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ABSTRACT  23 

 The detection and quantification of metal sulfides in host rocks by electrical 24 

measurements have been priorities for field and laboratory studies, motivated by mineral 25 

prospecting, fundamental interest in the mantle structure or core/mantle differentiation, among 26 

other reasons. Here, we reanalyze electrical data for a dunite host with added FeS or Fe-S-Ni 27 

(Saxena et al., 2021), and report additional experimental runs along with electron microprobe 28 

analyses. The applied pressure was 2 GPa; impedance spectra were acquired while annealing at 29 

1023 K (below the metal-sulfide solidus), and while varying temperature from 570 to 1650 K. 30 

Addition of 6.5- or 18-vol.% FeS strongly enhances conductivity of the bulk sample compared 31 

with that of the dunite host, though values are 100 – 100,000 times less than those of pure FeS. 32 

These results indicate that most metal sulfide content is not part of a viable conductive path, even 33 

for the 18-vol.% quantity. Nevertheless, the relatively high conductivity and weak temperature 34 

dependence of the 18-vol.% sample reveal that contiguous paths of solid or molten FeS span the 35 

electrodes. The sample with 6.5-vol.% sulfide also exceeds the percolation threshold for 36 

temperatures as low as ~100 K below the eutectic melting point, likely because FeS softens. 37 

Conductivity is nearly unchanged upon crossing the eutectic temperature, however a decline over 38 

1400 – 1500 K reveals that the 6.5 vol.% molten FeS forms a fragile electrical network in dunite. 39 

Samples with Fe50S40Ni10 or Fe40S40Ni20 (at.%) are less conductive than pure dunite at 40 

temperatures below ~1450 K. This surprising result, likely caused by a reducing influence of Fe 41 

or Ni metal, does not support the use of FeS as an analog for compositions with nickel or excess 42 

metal. Our findings suggest that probing the electrical network of metal sulfides as solids 43 

complements other studies focused on connectivity of molten metal sulfides. 44 

 45 
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INTRODUCTION 49 

The study of metal sulfide networks in host rocks relates to numerous aspects of earth 50 

and planetary science, ranging from planetary differentiation (Minarik, 2003; Yoshino et al., 51 

2003, 2004; Terasaki et al., 2005, 2008; Bagdassarov et al., 2009a,b; Watson and Roberts, 2011; 52 

Walte et al., 2011; Solferino et al., 2020), to high-conductivity anomalies in cratonic 53 

environments (Evans et al., 2011; Saxena et al., 2021 and references therein), to economic 54 

geology (Fontboté et al., 2017; Barnes et al., 2017). A longstanding challenge in the field has 55 

been to correlate the type and quantity of metal sulfide in host rocks, with electrical properties 56 

(e.g., Rogers, 1966; Revil et al., 2022; Zhdanov et al., 2018). Given great differences in 57 

resistivity between metal sulfides and typical silicate hosts, the distribution of the conductive 58 

phase (e.g., as isolated grains vs. dendrites) has a strong impact on the electrical properties 59 

(Parkhomenko, 1967). Additionally, the sulfides themselves can span a large range of 60 

conductivity values, even for minerals of the same classification (Parkhomenko, 1967; Pearce et 61 

al., 2006). Despite these sources of complexity, various reports have presented correlations 62 

between sulfide content and conductivity, and certain threshold quantities have been highlighted. 63 

For example, Anderson (1960), in a relatively early report of a field study, described that sulfide 64 

minerals in excess of 5 wt.% formed a connected network within a peridotite host, thereby 65 

dramatically decreasing bulk resistivity. Parkhomenko (1967) highlighted that 3 – 10 wt.% Cu, 66 

Ni-bearing sulfides, or 5% pyrrhotite, made certain rocks highly conductive. Similarly, 7 wt.% 67 

was identified by Nelson and Van Voorhis (1983) as a threshold for the largest change in 68 
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resistivity, based on induced polarization measurements of sulfides in a variety of rock types. 69 

The reason for similar threshold values in the preceding examples is unclear. 70 

In laboratory studies of metal sulfides in a silicate matrix, Yoshino et al. (2003, 2004) 71 

reported the first electrical measurements under pressure (1 or 3 GPa) and as a function of 72 

temperature. Upon heating samples of olivine or peridotite with 3 – 13 vol.% FeS or Fe64S36 73 

(at.%), electrical conductivities much greater than those of the host were recorded for samples 74 

with iron sulfide concentrations ≥ 6 vol.%. The elevated conductivity levels persisted over 75 

annealing periods as long as 3 days, at temperatures for which the sulfides were fully melted. 76 

