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Abstract 32 

Alkaline earth sulfides are possibly abundant in the mantle of Mercury, and knowledge of their 33 

melting and transport properties is needed to investigate the structure of the planet. We report 34 

electrical experiments at pressures in the range 2 – 5 GPa and at temperatures up to ~2400 K on 35 

analogs of natural sulfides, i.e., impurity-bearing Ca1-xMgxS. Electrical conductivity increases 36 

nonuniformly with temperature, with no systematic dependence on cation composition. Below 37 

1700 K, the conductivities span a wide range, whereas at higher temperatures the values converge 38 

within ~0.5 – 7 S/m at 1800 K and 5 GPa. The conductivity trends are complex, and reflect 39 

contributions from divalent cations, alkali metal and carbon impurities, which would similarly 40 

contribute to the conductivity of Mercury's crust and mantle. Melting is identified by a jump in 41 

conductivity, occurring between ~1850 and 2100 K at 5 GPa. These low temperatures are 42 

consistent with the presence of impurities. Using electrical studies on relevant silicate minerals 43 

and petrological observations, we develop electrical conductivity-depth profiles of Mercury's 44 

mantle. Depending on the interconnectivity of the sulfide phase, the conductivity at the base of the 45 

mantle containing 8 vol.% sulfide ranges from ~0.2 to > 8 S/m. Our results can be tested with 46 

future observations from the ESA-JAXA Bepi-Colombo mission.  47 

 48 

Plain language summary 49 

(Ca,Mg)S are possibly abundant in planet Mercury, and their study can provide important 50 

information about the interior of the planet. We performed electrical experiments under relevant 51 

pressure and temperature conditions on analogs of natural (Ca,Mg)S. Conductivity increases with 52 

temperature, with no systematic effect of composition. The complex electrical response reflects 53 

contributions from cations and carbon impurities, as expected in natural rocks in Mercury. Melting 54 

is identified from the electrical measurements and happens at low temperatures due to the presence 55 

impurities. Using our results and previous studies, we develop electrical conductivity-depth 56 

profiles of Mercury's mantle. The conductivity at the base of the mantle depends strongly on the 57 

connectivity of the sulfide. Our models can be compared with future observations from the Bepi-58 

Colombo space mission to Mercury. 59 

 60 

Keywords: Mercury, alkaline earth sulfide, impurities, impedance spectroscopy, electrical 61 

conductivity, Raman spectroscopy, melting. 62 
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Keypoints 63 

• Electrical experiments were performed at 2 and 5 GPa and up to ~2400 K on analogs of 64 

natural Ca-Mg sulfides 65 

• Melting is characterized by a jump in conductivity and occurs between ~1850 and 2100 K 66 

at 5 GPa 67 

• Depending on sulfide interconnectivity, the conductivity of Mercury's CMB containing 8 68 

vol.% sulfide ranges from ~0.2 to > 8 S/m 69 
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1. Introduction  70 

 Alkaline earth sulfides are present in some extraterrestrial materials under highly reducing 71 

conditions (e.g., Avril et al., 2013). For Mercury in particular, several lines of evidence support the 72 

presence of Ca1-xMgxS in the silicate portion of the planet. First, spectroscopic analyses of the 73 

surface are consistent with highly reducing conditions, low Fe content, and an abundance of 74 

sulfides in the oldhamite (CaS) - niningerite (MgS) system (e.g., Burbine et al, 2002; Stockstill-75 

Cahill et al., 2012; Vilas et al., 2016). Second, alkaline earth sulfides are commonly observed in 76 

enstatite chondrites or aubrites, and these meteorites are thought to represent building blocks of 77 

Mercury (Crozaz and Lundberg, 1995; Burbine et al., 2002 and references therein; Lehner et al., 78 

2013; Cartier and Wood, 2019). Third, alkaline earth sulfides are expected to form during the 79 

cooling of a Fe-poor, reduced magma ocean. Several laboratory studies on analogs of the Hermean 80 

magma ocean and mantle at relevant pressure and temperature conditions have revealed the 81 

presence of (Ca,Mg,Fe)S phases (e.g., Namur et al., 2016a; Boukaré et al., 2019; Anzures et al., 82 

2020). Depending on the density contrast between these sulfides and the surrounding silicate 83 

phases, as well as the mobility (viscosity) of sulfides at depth, Ca1-xMgxS could have migrated 84 

upward or remained at the depth they formed, leading to sulfide-rich and sulfide-poor regions in 85 

the mantle (e.g., Boukaré et al., 2019).  86 

Although the abundance of sulfides in the silicate portion of the planet remains largely 87 

unknown, melting experiments on the Indarch EH chondrite showed the presence of several vol.% 88 

sulfides, likely CaS and MgS (Burbine et al., 2002). Stockstill-Cahill et al. (2012) estimated the 89 

abundance of sulfides to be 8 wt.% for Indarch, ~2 wt.% for the northern volcanic plains (NVP), 90 

and ~3 wt.% for the intercrater plains and heavily cratered terrain (IcP-HCT). Using existing field 91 

observations and petrological modeling, Lark et al. (2022) calculated that the mantle could contain 92 

up to 13–20 wt.% low density (Ca,Mg) sulfides. In a heterogenous mantle, these estimates open 93 

the possibility that sulfide-rich regions are partially interconnected, thereby affecting the transport 94 

properties of the mantle. For instance, it has been shown that even a partial network of solid or 95 

molten FeS in a silicate matrix strongly influences bulk electrical conductivity (e.g., Yoshino et 96 

al., 2003, 2004; Watson and Roberts, 2011; Tauber et al., 2023).  97 

 To understand the impact of Ca1-xMgxS compounds on the transport properties of a 98 

heterogeneous mantle, it is first necessary to know the properties of the alkaline earth sulfides in 99 

isolation. Our knowledge of the chemical and physical properties of Ca1-xMgxS compounds derives 100 
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largely from studies performed at atmospheric pressure, and with applications mainly on the 101 

luminescence of these materials (e.g., Pandey and Sivaraman, 1991 and references therein; Collins 102 

and Ling, 1993). At 1 atm pressure, alkaline earth sulfides are characterized by a face-centered 103 

cubic NaCl (halite) structure, high melting temperatures (~2300 K), and the CaS–MgS system is 104 

immiscible below ~1473 K (Skinner and Luce, 1971; Dilner, 2016). Under pressure (several tens 105 

of GPa), theory and experiments indicate that the halite structure remains the most stable one for 106 

CaS and MgS (e.g., Luo et al., 1994; Jha et al., 1998). However, experimental studies of Ca1-xMgxS 107 

at high pressure and temperature conditions relevant to Mercury are scarce, and their stability field 108 

at the mantle conditions, as well as their physical (transport) properties, remain to be understood. 109 

One explanation resides in the fact that both the synthesis of Ca1-xMgxS compounds in the 110 

laboratory and their study in large-volume presses is challenging because of reactions with 111 

atmospheric oxygen and water. 112 

 Electrical conductivity is a fundamental transport property to investigate the present-day 113 

interior structure of planet Mercury. Using electromagnetic induction, previous space missions 114 

have detected conducting materials (e.g., metallic core, magma, subsurface ocean) that are part of 115 

the layered structure of terrestrial bodies (e.g., Dyal and Parkin, 1971; Kivelson et al., 2000; 116 

Khurana et al., 2011). Given the sensitivity of conductivity on temperature, electrical observations 117 

can also provide clues about the thermal state of a planet or moon. As a result, determining the 118 

electrical conductivity-depth profile of Mercury is an important science objective of the ESA-119 

