these three different functionals. For senarmontite and Sb2O5, only the PBEsol functional is used as it 124 

appears to be the most reliable. Ionic cores of each atom are described by either ultrasoft (us) or norm conserving 125 

pseudopotentials (nc). The pseudopotential for O is nc and is generated for PZ, PBE, or PBEsol with the same 126 

characteristics as described in the electronic annexes of Méheut et al. (2007). For S, the pseudopotential is from the 127 

PSLibrary (Dal Corso, 2014). For Sb, two types of pseudopotentials from the PSLibrary are considered: the “ultrasoft” 128 

(e.g. pseudopotential file Sb.pz-dn-rrkjus_psl.1.0.0.UPF for PZ functional) and the “norm-conserving” (e.g. Sb-pz-n-129 

nc.UPF for PZ functional). The first one is in principle very accurate (due to the account of semicore states). This 130 

permits an accurate calculation at a reasonable computational cost, due to the ultrasoft approach. However, the 131 

computation of Raman intensities is not implemented for this type of pseudopotentials in the Quantum Espresso 132 

software package. In order to compute Raman intensities and compare more precisely calculated gamma-point 133 

frequencies with experiment, nc pseudopotentials only should be used. Calculations using the us or nc 134 

pseudopotentials for Sb will be thereafter called us or nc, respectively. For both types of calculations, electronic 135 

wave-functions are expanded in plane-waves up to an energy cutoff εcut=80 Ry (1088 eV) and the charge density cut-136 

off is set to 4 εcut. Electronic integration is done by sampling the Brillouin zone with a 4×2×4 k-point grid for 137 

valentinite, a 2×6×2 grid for stibnite, a 3×4×2 grid for cervantite, a 2×2×2 grid for senarmontite and a 2×3×3 grid for 138 

Sb2O5 (Monkhorst and Pack, 1976).  139 

Phonon frequencies are computed using linear response theory (Baroni et al., 2001), with the Quantum Espresso 140 

package (Giannozzi et al., 2009). Interatomic force-constants are obtained from the dynamical matrices computed 141 

exactly (within DFT) on a n × m × p grid of vectors (where n, m and p are equal to the numbers used for electronic 142 

integration). Long-range effects are taken into account by computing Born effective-charges and static dielectric 143 

constants (Baroni et al., 2001). Dynamical matrices and thus phonon frequencies can be obtained in any point of the 144 
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reciprocal space by Fourier-interpolation of the force constants. For all materials, the vibrational partition function 145 

(Eq. (5)) is converged with a 6×6×6 interpolation grid.  146 

To help correlate calculated frequencies at gamma-point with experimental spectroscopic Raman data, the 147 

intensities (Raman cross-sections) of each mode are computed for PBEsol calculations. For Raman-active modes, 148 

non-resonant Raman cross-sections are computed using second- order response as in Lazzeri and Mauri (2003).  149 

 150 
 151 
2.3 Raman spectra 152 

To directly compare the calculations with the experiment, Raman spectrum configurations of all the structures are 153 

modelled for a 300 K temperature (as this temperature was the reference in the experimental valentinite study 154 

(Gonçalves et al., 2018)). Two light polarisations are considered: parallel-polarized “xyyx” geometry, with incoming 155 

and outcoming polarisation in the same direction (giving Ag modes) and cross-polarized “xyzx” geometry, with 156 

incoming and outcoming polarisations perpendicular to each other, giving Bg modes. As the Raman spectra found in 157 

the literature are always measured on mineral powders for the cases considered here, the spectra are averaged 158 

over several grain orientations (80) and broadened by Gaussian convolution. However, these experimental methods 159 

generally give information on anharmonic frequencies at the Brillouin zone center (Méheut-Le Quéau, 2008). So, 160 

these comparisons could be biased, but remain the best point of comparison between theoretical and experimental 161 

data. Calculated IR frequencies will not be compared for validation of the models with experimental data, as for 162 

most of these structures, they do not exist or are incomplete. 163 

3. Results 164 

 165 

3.1. Structural predictions 166 

The structures of stibnite, valentinite and cervantite are relaxed at the PBE, PBEsol (GGA) and PZ (LDA) levels using 167 

the us Sb pseudopotential (Table 1). The calculations using the nc pseudopotential performed for valentinite and 168 

cervantite at the PZ and PBESOL levels hold slightly smaller cell parameters (typically by 0.7 %). The results of the us 169 

calculations show good agreement with experimental data and previous computations, with global differences 170 

under 5 % (Allen et al., 2013; Gopalakrishnan and Manohar, 1975; Kyono and Kimata, 2004; Svensson, 1975). PBE 171 

relaxation shows the worst lattice reproduction, with a 8 % deformation along the a-axis for stibnite and valentinite, 172 

resulting in an important lattice volume difference. This elongation is not found with the other functionals and 173 

particularly for PBEsol, which presents the best agreement with experimental data for each structure, with an 174 

average difference of 1 % in the cell parameters for the 3 structures. The comparison between experimental and 175 

theoretical data is reported in Table 1 as well as other studies working with similar PBEsol (Ibáñez et al., 2016) and 176 

PZ (calculated with semicore, Filip et al., 2013) functionals. Both PBEsol pseudopotentials showed similar lattice 177 

values. For the PZ functional, our calculation is reasonably close to the calculation using the pseudopotential w/o 178 

semicore (Table 1) while there are significant differences between the two PZ pseudopotentials used in Filip et al. 179 

(2013) and this study (Table 1).  180 

The Sb-S and Sb-O distances are slightly longer after the relaxation step for all the structures, as in other models 181 