These measurements were interpreted as support for a percolation threshold of 6 vol.% sulfide. 77 

By contrast, Bagdassarov et al. (2009a) presented electrical measurements at 1 GPa pressure that 78 

supported substantially higher percolation thresholds, namely ~17.5 vol.% for Fe57S43 (at.%) in 79 

olivine, and >15 vol.% (lower bound) in peridotite. These thresholds were based upon 80 

experiments which included annealing at temperatures just below the Fe-FeS eutectic melting 81 

point for periods as long as 5 days. When temperatures were increased slightly above the eutectic 82 

point, conductivity values that were initially high for all samples were found to drop sharply, 83 

except for 20 vol.% iron sulfide in olivine. Subsequently, Watson et al. (2010) and Watson and 84 

Roberts (2011) explored lower concentrations (1 to 10 vol.%) of Fe54S46 in olivine, and reported 85 

significantly better conductivity for 1 vol.% iron sulfide relative to the host, and much greater 86 

increases for samples with 4 or more vol.%. Based on the unusual and powerful combination of 87 

electrical characterization with X-ray tomography, the 2011 study also provided some additional 88 

general insights, e.g., the sensitivity of conductivity measurements for detecting the onset of 89 

connectivity (Watson and Roberts, 2011).  90 

Some of the variation in electrical results for the laboratory studies could be attributed to 91 
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differences in grain sizes of the olivine or peridotite host, or differences in annealing 92 

temperatures and times, as well as subsequent heating conditions. However, the reasons for 93 

differing percolation thresholds is still unsettled. Additionally, the factors that cause some 94 

experiments to have highly conductive networks in the solid state (Bagdassarov et al., 2009a), 95 

apparently without prior heating above the eutectic temperature, are uncertain. Questions also 96 

remain regarding the effect on bulk conductivity caused by adding common alloying elements 97 

such as Cu or Ni to the sulfide portion. In general, further laboratory studies at elevated pressures 98 

and temperatures are needed to reach a better understanding of the electrical properties of 99 

sulfide-bearing rocks, so that conductivity models can be developed and applied to the field. 100 

Here, we reanalyze our previously reported electrical data (Saxena et al., 2021) for 101 

experiments involving metal sulfide in a dunite host, and present additional electrical 102 

experiments that explore the effect of metal sulfide chemistry (Fe-S-Ni). The present report also 103 

includes extensive microprobe analyses of the samples, which were unavailable in our previous 104 

study. One motivation for considering different sulfides is to reproduce some of the natural 105 

compositions and to understand whether, from an electrical standpoint, a silicate-metal sulfide 106 

mixture with a simplified chemistry (FeS) can be a useful analog of more complex mixtures. 107 

Experiments were performed under a pressure of 2 GPa (equivalent to ~60 km depth in the 108 

Earth’s upper mantle) and over a large temperature range of 573-1650 K. Our focus was not to 109 

address aspects that are central to core-mantle differentiation. Instead, the experimental choices 110 

(e.g., relatively low annealing temperature) allow this study to have the most relevance to 111 

cratonic settings, and to provide unique insights into the nature of connectivity for both solid and 112 

molten metal sulfides in a silicate host.   113 

 114 
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 115 

 116 
EXPERIMENTAL PROCEDURE AND ANALYSES 117 

Starting materials and sample preparation  118 

Electrical measurements were performed on pure silicate aggregates, metal sulfides, and 119 

their mixtures. Experimental conditions are listed in Table 1. The starting material for the 120 

polycrystalline silicate aggregate is a natural dunite composed of 95 vol.% olivine, 4 vol.% 121 

clinopyroxene, and 1 vol.% chromite from Engorora, northern Tanzania (sample ENG-8 as 122 

described in Chin, 2018; same as dunite ENG8 in Saxena et al., 2021). The material is 123 

pulverized, and based on SEM analysis (Thermo-Fisher Pathfinder) of thousands of particles, the 124 

vast majority have cross-sections with an area-equivalent diameter in the range 0.5 to 4 μm. This 125 

range corrects our previous assessment of 10 (+/-1) μm (Saxena et al., 2021). The Mg# is 86. In 126 

this paper, metal sulfide refers to any of the compositions included in our electrical 127 

measurements (Table 1), including FeS (=Fe50S50), Fe50S40Ni10, or Fe40S40Ni20 (all written as 128 

atom %). These sulfide compositions are analogous to ones reported previously in the upper 129 

mantle (e.g., Fleet and Stone, 1990; Guo et al. 1999; Aulbach et al., 2004; Wang et al., 2010; 130 