JAXA Bepi-Colombo mission (Verhoeven et al., 2009; Genova et al., 2021). Inferring the presence 120 

and distribution of alkaline earth sulfides in Mercury based on electromagnetic measurements in 121 

space still requires laboratory-based measurements of their electrical properties. Previous electrical 122 

studies of Ca1-xMgxS compounds are limited, focusing mostly on CaS and MgS endmembers at 1 123 

atm pressure (Figure 1). CaS and MgS are wide bandgap semiconductors. The electrical 124 

conductivity of pure samples is typically dominated by metal cations (e.g., Nakamura et al., 1995). 125 

At a given temperature, the electrical conductivity of CaS is comparable to that of MgS (Egami et 126 

al., 1981; Nakamura et al., 1995), and significantly lower than that of FeS (e.g., Pommier, 2018; 127 

Littleton et al., 2021). At 1 atm pressure, and at temperatures up to 1200 K, Nakamura and Gunji 128 

(1980) highlighted the importance of impurities on the electrical properties of CaS, with electrical 129 

conductivity increasing at least 10 times when synthesized in a graphite or alumina container rather 130 

than in a CaS container. Graphite impurities are particularly relevant to natural sulfides in Mercury, 131 
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given the abundance of carbon in the planet (e.g., Peplowski et al., 2016; Charlier and Namur, 132 

2019).  133 

 Electrical experiments in the laboratory can also contribute to evolutionary models of 134 

planet Mercury. Specifically, to model the cooling of a sulfide-bearing mantle naturally requires 135 

that the temperatures of relevant liquid/solid phase transitions be known. Impedance spectroscopy 136 

can be used to detect these transitions in situ under controlled conditions. For example, at 6 GPa, 137 

a dramatic conductivity jump was observed for commercial CaS at ~2400 K, a clear indicator of 138 

melting at this pressure (Pommier et al., 2019). Analogous measurements on various Ca1-xMgxS 139 

compounds, at pressures relevant for Mercury’s mantle, have yet to be reported.  140 

 In this study, we investigate the electrical properties of polycrystalline Ca1-xMgxS at 141 

pressure and temperature conditions relevant to the mantle of Mercury. The synthesis of these 142 

sulfides in graphite capsules adds C impurities and enhances the connection to Mercury’s mantle 143 

where significant carbon has been reported. We performed electrical experiments on the different 144 

samples using impedance spectroscopy at 2 and 5 GPa and up to ~2200 K. Electron microprobe 145 

and Raman/IR analyses complement the characterization of the samples. These results are used to 146 

develop electrical conductivity-depth profiles of the sulfide-bearing mantle that can be compared 147 

with data anticipated from the Bepi-Colombo mission.  148 

 149 

 150 

2. Experimental methods 151 

 2.1. Sample preparation 152 

 Starting mixtures were prepared from chemical grade CaCO3 and MgO powders. The MgO 153 

powder was fired at 1273 K for 2 h and then stored in a drying oven at 393 K. The CaCO3 powder 154 

was decarbonated at 1273 K for 8 h. Different proportions of CaO and MgO powders were mixed 155 

to obtain six compositions. The oxide mixtures were homogenized in an agate mortar with ethanol 156 

solvent for 30–40 minutes. For each composition, 0.03 g of oxide mixture was loaded into a 157 

graphite cup with an outer diameter of 4 mm and an inner diameter of 3 mm. Elemental S was 158 

placed in a second graphite cup with similar dimensions. The amount of S was weighed to obtain 159 

a molar ratio of (Ca+Mg)/S = 0.6. The excess S was chosen to ensure complete conversion of the 160 

oxides to sulfide according to the reaction: 161 

Ca!Mg"#!O + S(𝑔) + C = Ca!Mg"#!S + CO(𝑔)   (1) 162 
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The two graphite cups were stacked in a silica tube (4-mm ID, 4 – 5-cm length) that was sealed 163 

under vacuum using a H2–O2 torch and placed in a vertical tube furnace at 1473 K for 24 h (Renggli 164 

et al., 2022, 2023; Reitze et al., 2024). This temperature is close to, but above, that of the solvus 165 

of the CaS–MgS system (Skinner and Luce, 1971). Samples were quenched by dropping the silica 166 

tubes in cold water. The quenching rate is estimated to be >200–300 K/s. Upon opening the silica 167 

tubes, the production of sulfide aggregates was apparent, and CO was detected. Six compositions 168 

were synthesized: CaS, Ca0.8Mg0.2S, Ca0.6Mg0.4S, Ca0.4Mg0.6S, Ca0.2Mg0.8S, and MgS. The sulfides 169 

were mineralogically and spectroscopically characterized as described below. The starting 170 

materials are expected to contain small amounts of carbon, resulting from the synthesis in graphite 171 

capsules. The presence of carbon is relevant to Mercury because significant quantities of this 172 

element are present in this planet (up to 5 wt.% in low reflectance crustal materials; Peplowski et 173 

al., 2016). The samples were crushed into a powder using an agate mortar and pestle within a 174 

nitrogen-filled glovebox. For comparison, a CaS powder from ThermoFisher (99.9% purity) was 175 

added as one of the starting materials. This commercial powder contains ~500 ppm Sr and ~0.1 % 176 

different elements (mostly Na, K, and trace amounts (<0.001%) of Mg, Ba). Sulfide powders were 177 

stored in a desiccator until used in electrical experiments. 178 

 179 

 2.2. Impedance spectroscopy measurements under pressure and temperature 180 

 Electrical experiments were carried out on the six lab-synthesized sulfide powders in the 181 

CaS-MgS solid solution, as well as the commercial CaS powder, at 2 and 5 GPa under quasi-182 

hydrostatic conditions in a Walker-type multi-anvil press (Rockland; 1,100-ton). Two previous 183 

experiments on a CaS powder from Alfa Aesar at 3 and 6 GPa (experiments BB175 and BB 177; 184 

Pommier et al., 2019) are added to the electrical dataset. Experimental conditions are listed in 185 

Table 1. Pressure was applied using eight tungsten carbide cubes with corner-truncated edge length 186 

of 8 mm and MgO octahedral pressure media with an edge length of 14 mm. All MgO parts were 187 

fired at ≥1273 K and stored in a desiccator until use. The electrical cell assembly consisted of three 188 

MgO sleeves, with the middle one comprised of three alumina rings separated from each other by 189 

two high-purity Ta or Mo disks (Supplementary Figure S1). Both Ta and Mo have extremely 190 

high melting points, and are suitable for low oxygen environments such as present in this cell 191 

assembly. The use of two different metals allows the effect of electrode contamination on the 192 
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electrical response to be probed. The middle alumina ring contained the sample, and the design 193 

prevented molten material from escaping the cell (e.g., Pommier et al., 2023).  194 

 The sample was heated by applying a current to the surrounding Re foil, and temperature 195 

was monitored using one of two Type-C thermocouples (W95Re5-W74Re26). Each thermocouple 196 

contacted one of the two metal disks that served as electrodes for impedance measurements. The 197 

cell assembly was initially compressed to the target pressure at room temperature, and the 198 

temperature was then increased in 25 K increments. Each sample was annealed at a temperature 199 

that is significantly below the expected melting point of the sulfides (typically, 2–3 h at 873–1073 200 