(Allen et al., 2013) where the bond elongation ranked between 1 to 4.1 %. No extreme dilatation was reported for 182 

the different bonds in the valentinite structure. Despite these small elongations, the bond distances obtained 183 

through the calculations are close to measured values and the reproduction of these structures is satisfying to 184 

proceed with the next calculation steps. 185 

The structures of senarmontite and Sb2O5 are calculated at the PBEsol level only (Table 1), based on the conclusion 186 

that this functional is the most accurate (see discussion in 3.2).  187 
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Table 1: Calculated cell parameters with the different functionals (PBE, PZ, PBEsol, us calculations only) determined in this 188 
study compared to the experimental data (Expce) and calculations from other authors. Bracketed values are the percentage 189 
differences with the experimental data (

‡
Kyono et al., 2001, 

ϕ
Whitten et al., 2004, 

†
Svensson et al., 1974, ⁂Gopalakrishnan et 190 

al., 1975,
 Х

Jansen 1979) and are compared with other theoretical studies ( 
ɧ
Ibáñez et al., 2016 (PBESOL), 

ꙍ
Filip et al. 2013 191 

(PZ), , 
ϴ
Allen et al., 2013 (PBE)).  192 

Material Properties PBE PZ 
 

PBESOL Expce 
Other calculations 

 PBESOL PZ PBE 

Sb2S3
‡
 (Stibnite) 

a (Å) 12.199 (+8.1) 10.927 (-3.2)  11.271 (-0.1) 11.282 11.2746
ɧ
 11.087

ꙍ
   

b (Å) 3.879 (+1.3) 3.786 (-1.1)  3.832 (+0.1) 3.83 3.8306
ɧ
 3.838

ꙍ
   

c (Å) 11.257 (+0.3) 10.727 (-4.4)  10.916 (-2.8) 11.225 10.8941
ɧ
 10.834

ꙍ
   

α (°) 90 (0) 90 (0)  90 (0) 90       

β (°) 90 (0) 90 (0)  90 (0) 90       

ɣ (°) 90 (0) 90 (0)  90 (0) 90       

|Sb1-S1| (Å) 2.553 (+1.5) 2.561 (+1.8)  2.590 (+1.8) 2.514       

 |Sb1-S2| (Å) 2.574 (+1.4) 2.564 (+1.1)  2.570 (+1.3) 2.537       

 |Sb1-S3| (Å) 3.156 (+1.6) 2.979 (-4.1)  3.014 (-3.0) 3.106       

S2-Sb1-S3 (°) 88.587 (+1.1) 84.183 (-3.9)  85.440 (-2.4) 87.581       

Vol (A
3
) 532.6 (+9.8) 443.8 (-8.5)  471.4 (-2.8) 485       

α-Sb2O3
ϕ 

Senarmontite 

a (Å) - -  11.130 (+0.1) 11.116       

α (°) - -  90 (0) 90       

β (°) - -  90 (0) 90       

ɣ (°) - -  90 (0) 90       

 |Sb1-O1| (Å) - -  2.0195 (+2.0) 1.98       

|Sb1-O2| (Å) - -  2.0195 (+2.0) 1.98       

|Sb1-O3| (Å) - -  2.0195 (+2.0) 1.98       

O2-Sb1-O3 (°) - -  96.77 (+0.9) 95.87       

Vol (Å
3
) - -  

1378.78 (+0.3) 1373.55       

β-Sb2O3
†
 

(Valentinite) 

a (Å) 5.323 (+8.6) 4.803 (-2.0)  4.941 (+0.8) 4.9     5.008
ϴ
 

b (Å) 12.722 (+2.2) 12.190 (-2.1)  12.296 (-1.2) 12.449     12.654
ϴ
 

c (Å) 5.570 (+2.9) 5.372 (-0.7)  5.418 (+0.1) 5.41     5.527
ϴ
 

α (°) 90 (0) 90 (0)  90 (0) 90       

β (°) 90 (0) 90 (0)  90 (0) 90       

ɣ (°) 90 (0) 90 (0)  90 (0) 90       

|Sb1-O1a| (Å) 2.034 (+2.5) 2.008 (+1.2)  2.0228 (+2.0) 1.984       

|Sb1-O1b| (Å) 2.059 (+1.9) 2.054 (+1.65)  2.0762 (+2.7) 2.021       

 |Sb1-O2| (Å) 2.074 (+2.5) 2.068 (+2.2)  2.0624 (+1.9) 2.024       

Vol (Å
3
) 377.2 (+14.3) 314.5 (-4.7)  329.2 (-0.25) 330     350.25

ϴ
 

α-Sb2O4
⁂ 

(Cervantite) 

a (Å) 5.623 (+3.4) 5.455 (+0.4)  5.489 (+1.0) 5.436     5.558
ϴ
 

b (Å) 4.940 (+2.7) 4.819 (+0.2)  4.868 (+1.2) 4.81     4.912
ϴ
 

c (Å) 12.030 (+2.3) 11.735 (-0.2)  11.819 (+0.5) 11.76     11.943
ϴ
 

α (°) 90.0 (0) 90.0 (0)  90.0 (0) 90       

β (°) 90.0 (0) 90.0 (0)  90.0 (0) 90       

ɣ (°) 90.0 (0) 90.0 (0)  90.0 (0) 90       
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 |Sb1-O1| (Å) 2.030 (+5.3) 1.992 (+3.3)  2.009 (+4.2) 1.929       

|Sb1-O2| (Å) 2.002 (+2.4) 1.965 (+0.5)  1.982 (+1.4) 1.954       

|Sb1-O3| (Å) 2.060 (+1.7) 2.026 (+0.1)  2.042 (+0.8) 2.024       

O2-Sb1-O3 (°) 88.5 (-2.3) 89.1 (-1.7)  88.9 (-1.9) 90.7       

Vol (Å
3
) 334.2 (+8.7) 308.5 (+0.3)  315.8 (+2.7) 307.5     326.05

ϴ
 

Sb2O5
Х
 

a (Å) - -  12.762 (+0.9) 12.646 

 
    

b (Å) - -  3.963 (-17.1) 4.782       

c (Å) - -  3.926 (-27.6) 5.4247       

α (°) - -  87.8 (-2.4) 90       

β (°) - -  101.85 (-2.0) 103.91       

ɣ (°) - -  91 (+1.1) 90       

Vol (Å
3
) - -  194.7 (-38.9) 318.429       

 