Delpech et al., 2012). The Fe50S40Ni10 and Fe40S40Ni20 samples were prepared by mixing 131 

appropriate quantities of FeS, Fe, and Ni powders (>99% pure, Alfa Aesar; ~10 μm diameter). 132 

Next, metal sulfides and dunite powders, with the relative volumetric amounts specified in Table 133 

1 (3 or 3.4, 6.5 and 18.2 vol.% metal sulfide), were mixed in acetone using an agate mortar and 134 

pestle. After drying, all samples were stored in a desiccator. 135 

 136 

Electrical experiments in the multi-anvil press 137 
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Electrical experiments were carried out at 2 GPa under quasi-hydrostatic conditions in a 138 

Walker-type multi-anvil press (Rockland Research). The pressure was applied using eight 139 

tungsten carbide cubes with corner-truncated edge length of 8 mm, and MgO octahedral pressure 140 

media with an edge length of 14 mm. The electrical cell assembly was described previously 141 

(COMPRES design; Saxena et al., 2021). Briefly, the cell includes an MgO sample sleeve which 142 

encloses three stacked alumina rings separated by two high-purity Fe disks. All MgO parts were 143 

fired at 1273 K and stored in a desiccator until use. The immediate containment of the sample 144 

consists of the middle alumina ring and two Fe disks, and the design prevents molten material 145 

from escaping at high temperatures. The sample is heated by applying a current to the 146 

surrounding Re foil, and temperature is monitored using one of two Type-C thermocouples 147 

(W95Re5-W74Re26). Each thermocouple contacts one of the Fe-metal disks which serve as 148 

electrodes for impedance measurements.  149 

The cell assembly was initially compressed to the target pressure (2 GPa) at room 150 

temperature. The pressure remained within (±) 2% of the target value throughout the heating and 151 

cooling cycles. Figure S1 shows the temperature-time paths for each experiment. Power was 152 

applied to the furnace to increase the sample temperature in 25 K increments until 1023 K was 153 

reached (rise time ~40 minutes). One reason for selecting this annealing temperature is that it lies 154 

significantly below the Fe-FeS eutectic temperature (1260 - 1280 K, based on data from 2 – 3 155 

GPa: Brett and Bell, 1969; Ryzhenko and Kennedy, 1973; Usselman, 1975).  The eutectic 156 

temperature of samples with added nickel could be significantly lower (see Discussion regarding 157 

this topic), nevertheless the annealing is well below (100 K or more) any conceivable solidus 158 

temperature. This choice allowed the subsequent variable-temperature impedance measurements 159 

to probe the electrical characteristics as the metal sulfide melted in the sample for the first time. 160 
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By contrast, annealing with a molten metal sulfide would have caused irreversible changes to the 161 

sample that we preferred to avoid as a starting point for variable-temperature measurements. 162 

After the sample reached 1023 K, impedance spectra were acquired while annealing for 3.5 to 163 

27.4 hours, until a relatively steady resistance value was recorded. Following the annealing 164 

stage, all samples except BB303 and BB304 were cooled to a low temperature between 570 and 165 

720 K. The time to reach these low temperatures was 30 – 80 minutes for all samples except 166 

BB305, which took ~130 minutes. The cooling rates were –3 to –10 K/min, with average –7 167 

K/min. All samples except BB303, BB304, and BB305 were then heated to a final temperature 168 

ranging between 1570 and 1650 K. The heating rates were +3.5 to +9.3 K/min, with average +5 169 

K/min. Impedance spectra were collected at regular temperature intervals throughout cooling and 170 

heating cycles. All experiments were quenched by turning off the power to the heater. After a 171 

slow decompression, the electrical cell was retrieved and mounted in an epoxy resin. The cell 172 

and sample were sliced longitudinally and polished to expose the surface for chemical and 173 

textural analyses. 174 

Electrical measurements were made with an impedance spectrometer (Ametek/Solartron 175 

1260 impedance gain/phase analyzer) using the four-electrode technique. A DC potential of 1 V 176 

with 100 mV AC amplitude was applied over a range of frequencies to measure the complex 177 

impedance. The range of frequencies depended on the nature of the sample. The frequency range 178 

varied from 50 Hz to 0.1 Hz for pure metal sulfide samples (and 18.2 vol.% FeS + dunite), and 179 

from 5 MHz to 1 Hz for all other samples. 180 

 181 

Impedance spectroscopy background and analysis 182 
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Impedance (Z*) is defined as the opposition to the flow of alternating current at a defined 183 

frequency. It consists of a real part (resistive component, Z′) and an imaginary part (reactive 184 

component, Z″). The overall resistance of the bulk sample, alumina ring, and Fe disks is assessed 185 

by visual inspection of plots of frequency-dependent values of Z″ vs. Z′ (Nyquist plots) based on 186 

the intersection, or extrapolated intersection, of the right-most impedance arc at relatively low 187 

frequency, with the real axis. For those curves that can be fitted to an equivalent electrical circuit 188 