K and 0.5–1h at 1473 K). The annealing ended after a relatively steady resistance value was 201 

obtained. The stabilization in bulk resistance is interpreted as the attainment of a certain degree of 202 

textural and chemical equilibrium. Annealing times longer than a few hours were avoided to 203 

minimize possible oxidation of the sample. Impedance data were collected during subsequent 204 

heating. Supplementary Figure S2 shows the temperature–power paths for all experiments. The 205 

pressure remained within (±) 2% of the target value throughout the heating cycle. For two 206 

experiments (BBC83 and BBC85), the electrical response of the sample was first measured at 2 207 

GPa (BBC83) or 5 GPa (BBC85) at temperatures below the melting point (up to 1573 K or less), 208 

then measured at 5 GPa (BBC83) or 2 GPa (BBC85) over a wide range of temperature. 209 

Measurements at the first pressure were performed at temperatures below the melting point of the 210 

sample, so that the initial measurements at the second pressure are not affected by melting. 211 

Electrical measurements during heating and cooling cycles were reproducible at both pressures 212 

(Supplementary Figure S3). All experiments were quenched by turning off the power to the 213 

heater. After decompression, the electrical cell was mounted in an epoxy resin, sliced 214 

longitudinally, and polished without water to expose the surface of the sample for chemical and 215 

textural microprobe analyses. The mounted samples were stored in a desiccator until analyses. 216 

 Electrical measurements consisted of 4-electrode impedance spectroscopy (Ametek 1260 217 

Solartron Impedance/Gain-Phase Analyzer). To measure the complex impedance, a potential with 218 

DC component 0.1 or 1 V and AC amplitude ≤ 1 V was applied from 5 MHz to ~1 Hz. The sample 219 

response was not sensitive to variation in AC amplitude between 500 mV and 1 V. The value of 220 

the real part of the complex impedance is determined at relatively low frequency, either as a local 221 

minimum in the complex impedance plane, otherwise as an intersection or extrapolated 222 

intersection with the real axis and is considered the bulk electrical resistance (R) (Supplementary 223 
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Figure S4). The sample resistance Rsample is obtained from R after removing very minor 224 

contributions from the alumina sample ring and the two electrode disks. Reproducibility was 225 

checked by (1) making multiple measurements during an experiment at defined temperature, and 226 

(2) duplicating electrical experiments for one composition (Ca0.8Mg0.2S) at 5 GPa and overlapping 227 

temperature ranges. The electrical conductivity σ of the sample at defined temperature is calculated 228 

from Rsample: 229 

𝜎 =
"

$!"#$%&×&
    (2) 230 

with G the geometric factor, corresponding to 𝜋r2/l (electrode disk area/sample thickness). The 231 

error in each conductivity value is typically a few percent (Supplementary Information). 232 

 233 

 2.3. Sample analyses 234 

 Starting powders and quenched samples retrieved after electrical experiments were 235 

analyzed using the electron microprobe to characterize the composition and texture. Analyses were 236 

performed with a JEOL 8530F field-emission electron microprobe at Carnegie Science, with an 237 

acceleration voltage of 15 kV and a sample current of 15 or 30 nA. Integration times were 20 s on 238 

peak and 10 s on background, except for Na and K (10 s and 5 s, respectively). The beam diameter 239 

was 1 μm. Ca, Mg, and S were measured using anorthite, olivine, and pyrite standards, 240 

respectively. Potential contamination from the synthesis or the multi-anvil cell parts was checked 241 

using the following standards: tantalum metal (Ta), molybdenum metal (Mo), pyrite (for Fe), 242 

anorthite (Al), olivine (Si), ilmenite (Mn), orthoclase (K), and albite (Na). In addition to spot 243 

analyses, energy dispersive spectroscopy (EDS) and wavelength dispersive spectroscopy (WDS) 244 

using a 1-µm diameter beam and a 20-ms dwell time were used to obtain chemical maps of selected 245 

quenched samples.  246 

 Raman spectroscopy was performed on three starting sulfide powders (lab-synthesized 247 

CaS, Ca0.6Mg0.4S, and Ca0.2Mg0.8S), primarily to identify impurities. The spectra were acquired 248 

with samples at ambient conditions in open air with low humidity. A customized microscope 249 

system was employed (see Supporting Information for details). Excitation wavelengths were 250 

514.53 nm and 647.09 nm, and each spectrum was acquired over a period of several minutes. At 251 

the sample, the power of the 514.5-nm beam was 0.3 or 0.6 mW, and the focus was circular with 252 

diameter ~1 μm. Therefore, each spectrum with 514.5-nm excitation probed a small portion of one 253 

grain. For 647.1 nm excitation, the beam power was ~4 mW at the sample, and the shape was 254 
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elliptical (3 μm ´ 300 μm) to lower the irradiance by several orders of magnitude, and to analyze 255 

a much larger portion of each sample during a given acquisition. For these spectra, a row of powder 256 

grains was probed simultaneously. The spectral window covered Raman shifts from 500–1660 cm-
257 

1, selected to monitor Raman scattering from various suspected impurities rather than the first-258 

order bands (<500 cm-1) from phonons of Ca1-xMgxS. The spectra excited with 647.09-nm light 259 

were calibrated to an accuracy of ±1 cm-1, and corrected for the instrument response by acquiring 260 

the spectrum of a reference fluorophore. Mid-infrared spectroscopy analyses of the lab-synthesized 261 

starting materials (Reitze et al., 2024) have been added to the dataset. 262 

 263 

 264 

3. Results 265 

3.1. Chemical analyses 266 

 3.1.1. Analysis of starting powders  267 

 Electron microprobe analysis and crystallography: The chemical compositions of starting 268 

materials based on electron microprobe analyses are presented in Table 2. The results are in very 269 

good agreement with the targeted compositions. The lattice parameters for the six samples vary in 270 

proportion to the amount of Ca and Mg, from 5.21 Å (MgS) to 5.69 Å (CaS) (Reitze et al., 2024). 271 

This finding is consistent with prior reports (Collins and Ling, 1993; Kasano et al., 1984) and 272 

implies CaS–MgS forms a solid solution at the temperature of our synthesis. The CaS material 273 

contains oxidized regions characterized by a low total (88.8 wt.%). 274 

 Raman spectroscopy: Representative spectra of lab-synthesized CaS acquired with 514.5-275 

nm excitation and circular focus are shown in Figure 2, after subtracting a background caused by 276 

luminescence. The spectrum has Raman bands with peak positions near 160, 180, and 200 cm-1. 277 

These peak positions are similar to those reported previously for CaS (Avril et al., 2013; Gyakwaa 278 

et al., 2020). For the samples with 0.4 or 0.8 fractional Mg, the luminescence was much higher, 279 

and overwhelmed any Raman signals (spectra not shown). 280 

Raman spectra in the impurity region acquired with 647.1-nm excitation are shown in 281 

Figure 2, after correction for the instrument response and subtraction of a background. The spectra 282 

of samples containing Mg exhibit much lower luminescence than with 514.5-nm excitation. 283 

Among the three samples, only the lab-synthesized CaS shows evidence of a sulfur-oxide impurity, 284 

with a band at 1002 cm-1 that is also observed in a spectrum acquired with 514.5-nm excitation. 285 
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The highest amplitude feature in the CaS spectrum is a broad band centered at 1124 cm-1, likely 286 

caused by luminescence from trace amounts of chromium (see Discussion). The broad feature at 287 

1168 cm-1 in the spectrum of Ca0.6Mg0.4S may have the same origin. The 647.1-nm Raman 288 

spectrum of Ca0.6Mg0.4S also has significant bands centered at 1335 and 1590 cm-1, and analogous 289 

