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ABSTRACT 33 

 34 

   Because of the large-scale recycling of volatile chlorine from the interior to the surface of the 35 

Earth, it is possible to use the isotopic composition of this element (δ37Cl) in serpentinite to study 36 

mantle-crust interactions in subduction zones. It is also possible to use chlorine isotopes to track the 37 

evolution of fluids (through fluid inclusions/minerals) in hydrothermal ore-forming systems. Here, 38 

we report the results of a study of equilibrium chlorine isotope fractionation during serpentinization 39 

and hydrothermal mineralization based on density functional theory (DFT) and ab initio molecular 40 

dynamics simulations (AIMD). The chlorine isotope fractionation between lizardite and brine under 41 

variable thermodynamic conditions is described by the relationship 1000lnαlizardite-fluid = 0.4170 × 42 

(1000/T)2 - 0.0281× (1000/T) + 0.0582, which yielded 37Cllizardite-fluid values of +0.49 to +4.46‰, 43 

+0.37 to +0.59‰ and +0.49 to +3.57‰ for conditions at the seafloor, in the mantle wedge and in 44 

subduction zones. As a proxy for the diversity of metal-chloride complexes in hydrothermal fluids, 45 

the stable configurations of ferrous chloride complexes were acquired from long trajectories of 46 

AIMD simulation. Using this information, the chlorine isotope fractionation between minerals (i.e., 47 

apatite-group minerals, muscovite, phlogopite, tremolite, lizardite, marialite and metal halides) and 48 

ore-forming fluid was estimated. The relatively large chlorine isotope fractionation (37Cl minerals-49 

hydrothermal fluid values from -1.99 to +2.18‰) might partly explain the large variation of δ37Cl in 50 

individual fluid inclusions observed in hydrothermal ore deposits. Because of the limited chlorine 51 

isotope fractionation between apatite and hydrothermal fluid (i.e., 37Cl apatite-ore-forming fluid of 0.06‰ - 52 

0.69‰), apatite-group minerals might be an alternative to fluid inclusions for constraining the origin 53 

and evolution of hydrothermal fluids using δ37Cl values. The theoretical constraints provided in this 54 

paper will facilitate the use of chlorine isotopes in tracking the sources of chloride in subduction 55 

zones and the origin of mineralizing fluids in ore deposits. 56 

Keywords: Equilibrium chlorine isotope fractionation; chlorine-bearing minerals; serpentinization; 57 

hydrothermal mineralization 58 
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INTRODUCTION 59 

Chlorine is a volatile and strongly hydrophilic element. It has two stable isotopes, 35Cl with 18 60 

neutrons and 37Cl with 20 neutrons (Aston, 1919). The natural relative abundances of the two stable 61 

chlorine isotopes, 35Cl and 37Cl, are 75.76% and 24.24%, respectively (Berglund and Wieser, 2011). 62 

During the past two decades, studies of the chlorine cycle on Earth have advanced considerably (e.g., 63 

Eastoe et al., 2001; Eastoe, 2016; Sharp and Barnes, 2004; Barnes and Sharp, 2006; Barnes et al., 64 

2006, 2008, 2009; Bonifacie et al., 2007, 2008; Shouakar-Stash et al., 2007; Selverstone and Sharp, 65 

2011; Sharp et al., 2007, 2010b, 2013ab; Eggenkamp, 2014; Eggenkamp et al., 2016, 2019a, 2019b, 66 

2020; Li et al., 2015; Pinti et al., 2020; Bénard et al., 2020; Agrinier et al., 2019, 2021), leading to an 67 

understanding of the processes controlling chlorine isotope variation (e.g., Sharp et al., 2010a). In 68 

addition, great progress has been made in theoretical simulations of equilibrium stable isotope 69 

fractionation among a variety of phases for a large number of elements, including chlorine (Balan et 70 

al., 2018, 2019; Huang et al., 2013, 2014, 2019; Schauble, 2007, 2011; Schauble and Young, 2021).  71 

Serpentinized oceanic mantle lithosphere is an important carrier of water and fluid-mobile 72 

elements, including halogens, into subduction zones (Pagé and Hattori, 2019). The uptake of Cl by 73 

serpentinites is highly variable and is influenced by several factors, including water/rock ratio, 74 

salinity, the nature of the primary minerals (i.e., olivine and/or pyroxene) and temperature (Pagé and 75 

Hattori, 2019). In situ analyses of serpentine grains from modern seafloor and subducted abyssal 76 

serpentinites show that the concentrations of structurally bound Cl cover a large range (80 to 6000 77 

ppm) and average ~1500 ppm (Orberger et al., 1999; Anselmi et al., 2000; Scambelluri et al., 2004; 78 

Debret et al., 2014; Pagé and Hattori, 2019), depending on the temperature of serpentinization. 79 

Therefore, serpentinites are thought to contribute significantly to the Cl concentration and the Cl 80 

isotopic composition of arc magmas (Barnes et al., 2008, 2009; Barnes and Straub, 2010; Bonifacie 81 

et al., 2008), which have been shown to be enriched in Cl relative to MORB (Kent et al., 2002; Perfit 82 

et al., 1980; Straub and Layne, 2003; Sun et al., 2007; Wallace, 2005; John et al., 2011). The stable 83 
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isotopes of chlorine have been used to identify the sources of serpentinizing fluids and discern 84 

chemical and tectonic processes involved in serpentinization (Barnes and Sharp, 2006; Barnes et al., 85 

2006, 2008, 2009; Barnes and Straub, 2010; Rizzo et al., 2013; Barnes et al., 2013; Chiaradia et al., 86 

2014). For example, Manzini et al. (2017) showed that δ37Cl in melt inclusions is a valuable tool for 87 

constraining the origin of the Cl added to the mantle wedge, and that it can be used to refine current 88 

models of Cl redistribution into the crust-mantle system related to subduction zone processes. A 89 

combination of oxygen, boron and chlorine isotope analyses have shown that Cl is added to the 90 

mantle wedge from several sources, rather than from a single reservoir (Bouvier et al., 2019). The 91 