 
 

 3.2 Vibrational predictions 193 

To assess the validity of the phonon calculation on the present structures, the calculated vibrational frequencies can 194 

be compared with results from conventional spectroscopic studies (IR and Raman spectra). On classical and well-195 

known materials commonly used in industries such as stibnite, plenty of experimental and theoretical data are 196 

available on the Raman spectrum (Cai et al., 2018; Ibáñez et al., 2016; Sereni et al., 2010). However, data are not 197 

available or incomplete for rarer materials with no industrial applications, such as senarmontite, cervantite or Sb2O5. 198 

For these minerals, the whole spectrum and frequencies are given to provide, for the first time, full calculated 199 

vibrational spectra with their symmetries and they are discussed with previous existing data. PBEsol is the functional 200 

which best suits the experimental frequencies (R² = 0.993 for all structures). On the other hand, the error of PBE on 201 

frequencies is more variable, especially around the 300 – 600 cm
-1

 frequencies. The average ~ 4 % underestimation 202 

of the Raman frequencies calculated with PBE observed by Méheut et al. (2007), Scheurer et al. (2014) and Ducher 203 

et al. (2016)) is found as well in this study. However, uncertainties on the cervantite assignation remain high due to 204 

the incompleteness of experimental data. The detailed frequencies and their assignations are discussed below in 205 

details for each mineral considered. Frequencies calculated through nc and us pseudopotentials are close enough to 206 

be associated with each other and to use the Raman intensity calculated with nc to attribute experimental 207 

frequencies to us. All the Raman spectra are calculated with nc pseudopotentials. 208 

3.2.1. Stibnite Raman frequencies 209 

The calculated Raman frequencies of stibnite are compared to the experimental study from Ibáñez et al. (2016) and 210 

are reported in Table S1. Overall, the theoretical and experimental values are similar, with errors calculated at 0.3 % 211 

with a linear regression between the experimental and theoretical (PBEsol) frequencies. PBEsol best reproduces the 212 

Raman frequencies obtained experimentally (peak positions and symmetries). Frequencies calculated with PZ and 213 

PBEsol show more similarities between each other than with PBE. As stibnite is the most documented Sb mineral 214 

phase and since the experimental and theoretical Raman frequencies have a good correspondence and do not 215 

present any ambiguity, the Raman spectrum of stibnite is not calculated to validate the model nor attribute the 216 

experimental and theoretical frequencies. Calculated Raman frequencies in this study are also compared with 217 

theoretical Raman frequencies from Ibáñez et al., (2016) where PBEsol was used, with a good similarity of lattice 218 

parameters (Table 1). The two theoretical studies show very similar calculated frequencies (Table S1). 219 

3.2.2. Valentinite Raman frequencies 220 
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 221 

Figure 2:  a) Raman spectrum of valentinite calculated with the PBEsol functional compared with b) the experimental 222 
valentinite Raman spectrum measured at ambient temperature and pressure reproduced from Gonçalves et al. (2018) with 223 
permission from Elsevier. Blue lines represent the Bg symmetry while the black represent the Ag symmetry. 224 

The calculated Raman frequencies of valentinite are compared with experimental data from the study of Gonçalves 225 

et al. (2018). The full list of frequencies and symmetries is reported in Table S2 and compared with the experiment. 226 

Then, the Raman spectrum of valentinite is calculated to make the best possible correspondences between the 227 

theoretical and experimental Raman frequencies. For this, the pseudopotential PBEsol_nc is used, as PBEsol gives 228 

the best results for the lattice reproduction. The calculated spectrum is compared with the experimental one in 229 

Figure 2. Some of the experimental frequencies did not find an experimental correspondence (Table S2), however, it 230 

concerns relatively low intensities frequencies (< 100 a.u.) and all the major peaks are attributed to an experimental 231 

equivalent. The errors are acceptable, with -4.4 % for PBEsol compared with the experimental data through linear 232 

regression. As previously seen for lattice parameters, the PBE model is less efficient than the others for Raman 233 

frequencies. 234 

 235 

Figure 3: a) theoretical Raman spectrum of senarmontite calculated with the PBEsol functional compared with b) the 236 
experimental spectrum measured at ambient pressure, reproduced from Pereira et al. (2012) with permission from the 237 
American Physical Society. 238 

3.2.3 Senarmontite Raman frequencies 239 

 240 

The calculated Raman frequencies of senarmontite are compared with the experimental data from Pereira et al. 241 

(2012) at ambient pressure and temperature (Figure 3) and Mestl et al. (1994) (Table S3). As noticed in Pereira et al. 242 

(2012), the E vibration modes calculated were doubly degenerated while the F modes were triply degenerated. 243 
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Despite some differences with the experimental data (average difference of peak frequency -7.9 % for PBEsol, 244 

Figure 6), the two spectra fit each other relatively well. The theoretical frequency at 305 cm
-1