(though smaller) features are observed for the CaS sample. As discussed below, these bands are 290 

assigned to graphitic carbon. The Raman spectrum of the Ca0.2Mg0.8S sample is relatively 291 

featureless, and does not show clear signatures of oxidation, chromium, or carbon.       292 

Mid-infrared spectroscopy: Reflectance spectra of the lab-synthesized samples over the 293 

range 7 – 12.5 μm (800 – 1430 cm-1) are shown in Supplementary Figure S5. Frequencies in this 294 

spectral region exceed those of first-order phonon resonances for alkaline-earth sulfides. 295 

Therefore, absorption or transmission spectra of pure CaS and MgS should lack features in this 296 

window (e.g., spectrum of CaS in Madarász et al., 1996; comment regarding CaS and MgS on pg. 297 

26 of Hofmeister et al., 2003), and corresponding reflectance spectra are expected or known to 298 

lack reststrahlen or other bands (e.g., see reflectance spectrum of Mg0.9Fe0.1S in Mutschke et al., 299 

1994). The spectra presented in Supplementary Figure S5 largely agree with this expectation and 300 

prior work, except for the spectrum of CaS. The impurities associated with this mid-IR spectrum 301 

are discussed briefly below and are presented more comprehensively in Reitze et al. (2024). 302 

 303 

 3.1.2. Analysis of samples after electrical experiments  304 

Electron microprobe analyses of quenched samples after electrical experiments are listed 305 

in Table 2. Examples of texture and WDS maps are shown in Supplementary Figure S7 and 306 

traverses on selected samples are shown in Figure 3. Our analyses are in broad agreement with 307 

the starting compositions, though Mg and S content tends to be slightly lower than in the starting 308 

materials. Totals for the retrieved samples can be as low as 95.3 wt.%, which can be explained by 309 

(1) the complex texture of quenched molten samples, including a high porosity, as well as a small 310 

grain size (Supplementary Figure S7A), and (2) a small degree of oxidation explains the lowered 311 

values of S content relative to starting material, likely caused by the preparation for analyses. The 312 

lowest totals are associated with the largest differences in Mg content between starting and 313 

retrieved materials, consistent with MgS reacting with oxygen to form MgO regions with a S-rich 314 

rim (<~60 µm in diameter) (Supplementary Figure S7B).  315 
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 Contamination of the sample at high temperature from the alumina sleeve extends only 316 

over a small distance, <~40 µm (Figure 3). For experiments using Mo electrodes, a thin (~60 µm) 317 

Mo-S layer is observed at the sample-electrode interface, and Mo incorporates in the sample over 318 

a small range (up to ~150 µm from the Mo-S layer) (Supplementary Figure S7C). The use of Ta 319 

electrode disks minimizes sample rination, with small amounts of Ta present in the sample over a 320 

distance < 40 µm from the electrode (Figure 3). The chemical interactions between the sample 321 

and the alumina sleeve or the Mo or Ta disks are therefore limited. However, the possible presence 322 

of Al, Mo, Ta impurities in the sample at levels below the detection limit of the electron microprobe 323 

(<~0.1 wt.%) could increase bulk conductivity of the alkaline earth sulfide sample significantly, 324 

as shown at 1 atm for Al and C (Nakamura and Gunji, 1980). Back-scattered electron (BSE) images 325 

of the retrieved samples indicate that the sample diameter remained identical during the 326 

experiment, and that electrode disks sometimes deformed slightly during compression. In this case, 327 

the sample thickness considered to calculate the geometric factor G in Eq. (2) is an average value. 328 

 329 

3.2. Impedance spectroscopy 330 

 Representative impedance spectra collected during heating after annealing are presented 331 

together with electrical conductivity values for sample Ca0.2Mg0.8S in Figure 4. Three stages can 332 

be identified: at low temperature (<1500–1600 K at 5 GPa; stage 1), impedance spectra consist of 333 

an arc, and its size decreases with increasing temperature. The temperature dependence of 334 

conductivity (s) can be reproduced satisfactorily with an Arrhenius equation 335 

𝜎 = 𝜎' × 𝑒𝑥𝑝(
#()

$*
)     (3) 336 

with s0 the pre-exponential factor, DH the activation enthalpy, and R the gas constant. For all 337 

samples, the activation energy in stage 1 varies from 0.8 to 1.6 eV at 5 GPa and from 0.9 to 1.9 eV 338 

at 2 GPa, with no systematic effect of composition. From ~1600 to 2000 K (stage 2), the arcs are 339 

affected by noise and only the low frequency portion is visible. Conductivity is less dependent on 340 

temperature than in stage 1. The onset of stage 3 (>2000 K) is marked by a significant jump in 341 

conductivity followed by a plateau. The resistance values are small, and the arc disappears because 342 

the complex response is dominated by inductance (positive Z") (e.g., Ni et al., 2011).  343 

 Figure 5 shows the electrical conductivity for all samples as a function of temperature. No 344 

systematic effect of composition is observed for CaS–MgS aggregates, but all samples are 345 



 13 

significantly more resistive than FeS (by 5 log units or more at defined temperature). The lab-346 

synthesized CaS sample is an outlier compared to all other CaS–MgS materials, with a 347 

conductivity that is at least 10 times lower than the conductivity of other samples, including 348 

commercial CaS. The activation energy of this sample at low T (0.9 eV at 2 GPa, 1.0 at 5 GPa) is 349 

similar to that of the other samples. For all samples except this CaS outlier, large variations (~3 350 

log units) in conductivity are observed at 5 GPa and the lowest temperatures, and conductivity 351 

values tend to converge towards a narrower conductivity range as temperature increases. Each 352 

composition is characterized by a sharp increase (up to 1000 times) in conductivity at high 353 

temperature (~1900–2200 K at 5 GPa).  354 

 Comparison between conductivity data acquired at 2 and 5 GPa shows a non-negligible 355 

effect of pressure below ~1600 K. For both experimentally synthesized CaS and Ca0.2Mg0.8S, 356 

increasing pressure decreases conductivity by a factor in the range of 10-50. This observation 357 

contrasts with commercial CaS at 3, 5, and 6 GPa, for which the conductivity tends to increase 358 

slightly with increasing pressure. 359 

 360 

 361 

4. Discussion 362 

4.1. Analysis of impurities   363 

 By electron microprobe analysis, the nearly 100 wt.% totals indicate that the starting 364 

materials have low levels (less than thousands ppm) of impurities. Totals as low as 95.3 wt.% are 365 

found for quenched samples, but these values are likely affected by preparation in ambient 366 

conditions prior to the analysis. Slight oxidation is expected, and consistent with the fact that it is 367 

primarily the sulfide content that is lower for the quenched samples relative to starting materials.  368 

 While electron microprobe analysis provides reassurance that the starting samples are not 369 

heavily contaminated, the possibility remains that lesser impurities could affect electrical 370 

measurements (Nakamura and Gunji, 1980). Therefore, we have attempted to probe possible 371 

impurities with vibrational spectroscopy. The first Raman spectroscopic study of Ca1-xMgxS solids 372 

with halite structure (Avril et al., 2013) expressed an important point: despite selection rules 373 

forbidding first-order Raman scattering from crystals with this structure, impurities and defects 374 

can circumvent these rules and allow bands to appear. Our 514.5-nm spectra of lab-synthesized 375 