(see representative comparisons in Figure S2), the value for Z′ resulting from least-squares 189 

optimization differs less than 10% from the value based on visual inspection. The presence of 190 

two arcs can reflect grain interior and grain boundary resistances that are typically considered as 191 

electrically in series for samples without a conductive network (e.g., Huebner and Dillenburg, 192 

1995; Roberts and Tyburczy, 1991). Electrode polarization may impact the very lowest 193 

frequencies of impedance spectra, and we have aimed to exclude this contribution from the 194 

analysis. The bulk resistance R specific to the sample is next determined after making minor 195 

corrections for the parallel resistance (very high) of the alumina ring, and for the series resistance 196 

(very low) of the two Fe-disk electrodes. The low-frequency conductivity of the sample, σ, or its 197 

inverse, resistivity ρ, is then obtained using the geometric factor G (=area/length ratio of the 198 

sample): 199 

𝜎 ൌ ଵ

ఘ
ൌ ଵ

ோൈீ
      (1) 200 

A typical value of G for our samples is 1.4 × 10-3 m. 201 

The real conductivity is often referred to as the DC conductivity, though it is measured 202 

with low-frequency AC signals. Real conductivity values at higher frequencies, e.g., 10 or 100 203 

kHz for which the resistance and capacitive reactance may both contribute substantially to the 204 

overall sample impedance, are calculated from Z′, the modulus |Z| = (Z′2 + Z″2)1/2, and G: 205 
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𝜎ᇱ ൌ ᇲ

ீ||మ                             (2) 206 

Uncertainties in conductivity values were computed as described in Saxena et al. (2021), and 207 

amount to less than ~10 % over the entire temperature range.  208 

 209 

Chemical and textural analyses 210 

Selected quenched samples were analyzed using the electron microprobe to characterize 211 

the phases, composition, and texture. Electron microprobe analyses were performed with a field 212 

emission electron microprobe (JEOL 8530F at the Carnegie Institution for Science). Analyses 213 

were done with an acceleration voltage of 15 kV, and a sample current of 20 nA. Integration 214 

times were 20 s on peak and 10 s on background, except Na and P which were analyzed with 215 

50% shorter times. For a quenched melt, the beam was slightly defocused (~5 μm), and for 216 

crystalline phases, the beam was focused to 1 μm. The following standards were used: albite 217 

(Na), olivine (Fe, Mg, Si, Ni), anorthite (Ca, Al), TiO2 (Ti), MgCr2O4 (Cr), Mn metal (Mn), 218 

orthoclase (K), apatite (P), and pyrite (S) for the dunite, and pyrite (Fe, S), Ni metal (Ni), and 219 

MgCr2O4 (O) for the sulfide phases.  220 

In addition to spot analyses on the silicate and sulfide phases, wavelength dispersive 221 

spectroscopy (WDS) was used to obtain chemical maps of selected samples. High-resolution 222 

WDS maps used a 1-micron diameter beam and a 20-msec dwell time. 223 

 224 

 225 

RESULTS  226 

Composition and texture of quenched samples 227 
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Representative BSE images and WDS maps of quenched samples containing metal 228 

sulfides are shown in Figures 1, 2 and Figure S3. At the sample scale, sulfide regions are well 229 

distributed, and no segregation of the sulfide phase is observed (see Figure 1A for a sample with 230 

3.4 vol.% FeS, and Figure S3 for samples with 3.4 or 6.5 vol.% Fe-S-Ni). The shapes of the 231 

metal sulfide blebs vary (Figures 1B-1D). Dihedral angles are not single-valued, consistent with 232 

expectations for a melt interacting with a variety of different crystallographic faces and planes of 233 

a natural rock (e.g., Kohlstedt, 2002). Some rounded sulfide blebs (high angles) are isolated in 234 

pockets in grain boundaries and triple junctions, whereas other sulfides appear interconnected 235 

along a few grain boundaries and triple junctions (low angles). Sulfide interconnection over tens 236 

of micrometers is rarely visible, and continuous conductive pathways can only be speculated 237 

from the 2-D BSE images. O-rich, S-free rounded grey grains contiguous to sulfide blebs are 238 

sometimes observed (Figure 1B) and are possibly iron oxides that precipitate upon quenching. 239 