 (Eg) calculated in this 245 

study had an almost null intensity and cannot be seen in the experimental spectrum presented by Pereira et al., 246 

(2012) nor in the theoretical spectrum, but is, however, present in the nine Raman frequencies that senarmontite 247 

has and is therefore reported in the theoretical study of Pereira et al., (2012) for the 335 cm
-1

 frequency (Table S3). 248 

Data from Pereira et al., (2012) were similar to the previous Raman frequencies found in the literature (Mestl et al., 249 

1994). 250 

3.2.4 Cervantite Raman frequencies 251 

The calculated Raman frequencies of cervantite are compared to the experimental frequencies measured by Cody et 252 

al. (1979) for the validation of the model (Table S4). To attribute the theoretical frequencies to experimental ones, 253 

the average Ag – Bg (xyyx and xyzx polarisations, Figure 4) spectrum is modelled, as symmetries were not given in 254 

Cody et al., (1979) or in any other publication, and the most intense peaks were attributed to the most intense 255 

experimental peaks. These data being old and incomplete made the peak assignation less precise than for the other 256 

structures.  257 

To quantify the errors between experimental and theoretical frequencies, the PBEsol model is chosen as a reference 258 

for the symmetries, as this model shows the best correspondence between the experimental and theoretical values 259 

for stibnite and valentinite. With the available data, the theoretical and experimental frequencies are showing good 260 

correspondence with each other (for PBEsol and PZ). The PBE pseudopotential calculations give a negative value (-8 261 

cm
-1

) as a Raman frequency indicating the inefficiency of PBE compared to PBEsol and PZ. The error between PBEsol 262 

and the experimental data is equal to -2.6 %.  A particularity of cervantite frequencies compared to the other 263 

structures studied, is that IR shifts also have a Raman component.  264 

 265 

Figure 4: Average Raman spectrum of cervantite calculated with the PBEsol functional. 266 

 267 

Experimental frequencies ranged from 43 to 858 cm
-1

, with higher frequencies (> 713 cm
-1

) having extremely low 268 

intensities (< 1 arb. unit.). The highest frequency for the theoretical spectrum is around 750 cm
-1

, which is not in 269 

accordance with the experimental values reported by Cody et al. (1979). This may be attributed to the fact that 270 

measurements made by Cody et al. (1979) recorded some background noise in the high frequencies which were 271 

mistaken with peaks. 272 

3.2.5 Sb2O5 Raman frequencies 273 
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 274 

Figure 5: Raman spectrum of Sb2O5 calculated in this study with the PBEsol functional. The black line represents the Ag 275 
symmetry (xyyx) while the blue one represents the Bg symmetry (xyzx). 276 

As PBEsol shows good agreements with experimental data for the previous modelled structures, it is decided to 277 

calculate Sb2O5 only with the PBEsol functionals (both us and nc pseudopotentials). No experimental data of the 278 

Raman spectrum of Sb2O5 was found in the literature for the validation of the model. The Raman frequencies of 279 

Sb2O5 with their intensities are reported in Table S5, as reference for future works implying monoclinic Sb2O5, as for 280 

its Raman spectrum given in Figure 5. 281 

3.3. β-factors 282 

Table 2: Recommended fits of the β-factors calculated for the PBEsol functional with us pseudopotentials and based on an 283 
equation of the type ax² + bx

3
, with x = 10

3
/T (K). 284 

Mineral 
Temperature Fit parameters 

range (°C) a  b  

Stibnite 0 - 1100 0.0635 -0.00056 

Valentinite 0 - 1100 0.1561 -0.00397 

Senarmontite 0 - 1100 0.1719 -0.00454 

Cervantite 0 - 1100 0.2256 -0.00603 

Sb2O5 0 - 1100 0.2960 -0.00964 

 285 

The β-factors represent the equilibrium 
123

Sb/
121

Sb isotopic fractionation factor between the mineral and a 286 

hypothetical perfect gas with the natural average 
123

Sb/
121

Sb ratio (Méheut-Le Quéau, 2008). The differences 287 

between ln(β) values of the four studied Sb minerals provide an overview of the variability of Sb fractionation 288 

expected in nature (Equation 3). All β-factors are calculated with the PBEsol functional and the us Sb 289 

pseudopotential (Table S6) and the equations describing these fractionations as a function of temperature are listed 290 

in Table 2. The β-factors show significantly different values for the different phases (Figure 6). Stibnite β-factor (ln(β) 291 

= 0.71 ‰ at 22 °C) shows a low value compared to valentinite or senarmontite (Δln(β)valentinite-stibnite/senarmontite-stibnite = 292 

0.93 and 1.09 ‰ at 22 °C, respectively), cervantite (Δln(β)cervantite-stibnite = 1.49 ‰ at 22 °C) and Sb2O5 (Δln(β)Sb2O5-stibnite 293 

= 2.32 ‰ at 22 °C, Figure 6 and Table S6). During the transformation process of these minerals, the different 294 

structures tend to present higher β-factors as they get oxidized (βstibnite < βvalentinite/senarmontite < βcervantite < βSb2O5). The 295 

site-by-site calculation for the trivalent and pentavalent Sb forms in cervantite shows that Sb(III) tends to be less 296 

enriched in 
123

Sb (ln(β) = 1.37 ‰ at 22 °C) than Sb(III) in senarmontite (ln(β) = 1.80 ‰ at 22 °C) or in valentinite (ln(β) 297 