δ37Cl values of serpentinites are affected by factors, such as the chlorine isotopic composition of the 92 

serpentinizing fluid, the temperature of interaction, and the water/rock ratio (Barnes et al., 2013). In 93 

order to properly understand chlorine cycling and the complex exchanges among the various 94 

terrestrial reservoirs, it is therefore essential to be able to quantify the equilibrium chlorine isotope 95 

fractionation during serpentinization.  96 

In hydrothermal ore-forming processes, the transport of metals is governed by their complexation 97 

with inorganic and organic ligands such as Cl-, SO4
2-, S2-, NH3

-, CO3
2-, acetate, and propionate 98 

(Wood and Samson, 1998). Chloride is the dominant ligand in most hydrothermal fluids (Fein et al., 99 

1992; Bodnar et al., 2014; Scholten et al., 2019), and plays an essential role in the mobilization of 100 

metals from magmas by fluids (Eggenkamp et al., 1995; Marakushev et al., 1997; Ryabov et al., 101 

2018). Indeed, the concentration of chloride in hydrothermal fluids greatly affects the efficiency of 102 

extraction of metals from magmas and their transportation to the sites of ore deposition (Williams-103 

Jones and Migdisov, 2014; Gammons and Williams-Jones, 1995; Xiao et al., 1998). Therefore, 104 

knowledge of its behavior is indispensable in understanding the origin of magmatic-hydrothermal 105 

ore deposits (e.g., Candela and Holland, 1984; Hedenquist and Lowenstern, 1994; Williams-Jones 106 

and Heinrich, 2005). 107 
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 A potentially important means of gaining greater insight into the behavior of chlorine in 108 

hydrothermal fluids, including those of magmatic origin, is through studies of their chlorine isotope 109 

composition. Indeed, a number of studies have used the chlorine isotope composition of fluid 110 

inclusions to try and constrain the evolution of fluids in hydrothermal ore-forming systems (e.g., 111 

Eastoe et al., 1989; Eastoe and Guilbert, 1992; Banks et al., 2000; Bonifacie et al., 2005; Chiaradia et 112 

al., 2006; Gleeson and Smith, 2009; Nahnybida et al., 2009; Richard et al., 2011; Hanley et al., 2011; 113 

Selley et al., 2018). However, the factors controlling the behavior of chlorine isotopes in these 114 

systems remains poorly understood, in large part, because of a lack of information on their 115 

fractionation. 116 

In this work, the equilibrium chlorine isotope fractionation during serpentinization and 117 

hydrothermal mineralization has been evaluated using theoretical first-principles calculations. The 118 

objectives of the present study are: i) to quantify temperature-dependent equilibrium chlorine 119 

isotope fractionation between lizardite and brine during serpentinization; ii) to determine the stable 120 

configurations of ferrous chloride complexes, and then evaluate chlorine isotope fractionation 121 

between chlorine-bearing accessory minerals and these complexes in hydrothermal fluids during 122 

ore-formation; and iii) to assess the potential of using δ37Cl in minerals to trace the source of ore-123 

forming fluids and evaluate the chlorine cycle during subduction. 124 

 125 

2. COMPUTATIONAL METHODS      126 

2.1 Equilibrium isotopic fractionation factors  127 

The theory of Bigeleisen and Mayer (1947), Kieffer (1982), and Urey (1947), stipulates that the 128 

dependence of the vibrational frequencies on isotopic mass on molecular bonds leads to isotope 129 

fractionation. For a chlorine isotope exchange reaction, if there is only one chlorine atom in 130 

substance X and n chlorine atoms in substance Y, this exchange reaction is: 131 
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nX+ Y*↔ nX* + Y          (Eq. 1) 132 

where X and Y identify the substances containing the lighter isotope (35Cl), X* and Y* identify the 133 

substances containing the heavier isotope (37Cl) and n is the number of chlorine atoms (37Cl) 134 

substituted in Y*. Accordingly, the isotope fractionation factor (α) for the general isotope exchange 135 

reaction between X and Y may be written as (Liu and Tossell, 2005): 136 

α= =          (Eq. 2) 137 

where the reduced isotopic partition function ratio (β factor) of X and Y is given by: 138 

         (Eq. 3) 139 

and Q is the vibrational partition function, the asterisk refers to the heavy isotope, N is the number of 140 

atoms in the unit cell, and subscript i is the vibration mode order number. The term of ui (u*
i ) is 141 

calculated using the relationship: 142 

              (Eq. 4) 143 

where h is Plank’s constant, c is the speed of light, υi is the vibration frequency of the ith mode, k is 144 

the Boltzmann’s constant and T is the temperature in degrees Kelvin.  145 

 The isotopic composition of chlorine is expressed as per mil deviations from the Standard Mid-146 

Ocean Chloride isotopic composition (SMOC):  147 

                            (Eq. 5)

 

148 

   The relationship of the chlorine isotope fractionation factor (αmineral-fluid) between chlorine-bearing 149 

minerals and fluid and the extent of chlorine isotope fractionation between these phases (mineral-fluid) 150 

is expressed by Eq. 6. 151 
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               (Eq. 6) 152 

2.2. Models of minerals 153 

In this work, the common chlorine-bearing minerals for which the reduced isotopic partition 154 

function ratio for 37Cl/35Cl (i.e., β-factors) is calculated are: apatite (Ca5(PO4)3(F,Cl,OH)); muscovite 155 

(KAl2(Si3Al)O10(OH)Cl); phlogopite (KMg3(Si3Al)O10(OH)Cl); tremolite (Ca2Mg5Si8O22(OH)Cl); 156 

lizardite (Mg3Si2O5(OH,Cl)4); marialite (Na4Al3Si9O24Cl) and halite (NaCl). The generalized-157 

gradient approximation (GGA) method together with the exchange-correlation functional of Perdew, 158 

Burke and Ernzerhof (PBE) (Perdew et al., 1996), and norm-conserving pseudopotentials were 159 

employed in both geometric optimizations and phonon calculations in the PBC model for the 160 

chlorine-bearing minerals. The calculations were carried out using the Cambridge Serial Total 161 