CaS showing three bands with peak positions similar to those reported by Avril et al. (2013) and 376 
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Gyakwaa et al. (2020) agree with this fundamental point. One difference between our study and 377 

that of Avril et al. is that Mg-bearing samples were successfully probed with Raman spectroscopy 378 

using 514.5-nm excitation in their case but not ours. Given the high sensitivity of the Raman 379 

spectrometer, it is possible that excessive emission in our case is caused by very minor quantities 380 

of impurities or defects, below the amounts that would significantly affect electrical conductivity.  381 

 Regarding possible oxide contaminants in the synthesized Ca1-xMgxS samples, it is 382 

reassuring that the combined Raman and IR spectra show no clear signatures of sulfur-oxide 383 

(sulfate or sulfite) species except in the case of CaS. For this sample, the narrow Raman band with 384 

peak position at 1002 cm-1 is a typical assignment for a symmetric stretch of sulfate, SO4
2-. 385 

However, the specific frequency is significantly lower than previously reported for CaSO4 at any 386 

level of hydration (~1017 cm-1 for anhydrite, 1008 cm-1 for gypsum; Liu, 2018; Schmid et al, 387 

2020). Calcium sulfite can be ruled out as an alternative: although the symmetric stretch of 388 

pyramidal SO3
2- with Ca2+ cation is known to have a Raman shift very close to 1000 cm-1 (e.g., see 389 

spectra of hannebachite CaSO3⋅0.5H2O or anhydrous CaSO3 in Frost and Keeffe (2009), Lutz and 390 

El Suradi (1976)), our spectrum lacks a characteristic signature of an asymmetric stretch of SO3
2- 

391 

which appears in calcium samples as a second band downshifted 30–50 cm-1 relative to the first 392 

(Frost and Keeffe, 2009; Lutz and El Suradi, 1976). Therefore, the band at 1002 cm-1 in our Raman 393 

spectra is best assigned to sulfate oxidation products, and we suggest that the unusually low 394 

frequency is a consequence of CaSO4 largely surrounded by unreacted CaS, a different 395 

environment than uniform anhydrous or hydrated CaSO4 single crystals. In contrast to the results 396 

from Raman spectroscopy, the IR reflection spectrum (Supplementary Figure S5) shows no band 397 

over the range 8 – 9 μm that would support the presence of sulfate (e.g., see reflection spectra of 398 

anhydrite and gypsum in Salisbury et al., 1991). The local maxima between 10 – 11 μm may be 399 

interpreted as Reststrahlen features associated with strong absorption bands of sulfite in this region 400 

(e.g., Lutz and El Suradi, 1976; Wallace, 2024). Though a consistent assignment of the vibrational 401 

spectra to sulfate or sulfite is not possible, nevertheless we can conclude that the synthesized CaS 402 

sample has significant sulfur-oxide impurities.   403 

The 1335 and ~1590/1600 cm-1 bands clearly observed with 647.1-nm excitation for 404 

Ca0.6Mg0.4S, and to a lesser extent CaS, are best assigned to graphitic carbon based on the following 405 

logic: (1) given the graphite holder of the product sample, carbon is an obvious candidate impurity; 406 

(2) we are confident that these bands are not artifacts, given careful correction for the instrument 407 
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response; (3) a pair of bands, including the G-band, in the 1580 – 1620 cm-1 range is typical for 408 

microcrystalline graphite (e.g., Nemanich and Solin, 1979); (4) the peak position of the lower 409 

frequency (1335 cm-1) band is very close to the expected position for the highly dispersive D-band 410 

of disordered graphite-like materials with 647.1-nm (1.9-eV) excitation (Sood et al., 2001); (5) 411 

although the spectrum of CaS acquired with 514.5-nm excitation did not include analogous Raman 412 

bands that would support the presence of graphitic carbon, it is reasonable that these signatures are 413 

missing because of sample heterogeneity in combination with the very small region probed by the 414 

circularly-focused 514.5-nm beam. Additional reasons include the relatively low carbon content 415 

in the CaS sample and the low signal-to-noise ratio of the spectra collected with 514.5-nm 416 

excitation. The Raman spectra collected with 647.1 nm excitation do not allow the carbon content 417 

to be quantified, however, based on experience with other samples probed with the same 418 

spectrometer, it is likely that the amount of carbon in the Ca0.6Mg0.4S sample is in the range 100 – 419 

1000 ppm.     420 

The 1124 and 1168 cm-1 bands for lab-synthesized CaS and Ca0.6Mg0.4S are most likely 421 

caused by luminescence from trace chromium Cr3+ impurities. This assignment is based partly on 422 

the fact that these bands are not observed in the spectral window with 514.5-nm excitation.  423 

Additionally, the absolute wavenumber / wavelength positions of these bands are located at typical 424 

values for Cr3+ emission, i.e., 14330 or 14290 cm-1 (698 or 700 nm). For example, Cr3+ in an MgO 425 

matrix has a prominent luminescence peak at 699 nm when excited with 632.8-nm light (Schmid 426 

et al., 2021). The Raman system is very sensitive to any emitting source, therefore the amount of 427 

chromium impurity in these samples should be well below the threshold for detection by 428 

microprobe analysis. The assignments for the ~693 and ~815 cm-1 bands are uncertain. We 429 

considered the possible contribution of higher-order Raman scattering from the alkaline metal 430 

sulfide, however this was ruled out because the bands were not observed with 514.5-nm excitation, 431 

and second-order spectra reported for comparable alkaline-earth oxides with halite structure 432 

(Rieder et al., 1973; Buchanan et al., 1974) show a richer array of peaks with little semblance to 433 

our spectra. Sidebands in the luminescence may contribute, as seen for Cr3+ in MgO (e.g., Schmid 434 

et al., 2021). The difference in frequency between the two bands with peak positions at 815 and 435 

1124 cm-1 that we suggest may both be caused by luminescence from Cr3+ is ~310 cm-1, similar to 436 

a phonon frequency of 293 cm-1 reported for luminescence from Ce3+ doped in CaS (Yokono et 437 

al., 1979).   438 
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 439 

4.2. Electrical conductivity of sulfide aggregates at pressure and temperature 440 

 Our electrical results do not reveal a clear effect of sulfide chemistry (cation) on 441 

conductivity. Although CaS and MgS are both highly ionic, large-bandgap semiconductors with 442 

the same lowest-energy halite structure at all pressures of the present work, there are significant 443 

differences between the solids that give reason to expect different conductivities at a fixed 444 

temperature. First, the ionic radius of Mg2+ is significantly smaller than that of Ca2+ (0.72 Å vs 445 

1.00 Å respectively, assuming coordination number of 6; Klein and Hurlbut, 1999). The smaller 446 

and presumably more mobile Mg2+ cation should imply a higher conductivity for pure MgS than 447 

CaS. Second, a fundamental difference between the alkaline sulfides is the lack of d-orbital 448 

contribution in the bonding of Mg, which causes the band structure of MgS to differ significantly 449 

relative to CaS (e.g., Farrell et al., 2002). If electron or hole transport contributes to the 450 

conductivity, as shown at some sulfur fugacities (e.g., Egami et al., 1981; Nakamura et al., 1995), 451 

these changes in band structure should impact e-/h+ conduction mechanisms. Electrical studies at 452 

1 atm have shown that the conductivity of MgS is either similar or only slightly higher than that 453 

of CaS (Egami et al., 1981; Figure 1); therefore, for electrical conductivity measurements to 454 

distinguish these fundamental differences (and others) between MgS and CaS would require very 455 

pure samples. As others have pointed out (e.g., Nakamura and Gunji, 1980), synthesizing high-456 

purity samples is challenging because the samples are reactive, and because their intrinsically low 457 

conductivity causes sensitivity to minor amounts of impurities including carbon, aluminum, 458 

sodium, and oxygen. Because bulk conductivity corresponds to the sum of all contributions from 459 

the different charge carriers, these impurities can mask effects due to the Ca/Mg ratio.  460 