= 1.64 ‰ at 22 °C). On the contrary, the β-factor of Sb(V) in cervantite (ln(β) = 3.03 ‰ at 22 °C) is equal to the β-298 

factor of Sb(V) in pure Sb2O5 (ln(β) = 3.03 ‰ at 22 °C). Site by site calculations for the two Sb sites in stibnite show 299 
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very similar β-factor (ln(β) = 0.696 ‰ at 22 °C for the second site, and 0.716 ‰ for the 1
st

 site), despite a 300 

coordination number lower (3.0 vs 4.1) and shorter bond lengths (2.53 Å vs 2.70 Å) for the second site.  301 

 302 

Figure 6: β-factors (in ‰) of the different mineral phases during the oxidation process of the stibnite (Sb2S3) to the synthetic 303 
fully oxidized mineral phase Sb2O5. These β-factors are calculated with the PBESOL functionals (us pseudopotentials). The 304 
Sb(III/V) cervantite (dashed lines) represents the βfactor for each individual Sb(III/V) site in cervantite. 305 

3.4 Uncertainties of the β-factors 306 

 307 

To evaluate the uncertainties associated with the β-factors, the calculations are made with LDA (PZ) and GGA 308 

(PBEsol and PBE) functionals. The β-factors calculated with the different functionals are represented in Figure 7 (us 309 

pseudopotentials). The variability between the three functionals is almost null for stibnite, with a difference of 0.02 310 

‰ between PZ and PBEsol. This difference between the functionals is increasing for valentinite, showing the highest 311 

difference of 0.09 ‰ between PBEsol and PZ. This difference is maximum for cervantite, with a 0.35 ‰ difference 312 

between PBE and PZ, while the difference is only 0.04 ‰ between PBEsol and PZ. These two pseudopotentials show 313 

the most similar atomic structure and vibrational properties (Table 1). The significant difference between PBE and 314 

the two other pseudopotentials could be explained by poorer reliability in the lattice reproduction and theoretical 315 

Raman frequencies for PBE and finally by too high uncertainty. The errors on the Raman frequencies of the 316 

structures are evaluated through a linear regression between the theoretical and experimental frequencies. These 317 

regressions are reported in Figure 8. The errors are evaluated at 0.4 % for stibnite, 3.5 % for valentinite and 318 

cervantite and finally 6.5 % for senarmontite. As demonstrated in appendix B of Méheut et al. (2009), the error on 319 

the logarithmic β-factors given by the errors on the frequencies varies between n % (low temperature) and 2n % 320 

(high temperature). To have only one error per β-factors, the 2n % error will be used to estimate the errors of the 321 

structures. The error attributed to the β-factors are 0 % for stibnite, 7 % for valentinite and cervantite and16 % for 322 

senarmontite (Table 3).  323 

 324 
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 325 

Figure 7: Comparison of the β-factors calculated using different functionals (GGA (PBE, PBEsol) and LDA (PZ)) for three 326 
different mineral phases (stibnite (Sb2S3), valentinite (Sb2O3) and cervantite (Sb2O4)). 327 

 328 

 329 

Figure 8: Theoretical Raman frequencies (PBEsol functional) as a function of the experimental Raman frequencies of the 330 
different studied minerals: stibnite (grey); valentinite (yellow), senarmontite (orange) and cervantite (blue). Linear 331 
regressions corresponding to each mineral are represented with dotted lines. The black dashed line represents the 1:1 332 
relation. 333 

Table 3: Raw and corrected β -factors for stibnite, valentinite, senarmontite and cervantite at 22 °C. 334 

  Stibnite Valentinite Senarmontite Cervantite 

Error on Ln(β-factor) (%) 0 7 13 7 

Ln(β-factor) 0.71 1.64 1.80 2.20 

Corrected Ln(β-factor) 0.71 1.75 2.03 2.35 

 335 
As the lattice parameters for stibnite are the least deformed compared with experimental measurements (except 336 

for axis c, composed with Van-Der-Waals bonds), it is consistent that stibnite has the smallest errors on the Raman 337 

frequencies and β-factors. Concerning senarmontite, an error of 13 % on the β-factor is estimated which translates 338 

into an error of 0.23 ‰ at 22°C for Δ
123

Sbsenarmontite-stibnite=1.5 ‰ and gives an estimate of the precision that can be 339 

expected using such approach. 340 
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Despite some differences between the various functionals (especially with PBE), all the models show a relatively 341 

good agreement with the experimental results. Only PBE does not show satisfying structural lattice reproduction for 342 

stibnite and valentinite with an important elongation of the a-axis, along with slightly less accurate Raman 343 

frequencies compared to the two other functionals. However, for stibnite, these structural and Raman differences 344 

do not have an impact on the final calculated β-factor. This is not the case for cervantite, where important β-factor 345 

differences are observed between PBE and the two other functionals (PZ and PBEsol). 346 

Experimental and theoretical Raman spectrum show similar frequencies, but for cervantite, precise experimental 347 

data about the quality and symmetry of these frequencies are lacking. However, since the previous models (stibnite 348 

and valentinite) show a good correspondence with the data, it can be assumed that it is also the case for cervantite 349 

and Sb2O5, which does not have experimental data to support this theoretical work.  350 

The first-principles calculations presented above quantify mass-dependent isotope fractionations originating from 351 

differences in the vibrational properties of the chemical bonds in Sb minerals. However, these calculations did not 352 

take into account the Nuclear Field Shield Effect (NFSE) for Sb nuclei, resulting from differences in volume and 353 

shapes of the atomic nuclei of the different isotopes (Schauble 2007, Fujii et al., 2009). The number of protons is 354 

similar between isotopes of a single element, but their distribution in space within the nuclei can differ. This 355 

difference of size and shape could be represented as the mean-square charge radius 〈r²〉 (Fujii et al., 2009). Usually, 356 

mass fractionation is predominant in light isotopes, while NFSE becomes far more important than mass-dependent 357 

fractionation for the heavy isotopes (e.g. Hg, Tl, U, Yang and Liu, 2016). For Sn, an element close to Sb in terms of 358 

mass and volume, Schauble 2013 demonstrated a limited contribution of NFSE (around 5% of the overall 359 

fractionation). More precisely, the fractionation coming from the NFSE can be written (Almoukhalalati et al., 2016, 360 

in atomic units):  361 

        
    