Energy Software Package (CASTEP) (Clark et al., 2005). Illustrations of the mineral models are 162 

available in our recent paper (Liu et al., 2021) and provided in the Appendix (Fig. S1). 163 

2.3. Models for aqueous fluids  164 

2.3.1 A Model for the serpentinizing fluid 165 

   Considering that in aqueous fluids (e.g., seawater) chloride ions interact electrically with shells 166 

of uniformly distributed H2O dipoles, an electrostatic model of a Cl-(H2O)n cluster (n = 6 - 8) 167 

composed of two shells of dipoles (H2O molecules) was employed to model serpentinization (the 168 

alteration of the oceanic lithospheric mantle by seawater). The β-factors of the hydrated chloride 169 

have been calculated (Czarnacki and Halas, 2012) and were used to compute the β-factors for the 170 

serpentinizing fluids in this study (see below).  171 

2.3.2 ab initio molecular dynamic simulation of ore-forming fluids in hydrothermal systems 172 

    Numerous experimental and theoretical studies of high temperature aqueous speciation and the 173 

modelling of hydrothermal mineralization have demonstrated that a large number of ore metals, 174 

including Fe, Cu, Zn, Pb, Sn, Ag and the REE, are transported to the sites of deposition as chloride 175 
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complexes (e.g., Liu et al., 2007; Heinrich and Seward, 1990; Testemale et al., 2009; Seward et al., 176 

2014; Williams-Jones and Migdisov, 2014). Thus, if we are to model Cl-isotopic fractionation 177 

between minerals and ore-forming fluids, it is necessary to consider the role of Cl complexes of these 178 

metals in this fractionation. As a first approximation, however, we can restrict the list of metal 179 

complexes to those of Fe, because in most ore fluids, the proportions of the other metals are small 180 

relative to that of Fe. Indeed, fluid inclusion studies have shown that, in many ore-forming fluids, the 181 

concentration of Fe approaches that of Na, the main metal in most hydrothermal fluids (e.g., Bodnar 182 

et al., 2014). Testemale et al. (2009) summarized the available information on Fe(II) chloro-183 

complexes in acidic high temperature Cl-rich aqueous solutions and emphasized the importance of 184 

high-order chloro-complexes for this transport. In general, complexes with higher ligand number 185 

increase in abundance as the chloride activity increases (Sharps et al., 1993; Gammons et al., 1997; 186 

Xiao et al., 1998; Hill et al., 2010; Seward et al., 2014). At ambient temperature, the main Fe species 187 

are hydrated Fe2+, FeCl+, and FeCl2 (e.g., Heinrich and Seward, 1990; Zhao and Pan, 2001; Liu et al., 188 

2007), whereas at high temperature FeCl2 and FeCl4
2- are the principal Fe species, with FeCl4

2- 189 

dominating at high salinity (Zhao and Pan, 2001; Liu et al., 2007; Hill et al., 2010). A study of the 190 

solubility and speciation of iron at hydrothermal conditions using synchrotron-radiation micro-XRF, 191 

XANES analyses and Raman spectroscopy has shown that the octahedral complexes FeClx(H2O)6-x
2-x 192 

(x = 0 - 3) are the dominant Fe(II) species at lower Cl-Fe ratios, and that the tetrahedral complexes 193 

FeCl4
2- or FeCl3(H2O)- dominates at high Cl-Fe ratios (Scholten et al., 2019). 194 

   To quantitatively assess the effects of different configurations of aqueous metal-chloride 195 

complexes on the β-factors for an ore-forming hydrothermal fluid with both low Cl/Fe and high 196 

Cl/Fe ratios, we carried out ab initio molecular dynamic simulations (AIMD) to determine the stable 197 

speciation of iron at hydrothermal conditions. The AIMD was carried out with the PBE functional 198 

together with norm-conserving pseudopotentials using the CASTEP module in the Materials Studio 199 

software package (Accelrys Inc., version 7.0). The aqueous solution was surrounded by a 200 
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periodically repeated box that contained one Na2FeCl4 or one FeCl2 surrounded by 40 water 201 

molecules. With optimization, the Na2FeCl4 species transformed to an octahedron of 202 

Na2FeCl4(H2O)2 from a tetrahedral structure. All MD simulations were performed in the NVT 203 

ensemble for 573.15 K with a trajectory longer than > 30 ps and an integration step of 0.5 fs. The 204 

intramolecular Fe-Cl bond lengths of aqueous Na2FeCl4 and FeCl2(H2O)4 in 30 - 40 ps of MD 205 

simulation trajectory were compared and the difference in the randomly selected configuration was 206 

used to check the convergence of the MD simulation on the conformational distribution. Finally, 207 

twenty representative configurations of aqueous ferrous chloride complexes were extracted from 208 

each AIMD trajectory and examined.  209 

2.4 Error estimation 210 

   The calculation accuracy of β-factor values in minerals depends primarily on two factors, the 211 

uncertainty associated with the calculated phonon frequencies between isotopomers using density 212 

functional perturbation theory (DFPT) and the uncertainty related to anharmonic effects (Méheut et 213 

al., 2007). The uncertainty in the calculation of phonon frequencies by DFT, at the PBE level, leads 214 

to a systematic relative error of about 5%, which is similar to that affecting the calculation of β-215 

factors. The uncertainty arising from anharmonic effects in minerals is relatively small (Méheut et al., 216 

2007). The relative error associated with the calculation of the phonon frequency in this study is 217 

estimated to be  4%, which is similar to that reported by Méheut et al. (2007). Consequently, the 218 

relative error for the β factor of the minerals is estimated to be  4%. 219 

   The errors in the β-factor calculation for fluids are relatively large due to instantaneous weak 220 

interactions among ions and molecules in aqueous solution (e.g., van der Waals forces and hydration 221 

effects). They were estimated from the vibrational frequencies calculated for individual 222 

configurations generated by the 30 ps of AIMD trajectories. The standard deviation of the calculated 223 

β factor from the selected configurations along the AIMD trajectories of the two fluids was estimated 224 
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to be 8.6%. The overall absolute errors in Δ37Clmineral-fluid estimated by the error propagation are ± 225 