WDS maps of samples with metallic Ni (or, metallic Ni and Fe) as part of their 240 

composition indicate a high degree of overlap for Fe, S, and Ni (Figure 2), demonstrating that 241 

the initially pure-metal phases were mixed with FeS once the highest ~1600 K temperature was 242 

reached. Very few isolated Ni or Fe grains are observed in samples with added Ni or Fe metal, 243 

such as BB295 (Figure 2C). These grains could reflect a quenched texture, or perhaps slightly 244 

incomplete mixing. 245 

 Quantitative chemical analysis of the iron sulfide regions was challenging, given their 246 

small size and complex texture. Typically, only the largest metal sulfide phases of each sample 247 

were analyzed, and the values presented in Table 2 should not be considered as representative of 248 

the bulk metal or sulfide content. The presence of regions with nearly pure iron and very little 249 

sulfide is not necessarily evidence of incomplete mixing, because phase separation during 250 
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quenching is likely. Most of the analyzed sulfide regions revealed significant amounts of O (1–4 251 

wt.%; Table 2). The amounts of oxygen are similar to those reported in a previous study 252 

(Terasaki et al., 2005) for samples of olivine with Fe# 0.11, in equilibrium with a sulfide melt. 253 

However, olivine cannot be the primary source of oxygen, because the highest quantity (3.84%) 254 

is found for the pure FeS sample (BB280). Most likely the oxygen originates from other 255 

processes, possibly incorporation of water in the relatively soft sulfide phase during polishing, 256 

and incomplete drying before microanalysis. For experiments with added nickel (BB290, BB294, 257 

BB295, BB299), no regions with pure Ni are reported in Table 2, consistent with the mixing 258 

observed in Figure 2. For several experiments without added nickel (BB281, BB289, BB291, 259 

BB292), the microprobe data indicate small amounts of Ni (0.16 – 1.25 wt.%) present in the 260 

sulfide regions. In these cases, the Ni originates from the olivine matrix, quantified by 261 

microprobe analysis as high as ~0.4 wt.% NiO (Table 3). The equilibrium of Ni between sulfide 262 

and olivine has been extensively addressed (e.g., Brenan, 2003; Solferino et al., 2015). 263 

Temperatures higher than 1023 K are necessary for the transfer of Ni, as inferred from the very 264 

low levels (0.07 wt.%, Table 2) in the sulfides of two samples quenched directly after short or 265 

long annealing periods (BB303 and BB304).   266 

 Two distinct populations of olivine are observed in the quenched samples (Table 3), with 267 

FeO levels 13.1 – 15.2 wt.% in one, and 16.1 – 23.9 wt.% in the other. The first population is 268 

similar to olivine in the starting powder (~14 wt.% FeO). The second population is observed 269 

within a ~100-micron distance from the Fe electrodes, or near Fe-rich sulfides. The Mg# for 270 

pyroxenes ranges from 81 – 88 (Table 3). Pyroxenes contain small amounts of TiO2 (0.16-1.85 271 

wt.%). Chromite grains are visible in most xenoliths, but their small size (<1 micron) makes 272 

chemical analysis difficult.  273 
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Based on a combination of microscopic observations and chemical analyses, sample 274 

contamination during the conductivity measurements can be summarized as follows. First, 275 

regarding Al from the alumina sleeve, a very thin (< ~30 micron) and discontinuous Al-rich layer 276 

is observed at the sample-sleeve interface, resulting from Al diffusion into the sample at high 277 

temperature (e.g., electron microprobe data for BB291 in Figure S4). This layer has a negligible 278 

effect on the bulk electrical measurements (e.g., Pommier et al., 2019). Second, some Fe 279 

contamination from the electrode disks is visible in BSE images, as mentioned above. Electron 280 

microprobe traverses (Figure S4) quantify these changes, and show that samples quenched at our 281 

highest temperatures (e.g., BB289, 1627 K) have substantial Fe replacement for Mg over a range 282 

<100 μm from the electrode, whereas samples quenched at a relatively low temperature (e.g., 283 

BB304, 1023 K) are affected over a shorter distance. Within ~50-100 microns from the 284 

electrodes, the samples are slightly depleted in Ni, but the distribution of S appears to be 285 

unaffected (e.g., WDS maps of BB295; Figure S3). The electrical measurements of samples are 286 

expected to be affected only minimally (<10%) by Fe contamination, or siderophilic depletion of 287 

Ni associated with the electrodes. 288 

 289 

Electrical characterization during annealing 290 

The effect of annealing at 1023 K on the electrical properties of the dunite and dunite-291 

sulfide samples was investigated by varying the duration from 3.5 – 27.4 hrs (Table 1). 292 