  
 

   

 
 

 

   
     

     
    〈        

 〉      

With    
  the effective electronic density in the nuclear volume for chemical species A (in a0

-3
),  〈        

 〉 is the 362 

change in mean-square charge radius between 
123

Sb and 
121

Sb, Z=51 is the number of protons of Sb, k (=3.16666 10
-6

 363 

Ha.K
-1

) is Boltzmann constant, T is the temperature in K. 364 

The parameters controlling the NFSE are therefore the change in effective electronic density     between two 365 

species, and the change in mean-square charge radius 〈r²〉.  366 

 367 

Equilibrium Model 
   

     
  (a0

3
) lnαNFSE 

123-121
Sb at 22°C lnαMD 

123-121
Sb at 

22°C (this work) 

  CdO (monteponite)-αCd -15.6     

Sb2O5-Sb2O3 SnO2(cassiterite) -SnO(romachite) -26.2  -0.075±0.051‰ 1.23-1.38‰ 

  SnO(romachite)-αSn  6.2     

  HgO(montroydite)-αHg -48.4     

  CdO (monteponite)-CdS (hawleyite) -4.9     

Sb2O3-Sb2S3 SnO(romachite) -SnS -8.3  -0.024±0.016‰ 1.09-0.93‰ 

  HgO(montroydite)-HgS(cinnabar) -18.9     

Table 4. Estimates (Schauble 2013) of changes in effective electron density at the nucleus for various equilibria similar to 368 
Sb2O5-Sb2O3 (oxygen reductions M

n+
On/2 -Mn

(n-2)+
O(n-2)/2) or to Sb2O3-Sb2S3 (O-S exchanges). In bold are our preferred estimate.  369 

                        is calculated from eq. 7 with  〈        
 〉                     

   (Angeli and Marinova 2013). 370 
               is calculated from Table 2 (with Sb2O3 taken as valentinite for the first value and senarmontite for the 371 
second). 372 

Regarding the change in effective electronic density, to our knowledge, there is no study in the literature 373 

estimating this quantity for Sb species. However, Schauble et al. (2013) computed the NFSE effect for various 374 
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species for Sn, Hg, Tl isotopes. The Sn system is particularly appealing, as it is just before Sb in the periodic 375 

table. As shown in Table 4, we suggest to model the change in effective density for the Sb2O5-Sb2O3 equilibrium 376 

with the SnO2(cassiterite)-SnO(romachite) equilibrium, and for the Sb2O3-Sb2S3 equilibrium with the 377 

SnO(romachite) -SnS equilibrium. The NFSE estimated using these values and the change in nuclear radius 378 

 〈        
 〉                     

   (Angeli and Marinova, 2013) is rather limited (below 5%) with respect to 379 

the conventional mass dependent fractionation. Note that the uncertainty on this effect is rather large due 380 

principally to large uncertainties on the estimate of  〈        
 〉 (Angeli and Marinova, 2013). Other examples 381 

of changes in effective density are given in Table 4, for various other systems. This illustrates that for systems 382 

with similar Z, and for similar equilibria, the corresponding changes in effective densities remain in the same 383 

range as our estimate. As rough as our estimate may be, it is therefore unlikely that NFSE contributes 384 

significantly to the overall Sb fractionation.  385 

 386 

4. Discussion 387 

4.1. Parameters controlling the isotopic fractionation 388 

The results allow to predict Sb isotope fractionation (direction and amplitude) between different secondary Sb 389 

mineral phases of the oxidation chain of stibnite and to identify the factors responsible for this fractionation. In 390 

order of importance of the magnitude of the induced fractionation, these factors are: the change of Sb oxidation 391 

state, the change of the first neighbour of Sb and the distortion of the atomic Sb - O polyhedron.  392 

The change from Sb(III) oxidation state in Sb(III)-phases (valentinite and senarmontite) to mixed Sb(III)/Sb(V)-phase 393 

(cervantite) or Sb(V)-phases (Sb2O5) induced an increase of the β-factor. A number of theoretical studies have been 394 

carried out to quantify the equilibrium isotope fractionation between different oxidation states of metals (Cu, Fe, 395 

Mo, Cr, Se, Tl, …) (Asael et al., 2007; Polyakov and Mineev, 2000; Tossell, 2005). They predicted that oxidized species 396 

are preferentially enriched in heavy isotopes due to the difference in bond length and strength (Asael et al., 2007). 397 

Experimental studies showed the same trend. For Se, oxidative dissolution of selenide-bearing minerals ferroselite 398 