0.20‰ for low temperature (i.e., 373.15 K) and ± 0.09‰ for high temperature (i.e., 573.15 K).  226 

 227 

3. RESULTS 228 

3.1. Calculation of RPFRs of hydrated chloride in serpentinizing fluids 229 

The β-factors for hydrated chloride as a function of temperature have been calculated by 230 

Czarnacki and Halas (2012) (Fig. 1). Based on the experimental results of Eggenkamp et al. (1995), 231 

Schauble et al. (2003) estimated values of 2.1 - 3.0‰ for 1000lnbrine and a value of +0.26‰ for 232 

Δ37Clhalite-aqueous Cl at 295 K, which is less than the 1000ln value of 3.13‰ for aqueous chloride 233 

calculated by Czarnacki and Halas (2012). The 1000ln values calculated by Czarnacki and Halas 234 

(2012) were therefore corrected in this work, using the expression , 235 

assuming that 1000ln  T-2 and the difference of 1000ln between the calculations of Schauble et 236 

al. (2003) and Czarnacki and Halas (2012) is -0.58‰ at 295 K, as shown in Fig. 1. 237 

 238 
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 239 

Fig. 1. Reduced partition function ratios 1000lnβ for aqueous chloride as a function of temperature. 240 

The red line corresponds to the corrected 1000lnβ vales for aqueous chloride, based on the original 241 

theoretical data (black line) from Czarnacki and Halas (2012). The vertical bar indicates the values 242 

of 1000ln for brine at 295 K estimated by Schauble et al. (2003) on the basis of experimental data 243 

from Eggenkamp et al. (1995).   244 

 245 

3.2. AIMD trajectory of iron(II) chlorocomplexes in ore-forming fluids  246 

   Peaks in the first radial distribution function of Fe-O (RDFFe-O) and Fe-Cl (RDFFe-Cl) for 247 

FeCl2(H2O)4-36H2O fluid at 573.15 K and 400 MPa are in the range of 1 Å - 3 Å, and are centered at 248 

~1.95 Å and ~2.35 Å (Fig. 2ab). These peaks correspond to about 4.0 on the running CN 249 

(coordination number) curve, indicating a 4-fold O coordination and 2-fold Cl coordination. In 250 

Na2FeCl4(H2O)2-38H2O-bearing fluid, the first RDFFe-O and RDFFe-Cl peaks are shifted slightly 251 
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upward to 2.05 Å and downward to 2.25 Å, respectively, and on the CN curve they correspond to 252 

values of approximately 2.0 and 4.0, respectively (Fig. 2cd). The simulation results suggest that the 253 

hydration shells of Fe2+ are very flexible. The intramolecular Fe-O and Fe-Cl bond lengths of 254 

aqueous FeCl2(H2O)4 and Na2FeCl4(H2O)2 in the 30 ps MD simulation trajectory are compared in 255 

Figure 3. The variable Fe-O and Fe-Cl distances along the trajectories of Figure 3 show the ligand 256 

exchange at the timescale of picoseconds. The narrow variation ranges in Fe-O and Fe-Cl bond 257 

distances of two aqueous species along the long simulation trajectories ensure the convergence of the 258 

MD simulation of the conformational distribution. As a result, twenty representative configurations 259 

of fluid extracted from each of the AIMD trajectories were shown to be uncorrelated (Fig. S2). These 260 

were used to compute the RPFRs of two iron(II) chlorocomplexes in ore-forming fluids. 261 

 262 

Fig. 2. The radial distribution functions (RDFs) and running coordination numbers (CNs) for O and 263 

Cl around Fe2+ cations. (a) and (b) show RDFFe-O, CNFe-O and RDFFe-Cl, CNFe-Cl for 264 
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FeCl2(H2O)4·36H2O; (c) and (d) show RDFFe-O, CNFe-O and RDFFe-Cl, CNFe-Cl for 265 

Na2FeCl4(H2O)2·38H2O. 266 

 267 

 268 

Fig. 3. Variations in Fe-O and Fe-Cl distances along the AIMD trajectories. (a) and (b) show Fe-O 269 

and Fe-Cl distances in FeCl2(H2O)4·36H2O, respectively; (c) and (d) show Fe-O and Fe-Cl distances 270 

in Na2FeCl4(H2O)2·38H2O, respectively. The distances of two Fe-Cl bonds and four Fe-O bonds in 271 

FeCl2(H2O)4·36H2O and these of four Fe-Cl bonds and two Fe-O bonds in Na2FeCl4(H2O)2·38H2O 272 

are presented with different colors.  273 

 274 

3.2. Calculation of RPFRs of iron(II) chlorocomplexes in ore-forming fluids 275 

In a mineral-fluid system, the level of computational treatment of the aqueous environment is 276 

more important than the treatment of the mineral environment in determining the overall quality of 277 

the predicted mineral-aqueous isotope fractionation (Rustad et al., 2010). The RPFRs were computed 278 

on twenty configurations extracted along the AIMD trajectories, and the average 1000lnβ of 279 
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FeCl2(H2O)4-36H2O fluid and Na2FeCl4(H2O)2-38H2O fluid at 573.15 K, 400 MPa were determined 280 

to be 1.2323 ± 0.1046 and 1.2409 ± 0.0852 (Fig. 4a, b). To assess the influence of coordination bond 281 

on the reduced isotopic partition function ratios in the individual configurations of aqueous chlorine-282 

bearing solutions, we compared the relationship of 1000lnβ to the Fe-Cl length  (Fig. 4c, d). The 283 

strong negative correlation between the 1000lnβ values and the Fe-Cl bond length in the two aqueous 284 

Fe-chloride species, confirms the importance of the coordination bonds in the first hydration shell on 285 

chlorine isotope fractionation in fluids. 286 

 287 

 288 

Fig. 4. Individual β values (1000lnβ) of selected configurations (colored solid points) for 289 