Examples of electrical data during annealing are presented in Figure 3. For experiments with 293 

pure dunite or with 3.4 vol.% FeS (without added Ni) there are similar patterns in the bulk 294 

resistance and impedance arc structure, represented by sample BB304 in this figure. During the 295 

initial 200 – 300 minutes (stage 1), the bulk resistance increases by a factor of roughly 3 – 10. 296 
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(We note that the higher 6.5 and 18.2 vol.% concentrations of FeS do not follow the pattern of 297 

3.4 vol.%, and instead show a decline in resistance during stage 1.) Two impedance arcs are 298 

typically seen in the complex impedance spectra of pure dunite and 3.4 vol.% samples; arc 1 at 299 

high frequency and arc 2 at low frequency. Both arcs increase during stage 1. Samples that were 300 

annealed for more than 6 hours (pure dunite BB293; or 3.4 wt.% FeS BB292, BB304, and 301 

BB305) show a significant decrease in bulk resistance starting at 300 – 400 min, and extending 302 

to 500 – 600 min (stage 2). In the complex impedance plot, both arcs diminish in stage 2, 303 

especially the low-frequency arc 2. In stage 3, the sample resistance is relatively steady, though 304 

minor increases from ~600 – 1400 minutes were observed and attributed to temperature 305 

variations. A single arc dominates the complex impedance plot.  306 

The experiments with added Ni/Fe metal, represented in Figure 3 by BB295 (6.5 vol.% 307 

Fe40S40Ni20), follow a slightly different pattern. Similar to the samples described above, during 308 

stage 1 (~200 minutes) the bulk resistance increases. Two arcs are apparent in the complex 309 

impedance plot, and both grow in amplitude (arc 1 more than arc 2). In stage 2 (~600 minutes), 310 

unlike the previous samples, bulk resistance continues to increase. Arc 1 expands, but arc 2 311 

diminishes. During the final stage 3, further increases in resistance are relatively small, and a 312 

single arc dominates the impedance plot. Sample BB294 (3.4 vol.% Fe40S40Ni20) is an exception: 313 

after the resistance rises during the first ~500 minutes, it declines at a rate that slows with time 314 

until the end of the 27-hr annealing.     315 

 316 

Variable-temperature impedance measurements 317 

Impedance data (Z' and Z" for each frequency) during cooling and heating cycles are 318 

shown for all experiments in the Supplemental Material. Representative impedance spectra 319 
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collected at various temperatures after annealing are presented for selected samples in Figure 4. 320 

For the pure dunite and sulfide-bearing dunite samples up to 6.5 vol.% metal sulfide, complex 321 

impedance spectra at low temperatures (< 1273 K) consist of a single arc, and its size decreases 322 

as temperature increases. With increasing temperature (above ~1273 K), only a portion of the arc 323 

is visible, because of noise at high frequency. Pure metal sulfide samples and the sample 324 

containing 18.2 vol.% FeS have low resistance values and impedance spectra that are typical of 325 

conductors (no arc; Saxena et al., 2021). 326 

Temperature-dependent conductivity values are shown in Figures 5 and 6. Arrhenius 327 

plots of log(conductivity) vs. inverse temperature are shown in Figure S5, and activation 328 

energies are listed in Table 4. The temperature-dependent conductivities and activation energies 329 

for the various samples are summarized as follows: 330 

Pure dunite (BB283, BB293) 331 

 The dunite sample annealed for 4.5 hours (BB283) has conductivity values ranging from 332 

a low of ~10-5 S/m at 700 K, to a high and nearly constant value of ~610-2 S/m over the range 333 

1300 – 1600 K. The rising portion can be fitted with two (apparent) activation energies, 0.85 and 334 

1.7 eV. The sample annealed for 24.6 hours (BB293, Figure 5B) has >10 times higher 335 

conductivity than BB283 at the lowest temperatures (e.g., ~2  10-4 at 700 K), but values for both 336 

samples are similar for temperatures >1100 K. Apparent activation energies for BB293 range 337 

from 0.18 eV at lowest temperatures, to 1.6 eV. 338 

 339 

Dunite + 3.4 vol.% FeS (BB281, BB292, BB305)  340 

 When compared with pure dunite samples with corresponding annealing times, the 341 

temperature-dependent conductivities of the samples with 3.4 vol.% FeS show a similar pattern, 342 
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though slightly higher values. Specifically, sample BB281 (3.4 vol.% FeS, 5-hr anneal; Figure 343 

5A) has a conductivity of ~10-4 S/m at 700 K, a rise to ~0.1 S/m at ~1300 K, where it remains 344 

roughly constant until 1525 K. Apparent activation energies on the rising portion range from 345 