(FeSe2) and berzelianite (Cu2Se) produced an enrichment in the heavier isotopes in dissolved Se compared to the 399 

initial minerals, although factors other than redox changes could have been involved in fractionation (e.g. 400 

dissolution, adsorption …) Wasserman et al. (2021)). Oxidative weathering of crustal Cr(III)-bearing minerals results 401 

in the release of 
53

Cr-enriched mobile Cr(VI) to the solution  (Gilleaudeau et al., 2016). Similar to chromium, redox 402 

transformations between Cu(I) and Cu(II) species are the main processes in natural systems resulting in Cu isotope 403 

fractionation (Little et al., 2017, 2014). For example, reduced and precipitated Cu(I) species are known to be lighter 404 

by 2 ‰ to 5 ‰ relative to dissolved Cu(II) species (Ryan et al., 2014). Among experimental studies dealing with 405 

metal(loid) isotope fractionation related to redox changes, only two were dedicated to Sb.  Antimony(V) reduction 406 

experiments were carried out by Rouxel et al. (2003) and showed that this process generated an isotopic 407 

fractionation between oxidized and reduced species Δ
123

SbSb(V)-Sb(III) of about 0.90 ‰. Mackinney (2016) also 408 

observed significant fractionation in the same direction, during the reduction of aqueous Sb(V) by sulphide to form 409 

solid Sb(III)2S3 resulting  in a Δ
123

Sb Sb(V)-Sb(III)2S3- of 1.45‰. In this latter study, other factors contributing to Sb isotope 410 

fractionation are probably superimposed to the redox effect, such as the effect of the bounding environment (Sb-Cl 411 

bonds in Sb(V)Cl5 and Sb-S bonds in Sb2S3) and phase change (liquid to solid).  412 

The change in the first neighbour of Sb also showed a significant effect on Sb isotopes in the present study. Sb-O 413 

bonds tend to concentrate 
123

Sb isotope compared to Sb-S bonds. Trivalent atomic Sb-O bonds in cervantite are on 414 

average shorter than trivalent Sb-S bonds in the stibnite (more than 0.6 Å difference, Table 1) and stibnite also has a 415 

higher coordination number for Sb(III) (Figure 1), which could also explain its lower retention of the heavy isotope 416 

(
123

Sb) compared to Sb-O. The control on fractionation properties can also be explored based on vibrational analysis 417 

(Figure S1, see Meheut et al 2009 for details). The vibrational analysis expresses the contributions of each 418 

vibrational mode to the β-factor. Vibrational analyses for stibnite and valentinite are compared on Figure S1, 419 

showing that most of the Raman frequencies contribute to the β-factor. As a consequence, it is essentially shown 420 

that the higher valentinite β-factor is explained by its generally higher vibrational frequencies, therefore its 421 
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generally stiffer bonds. Indeed, the heavy isotopes of an element tend to be concentrated in substances where that 422 

element forms the stiffest bonds (Schauble, 2004) and generally the lowest coordination number. Liu et al. (2021) in 423 

a first-principles study about Cu isotopes showed that similar changes from Cu – S to Cu – O structures favoured the 424 

heavy isotope by an increase of the β-factor around 1.2 to 1.8 ‰. Unfortunately, data in the literature are too 425 

scarce to compare the order of magnitude of the modelled Sb isotope fractionation with environmental Sb data.  426 

However, there are some apparent discrepancies with respect to these general isotope fractionation rule of thumb. 427 

On average, cervantite has longer Sb – O bonds than valentinite but presents a significantly higher β-factor (> 0.5 428 

‰), which is clearly contradictory with those tendencies. The relation between the average atomic bond length and 429 

β-factor no longer holds when comparing atomic structures with different atomic bonds, oxidation level and 430 

coordination numbers. The β-factor calculated for trivalent antimony in cervantite on one hand and for pentavalent 431 

antimony in cervantite, on the other hand, showed that pentavalent Sb possesses a higher β-factor than trivalent Sb 432 

in this structure (Figure 6). Thus, the higher enrichment in heavy isotope in cervantite compared to valentinite is 433 

explained by the presence of Sb(V) which makes, on average, the cervantite enriched in the heavy isotope. The 434 

effect of the coexistence of different sites was also studied by Ducher et al. (2016) on the three different Zn sites in 435 

hydrozincite (1 tetra-coordinated and 2 hexa-coordinated sites). The two hexa-coordinated sites were consequently 436 

enriched in heavy isotopes compared with other hexa-coordinated sites of another mineral (smithsonite), between 437 

0.50 to 0.65 ‰ while their Zn – O bond lengths were comparable. This difference was assumed to be caused by the 438 

difference in first-neighbours and the change of partial negative charge of the O atom in hydrozincite caused by the 439 

presence of a hydroxyl group instead of a single O atom.  440 

The three trivalent Sb(III) – O phases (senarmontite, valentinite and Sb(III) in cervantite) exhibited slightly different 441 

(more than 0.14 Å) average Sb – O bond length. This difference could be explained by the inclusion of Sb(V) in 442 

cervantite besides Sb(III) or by the adaptation to the orthorhombic cell of the valentinite, which induces a distortion 443 

on the Sb – O polyhedral structure affecting atomic bond lengths, angles and volume, inducing a loss of symmetry 444 

and an increase of the disorder of the structure (Pokrovsky et al., 2014). Nevertheless, these small Sb – O bond 445 

length differences affected only slightly the β-factor.  446 

The Sb – S bond lengths and coordination number difference in stibnite between the two Sb sites also shown to 447 

induce very small difference in the β-factor (2 ‰), which is much smaller than variations between the different 448 

atomic dispositions of the Sb2O3 minerals and sites.  449 

  450 

4.2. Implications for environmental applications 451 

Understanding the parameters controlling isotope fractionation that occurs during different geochemical processes 452 

is an important step for developing the applications of Sb isotopes to sources or processes tracking. This study 453 

provides information on the direction and amplitude of Sb isotope fractionation expected between solid phases that 454 

are important Sb-bearing minerals in the supergene environment. Theoretical Sb isotope fractionation spans over 455 

2.3 ‰ at 22 °C which is similar to the range of isotopic composition observed in natural samples (Rouxel et al., 2003; 456 