FeCl2(H2O)4·36H2O (a), Na2FeCl4(H2O)2·38H2O (b) and their cumulative averages (gray hollow 290 

points) in the time frame. The inserts are the representative configurations of FeCl2(H2O)4·36H2O 291 

and Na2FeCl4(H2O)2·38H2O extracted from AIMD trajectories; (c) and (d) show the relationship 292 
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between 1000lnβ and Fe-Cl length in the FeCl2(H2O)4·36H2O- and Na2FeCl4(H2O)2·38H2O-bearing 293 

aqueous fluid systems 294 

 295 

4. DISCUSSION 296 

   Subduction zones play a major role in the cycling of elements in the Earth, transferring material 297 

from the crust to the mantle. Chlorine isotopes and their fractionation provide a valuable means of 298 

tracing the paths of these elements during subduction. In evaluating Cl isotope fractionation, 299 

however, it is important to recognize that the fractionation occurs in several steps. Thus, the down-300 

going slab (oceanic crust and mantle) is first altered by seawater at a spreading center, adding 301 

chlorine to the slab. During subduction, these altered rocks, which include serpentinite, undergo 302 

metamorphic dehydration and partial melting at forearc to subarc depths, releasing Cl-bearing fluids 303 

for serpentinization of the mantle wedge. Partial melting of the wedge produces arc magmas that 304 

ascend to shallow crustal levels, where they exsolve hydrothermal fluids (Fig. 5). These fluids are 305 

enriched in chloride and transitional metal ions which leads to the formation of stable metal-chloride 306 

complexes, yielding metal concentrations that are in some cases sufficient to form magmatic-307 

hydrothermal ore deposits. The Cl isotope fractionation occurring at the different steps referred to 308 

above is discussed below. 309 

 310 
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 311 

Fig. 5.  (a) A schematic diagram illustrating the path of fluid evolution through a subduction zone 312 

from its introduction as seawater to its final exsolution as an ore-forming hydrothermal fluid. (b) A 313 

cartoon showing the subduction of oceanic lithosphere and the path of fluid evolution in this setting 314 

(modified from Ringwood, 1974). 315 

 316 

4.1. Influence of the configuration of iron-chloride complexes on the RPFRs in ore-forming fluids  317 

   Aqueous metal speciation plays an important role in controlling metal transport and deposition in 318 

hydrothermal fluids (Seward and Driesner, 2004; Brugger et al., 2010; Williams-Jones and Migdisov, 319 
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2014; Mei et al., 2015). Most commonly, the metals are transported as metal-chloride complexes 320 

(Seward et al., 2014). The AIMD simulation showed that under hydrothermal conditions (573.15 K 321 

and 400 MPa), Fe(II) chlorocomplexes have their highest stability in octahedral configuration. This 322 

contradicts a previous study, which concluded that Fe(II) - chloride complexes gradually transform 323 

from octahedrally to tetrahedrally coordinated configurations at temperatures between 10 to 100℃ 324 

and chloride concentrations from 0.1 to 16 mol·kg-1 (Zhao and Pan, 2001). Numerous experimental 325 

studies have shown that a variety of factors may affect the coordination of metal-chloride complexes 326 

(e.g., temperature, salinity, pH, redox state and pressure), and therefore affect the mobility of metals 327 

in hydrothermal systems (Brugger et al., 2016 and references therein). For example, the solubility of 328 

Fe-bearing minerals is controlled by octahedral - tetrahedral phase transitions (Brugger et al., 2016). 329 

Increased pressure facilitates the transition from tetrahedral to octahedral structures as observed in 330 

Co(II)-chloride complexes and Ni(II)-chloride complexes (Lüdemann and Franck, 1967; Suleimenov, 331 

2004; Brugger et al., 2016). In addition, it has been proposed that the configuration would also be 332 

affected by variable Cl-Fe ratios, in which octahedral FeClx(H2O)6-x
2-x (x = 0 - 3) is the main 333 

configuration at low Cl/Fe ratios, and tetrahedral FeCl4
2- or FeCl3(H2O)- is the main configuration at 334 

high Cl/Fe ratios (Scholten et al., 2019).  335 

   It has been recognized that the first hydration shell (e.g., coordination configuration, and 336 

coordination number) may affect the physicochemical properties of hydrated ions (or molecules) by 337 

shifting vibrational frequencies and consequently inducing isotope fractionation (e.g., Pye and 338 

Rudolph, 2001; Kubicki, 2001; Zhou et al., 2006; Vchirawongkwin and Rode, 2007; Miller et al., 339 

2007; Rustad and Bylaska, 2007; Rustad et al., 2008; Pinilla et al., 2015; Kowalski and Jahn, 2011; 340 

Dupuis et al., 2015; Li et al., 2020, 2021). During the AIMD simulation of the secondary fluids 341 

containing Fe(II) - chloride complexes with low and high Cl/Fe ratios, both H2O and the chloride ion 342 

operated as the chelating ligands for coordinating with Fe(II), and stabilized as the octahedral 343 

configurations FeCl2(H2O)4 and Na2FeCl4(H2O)2, respectively. There is a minor difference in the 344 
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reduced isotopic partition function ratio (β-factor) for the two Fe(II) chloro-complexes in 345 

hydrothermal ore-forming fluids as temperature increases from 373.15 K to 1173.15 K (Fig. 6). The 346 

near coincidence of the two curves indicates that the effect of the hydration number in the first 347 

hydration shell on the chlorine isotope fractionation of iron(II) chloro-complexes is too small to be 348 

distinguished. In a future study, we will investigate the effect of coordination configuration and 349 

coordination number on the chlorine isotope fractionation for other transitional metal-chloride 350 

complexes in ore-forming fluids, e.g., zinc/copper chloro-complexes.    351 

 352 

Fig. 6. Values of 1000lnβ versus 1000/T for 37Cl/35Cl for Fe(II) chloride species in a hydrothermal 353 

ore-forming fluid. 354 

 355 

4.2. Equilibrium chlorine isotope fractionation between minerals and fluid during hydrothermal ore-356 

formation 357 
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   The Br/Cl ratios and δ37Cl values of evaporites (e.g., halite) enable discrimination of different 358 

types of basinal brines and their relationship to mineralization (Eastoe and Guilbert, 1992; Zhao et al., 359 