0.14 to 1.9 eV. One clear difference between the conductivity profile for BB281 and the 346 

corresponding experiment with pure dunite (BB283, 4.5-hr anneal), is the steep increase over 347 

1550 – 1620 K, to a high value of 0.7 S/m. Samples annealed for 5 vs. 24 hours are also 348 

compared in Figure 5A. The 24-hr annealed samples (BB292, BB305) have significantly higher 349 

conductivities at low temperature, but values converge with those of the 5-hr annealed sample 350 

BB281 at ~1100 K. The comparison is analogous to that described for pure dunite samples. 351 

Unlike sample BB281, a sharp rise is not seen for BB292 over the range 1550 -1600 K. 352 

 353 

Dunite + 6.5 vol.% FeS (BB 289) and dunite + 18.2 vol.% FeS (BB291)  354 

 Samples with 6.5 or 18.2 vol.% FeS exhibit large differences in conductivity relative to 355 

pure dunite or samples containing 3.4 vol.% FeS (Figure 6). The 6.5 vol.% sample (BB289) has 356 

a conductivity ~0.04 S/m at 700 K, a gradual rise (Ea = 0.16 eV) to 0.1 S/m at 1050 K, then a 357 

much steeper rise (Ea = 2.4 eV) to a relatively steady maximum of ~4 – 7 S/m over the range 358 

1200 - 1400 K. A sharp drop to ~1 S/m is noted from 1420 – 1480 K, and high values of 4 – 8 359 

S/m are restored over the highest temperature range 1500 – 1630 K. The sample with 18.2 vol.% 360 

FeS (BB291) is characterized by high conductivity values across the full range, from ~60 S/m at 361 

700 K to ~500 S/m at 1620 K, though all are at least 100 below the conductivity of pure FeS at 362 

the same temperature. Changes with temperature for the 18.2 vol.% sample are very gradual or 363 

flat over the range 670 – 1220 K and 1320 – 1620 K, with apparent activation energies mainly at 364 
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levels of 0.1 eV or less. The most substantial change is a gradual increase in conductivity over 365 

1220 – 1320 K, spanning the FeS eutectic temperature.      366 

 367 

Dunite + 3.0–3.4 vol.% Fe-S-Ni (BB290, BB299, BB294) and 6.5 vol.% Fe-S-Ni (BB295) 368 

The conductivity curves for samples containing Fe-S-Ni over temperatures <1450 K are 369 

lower than those of pure dunite annealed for similar duration (Figure 6). Specifically, BB299 370 

(3.4 vol.% Fe50S40Ni10, 27-hr anneal) has the lowest conductivity of all samples in the dataset up 371 

to 1500 K, e.g., the value 10-6 S/m at 700 K is more than 100 smaller than that of the dunite 372 

sample BB293, annealed for a similar duration. As temperature increases, the conductivity of 373 

BB299 rises, with dominant activation energies 1.1 and 1.9 eV, to a value of ~2 ൈ 10-2 S/m at 374 

1350 – 1470 K. An additional small rise is observed over the range 1470 – 1570 K, and the 375 

sample slightly exceeds the conductivity of pure dunite at temperatures exceeding 1520 K. 376 

Sample BB290 has nearly the same quantity of Fe50S40Ni10 (3.0 vol.%) as BB299, however it 377 

was annealed for only 6 hours. The conductivity values for BB290 are slightly lower than those 378 

of corresponding dunite sample, BB283 (annealed 5 hr), for all temperatures below 1500 K. As 379 

with sample BB299, sample BB290 slightly exceeds the conductivity of the pure dunite at the 380 

highest scanned temperatures 1500 – 1620 K. The sample BB294 (3.4 vol.% Fe40S40Ni20, 27-hr 381 

anneal) has similar conductivity profile to pure dunite sample BB293, and once again, values are 382 

lower from 620 – 1400 K. Though sample BB295 (6.5 vol.% Fe40S40Ni20, 27-hr anneal) has more 383 

sulfide than BB294, the former is less conductive for temperatures less than 900 K. Both samples 384 

reach a conductivity plateau of ~4 ൈ 10-2 S/m, then exhibit a steep rise to values between 1 – 10 385 

S/m. The rise for BB295 is particularly steep near 1500 K, and near 1580 K for BB294. 386 