 Trace amounts of impurities in solids can form defects in sufficient amounts to affect 461 

conductivity significantly. For instance, the addition of ~300 ppm Li+ to the analogous ionic solid 462 

MgO increases its conductivity by a factor of ~10 (Norby and Andersen, 1991). The commercial 463 

CaS sample also contains alkali impurities (~200 ppm Na+), which could explain the high 464 

conductivity values of this sample (Figure 5). In fact, Li+ in MgO can be seen as an analog of Na+ 465 

in CaS, given the similar ionic radii of the impurity and the alkaline earth cation (0.74 Å for Li+ 466 

vs. 0.72 for Mg2+, and 1.02 Å for Na+ vs. 1.00 for Ca2+; Klein and Hurlbut, 1999). We note that 467 

impurities in these amounts (i.e., a few hundreds of ppm) are too low to be detected using 468 

microprobe analyses. 469 
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 The lab-synthesized samples were made in graphite capsules, resulting in the presence of 470 

C in the starting materials (Figure 2). The solubility of C in alkaline earth sulfide remains 471 

unconstrained, and graphite could be present at grain boundaries. It has been shown that for 472 

samples synthesized in graphite capsules, carbon impurities increase bulk sulfide conductivity 473 

significantly (Nakamura and Gunji, 1980). Results from our Raman spectra agree with this 474 

influence (see above): the most conductive mixed sample (Ca0.6Mg0.4S) has two bands that support 475 

the presence of graphitic carbon (Figure 2), whereas the least conductive mixed sample 476 

(Ca0.2Mg0.8S) did not show similar features.  477 

 The sensitivity of CaS conductivity to chemistry is evidenced with the lab-synthesized 478 

sample. As described above, the vibrational spectroscopy of this sample shows clear signs of 479 

oxidation, and its conductivity is much lower than that of all other samples, with a difference of 480 

~3 log units at T< 1800 K relative to commercial CaS (Figure 5). The coulombic attraction 481 

between Ca2+ and O2- being higher than Ca2+ and S2- due to the larger ionic radius of sulfide, the 482 

mobility of Ca2+ or other cations is expected to decrease as S2- is substituted for O2-. As a result, 483 

conductivity decreases with increasing oxidation. We note that the small amount of C in the lab-484 

synthesized CaS (Figure 2) is evidently too low to counteract the effects of oxidation for this 485 

oxidized sample. 486 

 The jump in conductivity as well as the associated change in the shape of impedance 487 

spectra (Figure 4) are consistent with melting. However, at 5 GPa, the temperatures at which this 488 

sharp increase occurs for the commercial CaS sample and the MgS sample (~2100 and 2050 K, 489 

respectively) are noticeably lower than the melting temperatures that are known for the 490 

endmembers at 1 atm (>2270 K; e.g., Egami et al., 1981; Ropp, 2013). Impurities are known to 491 

affect the melting properties of materials, especially by lowering the melting point. The low 492 

melting temperatures observed for these two endmembers likely reflect the presence of species 493 

such as Al, Mo, or Ta, alkali metals in the commercial CaS, or carbon in the lab-synthesized MgS. 494 

 The electrical conductivity of our samples under GPa-level pressures tends to be higher 495 

than at 1 atm (Figure 5). Variation of pressure between 2 – 6 GPa shows two trends. For the lab-496 

synthesized CaS and Ca0.2Mg0.8S, increasing pressure decreases conductivity. For commercial 497 

CaS, data at 3 and 5 GPa are comparable, but conductivity values at 6 GPa are slightly higher than 498 

at lower pressure. As a whole, the pressure dependence is complex and likely involves multiple 499 

influences, including changes in inter-grain transport, differences in annealing (note that the 500 
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previous experiments at 3 and 6 GPa were not annealed), and competing effects of ionic vs. 501 

electronic mechanisms that depend on the types of impurities and temperature. Further work on 502 

the pressure dependence of conductivity is needed to unravel the effects of annealing and 503 

impurities.  504 

 In addition to chemistry, textural effects influence the sulfide conductivity. At temperatures 505 

below ~1500 K, the electrical conductivity of the samples spans a large range of values (up to 3 506 

log units at 1100 K and 5 GPa). All starting materials are powders that have been annealed at 507 

variable temperature and duration that were necessary to reach a stable electrical response. The 508 

stabilization in bulk resistance indicates that a certain degree of textural and chemical equilibrium 509 

was achieved at a specific temperature (Tauber et al., 2023). If a different annealing temperature 510 

or time were selected, different grain sizes or distribution of impurities would be a likely outcome, 511 

thereby affecting bulk conductivity. Longer annealing times or higher temperatures than what we 512 

report here were avoided because these conditions would have oxidized the samples significantly. 513 

As discussed below (section 4.3), the application of our electrical data to the field focuses 514 

essentially on high temperatures (>1500 K), where the effect of the annealing conditions on 515 

conductivity becomes small or negligible. At T>1500 K and until the jump in conductivity, the 516 

values for all samples (except lab-synthesized CaS) tend to converge and show only slight 517 

temperature dependence.  518 

 To summarize, the electrical results suggest evidence against simple ionic conduction in 519 

our impurity-bearing sulfide samples. The measured conductivity is a complex interplay between 520 

contributions from 1) the variety of charge carriers, i.e., alkaline earth cations (Ca2+, Mg2+) and 521 

electronic defects related to the presence of impurities (mainly Na+ and C); 2) textural effects 522 

(grain growth, and at high temperature, melting); 3) minor contamination from cell parts (Al, Ta 523 

or Mo) at high temperature. Oxidation affected the lab-synthesized CaS sample, resulting in 524 

anomalously low conductivities that are excluded from the discussion below. Our work does not 525 

support the use of pure alkaline earth sulfides as analogs of natural, impurity-bearing samples 526 

because impedance spectroscopy is highly sensitive to the presence of trace elements. 527 

 528 

4.3. Electrical conductivity-depth profiles of Mercury's mantle 529 

 Given the sensitivity of electrical conductivity to temperature and composition, the 530 

electrical conductivity-depth profile of the planet can be used to provide insights about the interior 531 
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of Mercury (Verhoeven et al., 2009; Genova et al., 2021). In this section, we propose electrical 532 

conductivity-pressure profiles of a sulfide-bearing Mercury mantle (Figure 6). Calculations are 533 

based on the results from this study for alkaline earth sulfide aggregates containing less than 1 534 

vol.% graphite. These models can be tested with future induction data about the interior of the 535 

planet from the Bepi-Colombo mission (Heyner et al., 2021).  536 

 Our experimental results (Figure 5) show that impurity-bearing Ca1-xMgxS can be more 537 

conductive (>1 S/m) at a given temperature in the range T>1400-1500 K than a partially molten 538 

silicate matrix (conductivity typically < 1 S/m; e.g., Yoshino et al., 2010). Therefore, if the amount 539 

of sulfide in the silicate mantle of Mercury exceeds the percolation threshold, sulfide would 540 

increase bulk rock conductivity. This percolation threshold is not known for (Ca,Mg)S 541 

compositions, but has been found to be 6–8 vol.% for FeS in an olivine-rich matrix at comparable 542 

pressure and temperature conditions (Yoshino et al., 2003, 2004; Watson and Roberts, 2011; 543 