2021). Their application, however, is much broader. Indeed, these parameters of fluid inclusions are 360 

commonly used to distinguish a variety of saline fluid types including those of magmatic origin (e.g., 361 

Banks et al., 2000; Lüders et al., 2002; Chiaradia et al., 2006; Gleeson and Smith, 2009; Eggenkamp, 362 

2014; Bernal, 2015; Bénard et al., 2020), as well as to constrain mineralization stages (e.g. Eastoe et 363 

al., 1989; Hanley et al., 2011). It is, nevertheless, important to note that the original δ37Cl signatures 364 

of the fluids may have changed as a result of kinetic isotope fractionation during phase separation, 365 

condensation, and/or mixing at, or near, the site of mineralization (Nahnybida et al., 2009).  366 

   Using the calculated 1000lnβ of chlorine-bearing minerals (Table S1), we have estimated the 367 

temperature dependence of chlorine isotope fractionation between chlorine-bearing minerals and 368 

hydrothermal ore-forming fluids containing iron chlorocomplexes (Fig. 7). The chlorine isotope 369 

fractionation factors 37Cl minerals-hydrothermal fluid vary in a wide range (e.g., from -0.85 to +0.95‰ at 370 

573.15 K and 400 MPa). Several minerals, notably phlogopite, and tremolite, prefer the heavy 371 

isotope, 37Cl, whereas other minerals (e.g., marialite and halite) prefer the lighter isotope, 35Cl, 372 

relative to the hydrothermal ore-forming fluid. The apparently significant chlorine isotope 373 

fractionation during mineral precipitation (e.g., phlogopite, tremolite, marialite and halite) may 374 

partly reflect the large variation of δ37Cl observed in fluid inclusions in the same geological setting 375 

(Eastoe et al., 1989; Gleeson and Smith, 2009; Richard et al., 2011). In contrast, the chlorine isotope 376 

fractionation between apatite-group minerals and hydrothermal ore-forming fluids is relatively small, 377 

ranging from 0.06 to 0.69‰ at typical hydrothermal conditions. Therefore, we suggest that apatite-378 

group minerals (common accessory minerals in ore deposits) might be an alternative to fluid 379 

inclusions for constraining the origin and evolution of hydrothermal fluids using δ37Cl values.   380 

 381 
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 382 

Fig. 7. The equilibrium chlorine isotope fractionation of various chlorine-bearing minerals with a 383 

hydrothermal ore-forming fluid containing FeCl2(H2O)4·36H2O (a) and with a hydrothermal ore-384 

forming fluid containing Na2FeCl4(H2O)2·38H2O fluid (b). 385 

 386 

4.3 Equilibrium chlorine isotope fractionation between minerals and fluid during serpentinization  387 

   Chlorine is an abundant anion in seawater, in most crustal fluids, and in fluids serpentinizing the 388 

mantle wedge in subduction zones (e.g., Kent et al., 2002; Manning, 2004; Scambelluri and Philippot, 389 

2001; Stolper and Newman, 1994; Yardley, 1997; John et al., 2011). Hydrous minerals, such as 390 

serpentine, talc, chlorite, and amphibole, which have relatively high Cl concentrations, become 391 

enriched in 37Cl during such fluid-rock interaction (Schauble et al., 2003; Wei et al., 2008).  392 

   Serpentinization, the alteration of ultramafic rocks (typically peridotite and komatiite) at 393 

relatively low temperature ( ≤ 500 ℃), produces serpentine minerals, (±) brucite, (±) talc, and (±) 394 

magnetite containing high concentrations of fluid-mobile elements (e.g., Ba, Cs, and Cl) (Huang et 395 

al., 2017). In addition, serpentine is the most important solid reservoir for volatile Cl and H2O in the 396 

subducting slab and the mantle wedge (Wei et al., 2008). During subduction, serpentine is a 397 

particularly fertile source of water and Cl (Ruepke et al., 2002; Scambelluri et al., 1995; Thompson, 398 
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1992; Ulmer and Trommsdorff, 1995; Wei et al., 2008). Moreover, the dehydration of serpentine 399 

minerals produces chlorine-rich fluids that may be linked to the genesis of arc magmas (Huang et al., 400 

2017). Serpentinization occurs in a variety of tectonic settings, including the ocean floor, mid-ocean 401 

ridges, and subduction zones (e.g., Charlou et al., 1996, 2000; Maekawa et al., 2001; Hyndman and 402 

Peacock, 2003; Mével, 2003; Evans et al., 2013). At slow spreading ridges, the deep penetration of 403 

hydrothermally driven seawater along normal faults facilitates reaction of this water with mantle 404 

peridotites and, thus, the formation of serpentinites, whereas at fast spreading ridges, where the 405 

circulation of hydrothermally driven seawater occurs above the peridotites, there is an absence of 406 

serpentinization (Chaussidon and Jambon, 1984; Shirodkar et al., 2014). Serpentinization leads to 407 

important physical and chemical changes in the subducting lithosphere, which may provide a 408 

geochemical pathways for recycling water-soluble trace elements into both the sub-arc region of 409 

flux-melting and the deeper mantle, and may play an important role in the transfer of H2O, chlorine, 410 

and fluid-mobile elements into the mantle (Ranero et al., 2003; Huang et al., 2017). Serpentinite in 411 

oceanic crust formed at slow spreading ridges contains significant amounts of chlorine and releases 412 

large amounts of fluid during subduction, making it the main contributor of chlorine transferred to 413 

the mantle during subduction (Carlson, 2001; Carlson and Miller, 1997; Christensen, 1978; 414 

Scambelluri et al., 2001, 2004; Scambelluri and Philippot, 2001; Sharp and Barnes, 2004; Barnes et 415 

al., 2006). It is also noteworthy that with progressive serpentinization, the seawater-derived fluids 416 

(preserved as fluid inclusions) can attain high concentrations of chloride and bromide (Scambelluri et 417 

al., 1997; Normand and Williams-Jones, 2007; Kawamoto et al., 2018).  418 

The equilibrium fractionation of chlorine isotopes between minerals and fluid during 419 

serpentinization was quantitatively evaluated in the current study for P-T conditions on the seafloor, 420 

in the mantle wedge and in subduction zones. In so doing, we considered the fact that the chemical 421 

and isotopic composition of the pore water is changed by chemical processes such as water-rock 422 

interaction, salt dissolution and albitization as well as physical processes such as diffusion, ion 423 
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exchange and ion-filtration and the mixing of water bodies with different sources (Eggenkamp, 424 