Da Wang et al., 2021; Zhai et al., 2021). The studied minerals that compose the stibnite oxidation chain were chosen 457 

because of their ubiquity in the supergene zone, especially in Sb-sulfide mining areas. These minerals play an 458 

essential role in limiting Sb mobility in mining wastes and rivers impacted by mine drainage (Filella et al., 2009; 459 

Roper et al., 2012).  All the studied secondary Sb minerals were found to be isotopically heavier than the initial 460 

stibnite. This suggests that the oxidative weathering of sulphide minerals in waste piles could significantly modify 461 

the Sb isotope ratio. This has a strong implication for the application of Sb isotopes as a tracer of contamination 462 

source; a range of Sb isotope signatures of about ~1 ‰ could be expected in a single mining district as a result of 463 

alteration processes.  We showed that redox change from Sb(III) to Sb(V) was the transformation that most affected 464 

the Sb isotope composition, by up to 1.2 ‰ (Sb2O5 - senarmontite). This supports the idea that Sb isotopes could be 465 

a powerful tracer of redox and paleoredox conditions. The calculated fractionation factor is close to the 466 

fractionation factor observed during experimental reduction of aqueous Sb(V) to Sb(III), which gave Δ
123

SbSb(V)-Sb(III) =  467 

0.9 ‰ (Rouxel et al., 2003). Field observations showed the same trend; aqueous Sb(V) in the drainage water of an 468 

Sb mine showed a heavier isotope composition (+ 0.35 ‰) than Sb from the primary stibnite in the mine wastes 469 
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(Tanimizu et al., 2011). However, a number of processes are superimposed to redox changes under environmental 470 

conditions, that can produce some differences in Sb isotope fractionation factors. Wang et al. (2021) showed that 471 

stibnite precipitation from hydrothermal systems was isotopically lighter than the ore-forming fluid with an αfluid-472 

stibnite between 0.9991 and 0.9994 (Δ
123

Sbfluid-stibnite between 0.6 to 0.9 ‰), which is similar to the values reported in 473 

the Table S6 (Δ
123

SbSb2O5-stibnite = 0.75 ‰ at 260 °C, which is within the temperature range of ore formation indicated 474 

in Wang et al. (2021)).  475 

Furthermore, the β-factors determined in the present study are calculated with pure phases and perfect Sb – O 476 

structure, with a precise stoichiometric number of Sb sites, which is not the case for natural minerals. Impurities in 477 

the crystal could impact the β-factor by lowering it, through atomic structure distortions (and then Sb – O distances 478 

changes) or, valence modification (Wang et al., 2017; Gao and Liu, 2021). Finally, it is noteworthy that when the 479 

studied transformations occur in the environment, kinetic fractionation processes could alter the isotopic signature 480 

of the mineral, especially during phase change (e.g. solid to liquid).  481 

Nevertheless, this study provides trends for Sb isotope behaviour during oxidative dissolution of stibnite and 482 

subsequent precipitation of Sb(III) and Sb(V) oxides in sulphide mining environments (Filella et al., 2009; Resongles 483 

et al., 2013). Secondary minerals of stibnite, such as valentinite and cervantite are expected to have a higher δ
123

Sb 484 

signature due to the nature of the atomic bonds (shorter and more energetic). These theoretical data will help in 485 

interpreting Sb isotope signatures along mine waste profiles or mine drainage. Moreover, the results give some 486 

clues for interpreting Sb isotope signature variations in other contaminated contexts such as the urban environment, 487 

where both Sb sulphides and Sb oxides have been evidenced in traffic-related dust (Varrica et al., 2013) and in 488 

natural system, including to better understand isotope variations during Sb ore formation.  489 

 490 

5. Conclusion 491 

Equilibrium Sb isotopes fractionation factors are calculated from first-principles in minerals involved in the oxidation 492 

process from stibnite to cervantite and a further oxidation step with Sb2O5. Good agreement is obtained between 493 

theoretical and experimental data, showing reliable calculated β-factors. Among the studied minerals, stibnite (Sb2S3) 494 

is found to have the lowest β-factor (ln(β) = 0.71 ‰ at 22°C) due to the weakest Sb – S bonds, then valentinite (ln(β) 495 

= 1.64 ‰ at 22°C), senarmontite (ln(β) = 1.80 ‰ at 22°c), cervantite (ln(β) = 2.20 ‰ at 22°C) and Sb2O5 (ln(β) = 3.03 496 

‰ at 22°C). Such a wide range of variation indicates that the isotopes of this element could be used as a 497 

geochemical tracer. The main factors controlling the isotopic fractionation are found to be, in order of importance, 498 

the oxidation level (Sb(V) is isotopically heavier than Sb(III)), the nature of the atomic bond (Sb – S is isotopically 499 

lighter than Sb – O) and finally, the average bond length between Sb and its first neighbour and structural distortion 500 

of the atomic polyhedron (the most distorted the atomic structure is, the weakest are the atomic bonds). These 501 

calculations represent a first step to understand the geochemical cycle of Sb isotopes in the environment with the 502 

aim to use Sb isotopes for investigating the transformation processes and Sb sources. However, these β-factors 503 

should be considered cautiously in future environmental studies since equilibrium isotopic exchanges can be 504 

disturbed by kinetic fractionation. Nevertheless, these new theoretical data will be useful for future interpretation 505 

of Sb isotope signature in natural or impacted environments and to understand the origin of isotopic variations. This 506 

study could be completed with future studies focused mass dependent isotopic fractionation on Sb aqueous species 507 

or estimating precisely the potential nuclear shield effect of antimony. 508 
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