Tauber et al., 2023). Similar amounts of alkaline earth sulfides can be expected in Mercury (e.g., 544 

Stockstill-Cahill et al., 2012; Vander Kaaden et al., 2017). Despite the non-wetting behavior of 545 

sulfides in a silicate matrix (e.g., Marrocchi and Libourel, 2013), a partial sulfide network is 546 

sufficient to affect conductivity significantly if the content exceeds the percolation threshold 547 

(Tauber et al., 2023). The estimated temperature-depth profile of Mercury's present-day mantle 548 

(e.g., Knibbe and van Westrenen, 2018; Steinbrügge et al., 2021; Davies et al., 2024; Figure 6a) 549 

indicates that T is possibly higher than 1400 K over most of the mantle (P> ~1.1 GPa), implying 550 

that the conductivity of alkaline earth sulfides is expected to be higher than that of silicate minerals 551 

in the range ~1−5 GPa. In addition, this temperature-depth profile indicates that C-bearing sulfides 552 

could be molten (with conductivity values >10 S/m; Figure 5) in approximately the lower half of 553 

the mantle (~2.5−5GPa). Without the presence of impurities, especially carbon, it is expected that 554 

Ca1-xMgxS would not melt until higher temperatures are reached, and thus, could be solid in the 555 

entire mantle. 556 

 Bulk rock conductivity with a variable degree of sulfide interconnectivity can be computed 557 

using mixing models (Glover, 2015 and references therein). Experimental petrology studies on 558 

analogs of Mercury's surface suggested that the silicate mantle is likely heterogenous in 559 

composition (Charlier et al., 2013; Weider et al., 2015; Namur et al., 2016b; McCoy et al., 2018). 560 

In particular, lherzolite and harzburgite sources have been invoked to explain the mineralogy of 561 

different terranes (Charlier et al., 2013). As a result, the silicate mantle composition considered in 562 
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the calculations is lherzolitic or harzburgitic, corresponding to different mixtures of olivine 563 

(forsterite), orthopyroxene (enstatite), and clinopyroxene (diopside). Using our electrical results 564 

on sulfides, previous electrical studies on silicate minerals, and the present-day thermal profile in 565 

Figure 6a, electrical conductivity-depth profiles of the mantle are calculated for varying sulfide 566 

content and connectivity. The electrical conductivity of the sulfide phase is that of the Ca0.2Mg0.8S 567 

sample because this composition is close to estimates from Stockstill-Cahill et al. (2012) (Ca0.26-568 

0.21Mg0.74-0.79S). The conductivity of forsterite, enstatite, and diopside are from Yoshino et al. 569 

(2017), Zhang et al. (2012), and Zhao and Yoshino (2016), respectively (Supplementary 570 

Information). Electrical data from these previous studies were collected at pressures and 571 

temperatures that did not cover entirely the ranges for the mantle. Therefore, when needed, the 572 

conductivity values have been extrapolated to relevant temperature conditions using the Arrhenius 573 

equation for the specific mineral. The pressure dependence of conductivity being limited for the 574 

considered silicate minerals over the range spanned by the mantle (~5 GPa), a correction was not 575 

applied to electrical data from studies that did not provide a pressure dependence.  576 

 Bulk conductivity of the sulfide-free (Figure 6b) and sulfide-bearing (Figure 6c) mantle 577 

is computed using the geometric mean 578 

𝜎+,-. = ∏ 𝜎/
0'1

/2"       (4) 579 

with si and Xi being the conductivity of phase i (i.e., olivine, orthopyroxene, clinopyroxene +/- 580 

sulfide) and the volume fraction of phase i, respectively. This model considers arbitrary shaped 581 

and randomly distributed phases (Glover, 2015), i.e., the sulfide phase is not interconnected. The 582 

different mineralogies present comparable electrical conductivity values along the thermal profile 583 

of the mantle. For each composition, conductivity increases with increasing temperature, therefore 584 

with increasing depth as well. The addition of sulfide distributed randomly increases bulk 585 

conductivity. For instance, at 1000 K, the presence of 10 vol.% sulfide increases mantle 586 

conductivity by a factor of 2.6. At the bottom of the mantle, conductivity increases by a factor of 587 

1.4 to 3.5 when 5 to 20 vol.% of randomly distributed sulfide is added.  588 

 The conductivity of a mantle with a varying connectivity of alkaline earth sulfide (Figure 589 

6d) is calculated using the modified Archie's law (Glover et al., 2000) 590 

𝜎+,-. = 𝜎3/-/4567(1 − 𝑋3,-8/97)
: + 𝜎3,-8/97𝑋3,-8/97

;  where 𝑝 =
-<=	("#0!(%)'*&

# )

-<=	("#0!(%)'*&)
 (5) 591 
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with m the cementation exponent that is related to the electrical connectivity of the sulfide phase 592 

in the silicate medium. Compared to other mixing models with variable exponents (e.g., Bussian 593 

model), Eq. (5) reproduces experimental data satisfactorily (Glover et al., 2000). In Eq. (5), silicate 594 

conductivity corresponds to that of a mantle composed of 70 vol.% forsterite and 30 vol.% 595 

enstatite, obtained using the conductivity of each mineral and the geometric mean (Eq. 4). Figure 596 

6d shows conductivity estimates for a mantle containing 8 vol.% sulfide. The cementation 597 

exponent, m, is varied from 1 to 5, the high values implying poor interconnectivity of the sulfide 598 

phase. Increasing the connectivity of the sulfide phase increases bulk conductivity significantly. 599 

For instance, at a depth of 2 GPa, corresponding to a temperature estimate of 1750 K, decreasing 600 

the cementation exponent from 5 to 1 increases bulk conductivity by a factor of ~5 (from 2.10-2 to 601 

~10-1 S/m). In addition, a CMB region with interconnected alkaline earth sulfides would be 602 

characterized by high conductivity values (>8 S/m).  603 

 The electrical conductivity-depth profile of Mercury's mantle has been previously 604 

estimated, and a comparison with our results is shown in Figure 6d. Verhoeven et al. (2009) 605 

considered six silicate compositions with different mineralogies (five compositions are iron-poor, 606 

one is Moon-like) and two temperature profiles (Buske, 2006; Spohn, 1991) spanning a large 607 

temperature range (~1600-1950 K) in the lower part of the mantle. The T estimates in the mantle 608 

are in broad agreement with the thermal profile used in our study (Figure 6a). However, one major 609 

difference between this previous study and our calculations is that a significant amount of garnet 610 

and coesite or periclase is considered in the models by Verhoeven et al. (2009) (>15 vol.%). In 611 

addition, the Arrhenius equations used to compute the conductivity of olivine and orthopyroxene 612 

(their Table 2) are significantly different from the laboratory-based equations used in our 613 

calculations (Supplementary material). Because of the diversity of compositions considered, 614 