2014). A statistical analysis of chlorine isotope ratios for deep formation waters produces a mean 425 

δ37Cl value of -0.37‰ (Eggenkamp, 2014). It is noteworthy, however, that sedimentary pore fluids 426 

have lower δ37Cl values, ranging from -8.52 to +0.80‰, with the vast majority of the samples 427 

yielding negative values with an average of -2.03‰ (Ransom et al., 1995; Eastoe et al., 1999, 2001; 428 

Hesse et al., 2000; Lehmann et al., 2003; Zhang et al., 2007; Goden et al., 2004; Bonifacie et al., 429 

2007; Agrinier et al., 2019, 2021).  430 

   The temperature-dependent equilibrium chlorine isotope fractionation factor (i.e., 1000ln) 431 

between serpentine (e.g., lizardite) and fluid was estimated for P-T conditions in the three geological 432 

settings of serpentinization referred to above, seafloor (abyssal serpentinites), mantle wedge and 433 

subduction zones. These estimates are illustrated in Figures 8a and 9 and discussed below. 434 

  (i) Abyssal serpentinites: The temperature range of abyssal serpentinization can vary from 435 

~500 °C to that of the seafloor (near 0 °C) (Mével, 2003; Seyfried et al., 2004; Alt et al., 2007). For 436 

example, oxygen isotope data indicate that peridotites exposed by tectonic extension during opening 437 

of the Atlantic were serpentinized at relatively low temperature, at ~ 0 - 150 °C (Agrinier et al., 438 

1996). The maximum pressure at which serpentinization occurs is reasonably well constrained by the 439 

geodynamic setting (Mével, 2003). This pressure for serpentinite formation in abyssal peridotites at 440 

mid-ocean ridges is ~ 0.3 GPa, and usually less than 0.2 GPa. Unfortunately, there is currently a lack 441 

of geobarometers with which to better constrain the pressure (Mével, 2003). Consequently, the 442 

theoretical estimate for 37Clserpentinite-fluid is +0.49 to +4.46‰ and the δ37Cl values are from -1.11 to 443 

+4.39‰ for serpentinites at the seafloor that are in isotopic equilibrium with seawater (δ37ClSMOC of 444 

0.0‰) or pore water (δ37Clpw of -0.37‰, -2.03‰) (Fig. 8b). This satisfactorily explains the Gaussian 445 

nature of the δ37Cl frequency distribution observed for abyssal serpentinites (e.g., Barnes et al., 2006; 446 

Wei et al., 2008) (Fig. 8c). The theoretical estimate is in good agreement with the observation that 447 

most seafloor serpentinites have slightly positive δ37Cl values (~0.0 to + 0.5‰) due to interaction 448 
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with seawater which, in turn, is consistent with the similarity of the halogen composition of abyssal 449 

serpentinites (i.e., I/Cl and Br/Cl ratios) to that of seawater (Scambelluri et al., 2019). Some of these 450 

serpentinites have negative δ37Cl values (down to - 1.6‰) due to their interaction with sediments 451 

and/or sedimentary pore water (Barnes and Sharp, 2006; Barnes et al., 2008, 2009; Bonifacie et al., 452 

2008).  453 

   (ii) Forearc serpentinites in the mantle wedge: Serpentinization is widespread in the forearc 454 

mantle due to bending-related faulting of subducting oceanic lithosphere and infiltration of fluids 455 

from overlying sedimentary pore waters (Ranero et al., 2003). The I/Cl and Br/Cl ratios of forearc 456 

serpentinites are close to those of sedimentary pore fluids (i.e., Br/Cl of 1010-3 mol/mol and I/Cl of 457 

910-3 mol/mol), which is interpreted to reflect the involvement of sedimentary components in slab 458 

fluids released into the forearc mantle wedge during sediment compaction at shallow depths 459 

(Kendrick et al., 2013; Scambelluri et al., 2019). The temperature at the top and the bottom of the 460 

mantle wedge is about 650 - 750 °C, and above 1250 °C, respectively (Zheng et al., 2016; Zheng and 461 

Chen, 2016). Based on experimental determinations, the maximum temperature at which serpentine 462 

minerals are stable is 800°C (Scambelluri et al., 2019). Therefore, the temperature range over which 463 

serpentinites are present in the mantle wedge serpentinite is about 650 - 800 °C and the pressure 464 

range is ca. 1 - 5 GPa. Our estimate for the 37Clserpentinite-fluid in the mantle wedge is +0.37 to +0.59‰, 465 

which, combined with the strongly negative δ37Cl of pore water in marine sediments (-8.52 to 466 

+0.80‰; see above), leads to δ37Cl values for forearc serpentinites of -1.4 to -1.6‰ (Fig. 9). These 467 

theoretical estimates agree well with the negative δ37Cl values (down to -2.11‰) observed in 468 

serpentinites from ODP cores 173-1068A (Barnes and Sharp, 2006). 469 

   (iii) Subduction-zone serpentinites: The elemental compositions of most subduction-zone 470 

serpentinites can be difficult to decipher because of superposed stages of oceanic and subduction-471 

related hydration (e.g., Cs/U relative to Rb/U, Peters et al., 2017; REE profiles, Scambelluri et al., 472 

2019). During subduction, sediments and altered oceanic crust are progressively dehydrated and 473 
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interact with the subducted abyssal serpentinites and partially hydrated peridotites (e.g. Deschamps 474 

et al., 2012; van Keken et al., 2011). Serpentine minerals are generally considered to form at the 475 

subduction plate interface, a relatively thin layer, and the depth of this interface generally extends 476 

from about 20 to 140 km (Deschamps et al., 2013; Hilairet and Reynard, 2009; Schwartz et al., 2001; 477 

Kawakatsu and Watada, 2007). The pressure corresponding to this depth is about 0.3 - 5 GPa 478 