Verhoeven et al. (2009) predicted large ranges of mantle conductivity. Their estimates show low 615 

mantle conductivity values compared to our estimates, but our conductivity values for a sulfide-616 

free mantle or a sulfide-bearing mantle with poor interconnectivity of the sulfide phase are in good 617 

agreement with their enstatite chondrite mineralogy (Figure 6d). The magnetic observations from 618 

the MESSENGER mission were used to develop a simple radial conductivity model (Johnson et 619 

al., 2018). The model assumes a strong conductivity increase with depth in the top part of the 620 

mantle, in agreement with our estimates, and a constant conductivity value of 0.1 S/m across most 621 
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of the mantle (Figure 6d). Future measurements as part of the Bepi-Colombo mission will help 622 

constrain the interior of Mercury using electrical conductivity. 623 

 Further laboratory studies of the physical properties (thermal conductivity, viscosity, 624 

density) of alkaline earth sulfides under pressure and temperature are needed to improve models 625 

of the dynamics and evolution of the planet, as well as to interpret field observations from space 626 

missions. As an example, in the evolutionary model of Davies et al. (2024) that considers a silicate 627 

mantle and a Fe-Si core, the low density of CaS and MgS (varying from ~2.6 g/cm3 at 500 K and 628 

0.1 GPa to 2.9 g/cm3 at 2100 K and 5 GPa, using the equation of state from Peiris et al. (1994) and 629 

references therein) lowers the bulk density of the mantle. This observation suggests that if Mercury 630 

contains significant amounts of CaS−MgS, the moment of inertia of the planet can only be 631 

satisfied by a smaller and denser core compared to the core of a planet without sulfide in its mantle. 632 

In terms of composition, increasing the density of the core is achieved by decreasing its amount of 633 

Si (<12 wt.%). Additional density measurements are needed on intermediate Ca1-xMgxS 634 

compounds to develop a density-depth profile of the mantle and investigate its effect on core 635 

composition.  636 

 637 

 638 

5. Conclusions 639 

 We investigated the electrical properties of impurity-bearing alkaline earth sulfides in the 640 

CaS–MgS system, synthesized under vacuum in graphite capsules at 1473 K, and of commercial 641 

CaS. Our results from electrical experiments at 2 and 5 GPa show that conductivity increases with 642 

temperature, with activation energy values in agreement with alkaline earth cations and impurities 643 

(alkali, C) being the main charge carriers. No systematic effect of composition on conductivity is 644 

observed, which is likely caused by the effect of impurities. For all samples, in situ impedance 645 

measurements are relevant to detect the onset of melting, which was found to vary between ~1850 646 

and 2100 K at 5 GPa. The presence of small amounts (tens to hundreds of ppm) of impurities 647 

(mostly, C for samples synthesized in graphite capsules, alkali for commercial CaS, and for all 648 

samples at high temperature, possibly Al, Mo or Ta) increases conductivity significantly and 649 

decreases the melting temperature, consistent with previous observations at 1 atm. Electrical 650 

conductivity can be high (>1 S/m) for molten sulfides containing impurities. In contrast, alteration 651 

(oxidation) of CaS results in a large decrease in conductivity. 652 
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 Combining our results with petrological studies of Mercury's mantle and previous electrical 653 

studies of silicate minerals, we proposed different electrical conductivity-depth profiles of a 654 

sulfide-bearing mantle, varying the amount and connectivity of alkaline earth sulfides. At the 655 

bottom of the mantle, conductivity can be > 8 S/m if the sulfide phase is well interconnected. These 656 

electrical profiles across the mantle of Mercury can be compared with future electromagnetic data 657 

from the ESA-JAXA Bepi-Colombo mission. 658 

  659 
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 945 

Figure 1: Electrical conductivity of CaS and MgS sulfides as a function of temperature from 946 

previous studies performed at 1 atm (W et al., 1969: Worrell et al., 1969; NG 1974: Nagata and 947 

Goto, 1974; NG 1980: Nakamura and Gunji, 1980; E et al.: Egami et al., 1981; N et al.: Nakamura 948 

et al., 1995; O et al.: Ogawa et al., 1999) and under pressure (P et al.: Pommier et al., 2019; Y-axis 949 

corrected relative to Fig. 3A of the original). 950 
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 957 

Figure 2: Raman spectra of representative sulfide samples, after removal of luminescence 958 

backgrounds. The two upper spectra were acquired with 514.53-nm excitation, and probe two 959 

different grains of CaS. The lower three spectra, acquired with 647.09-nm excitation and an 960 

elliptical focus, cover the 500 – 1660 cm-1 range where bands of some impurities are anticipated. 961 

Peak positions are labelled for those bands assigned to fundamental modes of CaS (160, 180, 200 962 

cm-1), sulfate (1002 cm-1), and graphitic/sp2 carbon (1335, 1588-1602 cm-1). Additional bands with 963 

labelled peak positions are likely due to luminescence from impurities (see text).            964 
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 965 

 966 

Figure 3: Electron microprobe traverses across samples BBC83 (Ca0.8Mg0.2S, with Mo 967 

electrodes), quenched at 2143 K (A) and BBC64 (CaS, with Ta electrodes), quenched at 1474 K 968 

and 2 GPa (B and C). Data points in the samples that are outliers correspond to analyses performed 969 

in areas with complicated textures (porosity, decompression cracks). 970 
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 971 

Figure 4: Electrical conductivity and impedance spectra as a function of temperature at 2 and 5 972 

GPa for sample Ca0.2Mg0.8S (experiment BBC83). Z' is the real part of impedance Z, and Z" the 973 

imaginary part. In the conductivity plot, three stages can be identified. Blue diamonds and circles 974 

indicate data acquired at 2 and 5 GPa, respectively, and grey circles denote the data collected 975 

during the transition between the two pressures. For help with readability, the impedance plot for 976 

stage 3 shows a different scale for the Z' and Z" axes. See text for details. 977 
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 982 

Figure 5: Electrical conductivity as a function of temperature for different pressures. A) Data at 5 983 

GPa from this study. Vertical arrows indicate the electrical jump related to melting. Comparisons 984 

with previous data on FeS (Saxena et al., 2021; Pommier, 2018) and CaS at 1 atm (Nakamura and 985 

Gunji, 1980) are also shown. B) Effect of pressure on conductivity. Vertical arrows indicate the 986 

effect of a decrease in pressure. Data for commercial CaS at 3 and 6 GPa are from Pommier et al. 987 

(2019).  988 
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Figure 6 (next page): Thermal profile (A) and corresponding electrical conductivity-pressure 989 

profiles (B, C, and D) across the silicate portion of Mercury. A) Temperature from Davies et al. 990 

(2024). B) Conductivity- pressure profile of sulfide-free compositions (lherzolite/harzburgite). The 991 

conductivity of each silicate phase is from previous studies, and bulk conductivity is calculated 992 

using a geometric mean. C) Effect of sulfide content on the bulk conductivity of a silicate mantle 993 

(from B) made of 70 vol.% olivine (forsterite) and 30 vol.% orthopyroxene (enstatite). The 994 

conductivity of the sulfide phase is from this study (Mg0.8Ca0.2S), and bulk conductivity is 995 

calculated using a geometric mean. D) Effect of sulfide interconnectivity on the bulk conductivity 996 

of the silicate mantle shown in (C). 8 vol.% sulfide is considered, and bulk conductivity is 997 

calculated using the modified Archie's law. m corresponds to the cementation exponent. A value 998 

of 1 for cementation exponent m corresponds to an interconnected sulfide phase. Previous 999 

electrical conductivity estimates are also shown in (D) for comparison. The green dashed lines 1000 

correspond to a simple radial conductivity model using magnetic observations from MESSENGER 1001 

(Johnson et al., 2018). The grey area indicates the conductivity for different mantle mineralogies 1002 

in the thermodynamic model of Verhoeven et al. (2009). The conversion of depth to pressure for 1003 

the profiles of Verhoeven et al. (2009) and Johnson et al. (2018) was done using the Preliminary 1004 

Reference Mercury Model by Margot et al. (2018). 1005 
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