(Deschamps et al., 2013). Most of the subducted water is released from the slab and percolates 479 

through the mantle wedge (Deschamps et al., 2013). The temperature of the subducting slab is about 480 

100 - 650 °C (Zheng and Chen, 2016). Assuming the isotope exchange reaches equilibrium, our 481 

theoretical estimate predicts a relatively large chlorine isotope fractionation, i.e., values of 482 

37Clserpentinite-fluid of +0.49 to +3.57‰ (Fig. 9). These values are consistent with the observation of 483 

high δ37Cl values in subducted rocks (John et al., 2010). It is also possible, however, that subduction 484 

fluids may inherit the δ37Cl signature of the subducting materials because of the up to 90% Cl loss 485 

via the lizardite/chrysotile-to-antigorite transition (Kodolányi and Pettke, 2011).  486 

 487 

 488 

 489 

 490 
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Fig. 8 (a) Temperature-dependent equilibrium chlorine isotope fractionation between lizardite and 491 

aqueous chloride; (b) Chlorine isotopic compositions for serpentine after reaction with seawater and 492 

pore water. The green shadow shows the range of δ37Cl values for abyssal serpentinites. The data for 493 

δ37Clsw, δ37Cla
pw-average, δ37Clb

pw-average are from Eastoe et al., 2007 and references therein; Eggenkamp, 494 

2014 and references therein; Ransom et al., 1995; Eastoe et al., 1999, 2001; Hesse et al., 2000; 495 

Lehmann et al., 2003; Zhang et al., 2007; Goden et al., 2004; Bonifacie et al., 2007; Agrinier et al., 496 

2019, 2021; (c) Frequency distribution of δ37Cl values in serpentine from previous experimental 497 

studies (Barnes et al., 2006, 2008, 2009, 2013, Barnes and Sharp, 2006, Bonifacie et al., 2008, Wei 498 

et al., 2008, John et al., 2011, Selverstone and Sharp, 2013, Boschi et al., 2013). 499 

 500 

4.4. Implications for chlorine cycling during subduction 501 

    Chlorine is hosted in a variety of subducting materials: sediments, pore fluids, altered oceanic 502 

crust, and serpentinite (Barnes et al., 2009). Serpentinite, as noted above, is a major H2O reservoir in 503 

subducted slabs (e.g., Scambelluri et al., 2004; Spandler and Pirard, 2013; Yogodzinski et al., 2017), 504 

and dehydration of serpentinite causes chemical fractionation of the overlying oceanic crust in 505 

subducting slabs through fluid-rock interaction (Shimoda and Kogiso, 2019). The equilibrium 506 

chlorine isotope fractionation during serpentinization at the typical P-T conditions of the seafloor, 507 

mantle wedge and subduction zone was quantitatively estimated in this study (Fig. 9). These 508 

estimates satisfactorily reproduce the distribution of δ37Cl observed in abyssal serpentinites (e.g., 509 

Barnes et al., 2006) (Fig. 8c), in the forearc mantle (Barnes and Sharp, 2006), and in eclogite-facies 510 

metasediments, which represent subducted marine sediments with the δ37Cl values as high as +2.2‰ 511 

(John et al., 2010). The nominally anhydrous olivine, orthopyroxene, clinopyroxene and garnet 512 

produced by serpentinite dehydration host appreciable proportions of halogens and fluid-mobile 513 

elements that can be recycled in the deep mantle beyond arcs (Scambelluri et al., 2019). Therefore, 514 

the ability of serpentinite to record multiple interaction events with different fluids makes this rock-515 

type essential for tracing element cycling into the mantle (Scambelluri et al., 2019 and references 516 

therein). The understanding gained of chlorine isotope fractionation during serpentinization helps 517 
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distinguish the mass transfer processes responsible for supra-subduction mantle metasomatism and 518 

arc magmatism. 519 

 520 

 521 

 522 

Fig. 9. A schematic diagram of the equilibrium chlorine isotope fractionation between serpentine and 523 

fluid at the seafloor, in the mantle wedge and in subduction zones (modified from Deschamps et al., 524 

2013). 525 

 526 

CONCLUSIONS 527 

  The temperature-dependent fractionation of chlorine isotopes during serpentinization and 528 

hydrothermal mineralization has been quantified using density functional theory calculation. In 529 

addition to hydrated chloride, the stable chlorine speciation for iron chloro-complexes in 530 

hydrothermal fluids has been simulated using ab initio molecular dynamics (AIMD). The evidence 531 

presented above leads to the following general conclusions: 532 
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   i) The temperature-dependent chlorine isotope fractionation between lizardite and fluid can be 533 

described by the equation 1000lnαlizardite-fluid = 0.4170 × (1000/T)2 -0.0281×(1000/T) + 0.0582. 534 

   ii) The octahedral configuration is the most stable for ferrous ion chloride complexes in 535 

hydrothermal ore-forming fluid at 573.15 K and 400 MPa. The temperature dependent chlorine 536 

isotope fractionation between chlorine-bearing minerals and hydrothermal ore-forming fluids 537 

containing Fe(II) chlorocomplexes is estimated to produce 37Cl minerals-hydrothermal fluid values from -538 

1.99 to +2.18‰. This may partly explain the large variation of δ37Cl observed in magmatic-539 

hydrothermal ore-forming fluids. The latter may also be due, however, to kinetic isotope 540 

fractionation during aqueous phase separation and crystallization. The δ37Cl values of apatite-group 541 

minerals (important accessory minerals in metallic mineral deposits) may be an alternative to fluid 542 

inclusions for constraining the origin and evolution of hydrothermal fluids.  543 

   iii) Equilibrium chlorine isotope fractionation during serpentinization at the P-T conditions of the 544 

seafloor, mantle wedge and subduction zones was estimated to be 0.49 to 4.46‰, 0.37 to 0.59‰ and 545 

0.49 to 3.57‰, respectively. The chlorine isotope composition can therefore be used to discriminate 546 

among the mass transfer processes responsible for supra-subduction mantle metasomatism and arc 547 

magmatism. 548 
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