 387 
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DISCUSSION 388 

 Numerous laboratory studies on metal sulfides in silicates have explored the connectivity 389 

of the sulfide phase by focusing on textural properties, particularly wetting angles of the 390 

solid/liquid interface. These studies, now including powerful 3-D tomographic techniques, are a 391 

continuing source of insights (e.g., Watson and Roberts, 2011; Solferino et al., 2020 and 392 

references therein). By comparison, laboratory electrical studies have been sparse, despite 393 

advantages which include important links to field measurements.  394 

 395 

Consideration of oxygen fugacity 396 

The fugacity of oxygen is well recognized to be influential in conductivity measurements 397 

of olivine or dunite (Schock et al., 1989; Wanamaker and Duba, 1993; Wanamaker, 1994) and 398 

various studies of sulfide melt inclusions (e.g., Rose and Brenan, 2001; Terasaki et al., 2005, 399 

2008). Given that the COMPRES cell assembly is not designed for oxygen buffering, it is 400 

unlikely that the fugacity of the sample volume would be well controlled. Nevertheless, 401 

relatively reducing conditions are expected, given our choice of iron as the electrode material. 402 

The experimental approach can be compared with others at elevated pressure and temperature 403 

where metallic iron, without added iron oxide, was reported to achieve reducing conditions. 404 

These prior studies include analogous electrical conductivity measurements using Fe electrodes 405 

(Katsura et al., 2007), samples enclosed within an iron capsule or tube (Karato et al., 1986; Faul 406 

et al., 2018), or samples surrounded by a pressure medium doped with iron particles (Dobson and 407 

Brodholt, 1999). For the present study, the commonly used molybdenum metal was a possible 408 

alternative metal for the electrodes, and has been shown or suggested to achieve low fugacity 409 

values close to the iron-wüstite buffer (e.g., Xu et al., 1998; Katsura et al., 2007; Yoshino, 2010; 410 
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Watson and Roberts, 2011; Dai and Karato, 2014). However, given uncertainty in the 411 

performance of Mo/MoO2 buffer below 1150 K (O’Neill, 1986), iron was considered a better 412 

choice for influencing the oxygen fugacity at and below the 1023 K annealing temperature. 413 

Other factors which affect oxygen fugacity within the sample include the metallic Ni and 414 

Fe particles added in four experiments, as well as several reactions in the dunite host involving 415 

Fe2SiO4, Mg2SiO4, SiO2, and orthopyroxene (e.g., Karato et al., 1986; reactions 1 – 3 in Rubie et 416 

al., 1993; reactions 1 and 5 of Faul et al., 2018).  417 

 418 

Electrical properties during annealing 419 

The effect of annealing on electrical properties of geomaterials is not commonly 420 

presented in depth and has not been investigated for sulfide-bearing silicate rocks. From our 421 

electrical results, three stages can be suggested.  422 

Stage 1:   423 

The relatively rapid increase in bulk sample resistance during stage 1, for all runs except 424 

for 6.5 and 18.2 vol.% FeS, is most likely caused by loss of adsorbed water from the sample and 425 

other cell parts. This behavior is frequently observed (Yoshino, 2010), particularly in studies 426 

involving powdered samples (e.g., Manthilake et al., 2015; Huang et al., 2021). Assuming the 427 

validity of modeling grain interior and boundary as resistors in series (e.g., Roberts and 428 

Tyburczy, 1991; Yoshino, 2010) the growth of both arc 1 and 2 during stage 1 indicates that 429 

dehydration increases the resistance of both portions of our samples.  430 

Stage 2:  431 

The hallmarks of this stage include (1) loss or minimization of the low-frequency arc; (2) 432 

a significant and relatively steep decrease in bulk resistance for pure dunite and mixed samples 433 
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with 3.4 vol.% FeS; (3) a slow increase in bulk resistance for 3.4 vol.% Fe-S-Ni samples. Three 434 

mechanisms may contribute to the behavior in stage 2. Any of these may have also been active 435 

during stage 1, but overshadowed by the effects of dehydration.  436 

First, the sample porosity could decrease during stage 2 simply as a consequence of the 437 

applied pressure and elevated temperature. Lower porosity would be expected to lower bulk 438 

resistivity. However, decreased porosity alone does not provide a clear explanation for the 439 

changes in impedance arc structure. Also, this mechanism does not seem consistent with the 440 

similar responses of pure dunite and 3.4 vol.% FeS mixed samples, vs. the different response of 441 

3.4 vol.% Fe-S-Ni samples.  442 

Second, the application of 2-GPa pressure and 1023-K temperature over 6 – 10 hours 443 

may have decreased the inter-grain resistance to such an extent that arc 2 (assigned to grain 444 

boundaries) becomes minimal or disappears entirely. This explanation agrees with pressure 445 

effects proposed earlier: by comparing impedance spectra of silicates acquired at ambient 446 

pressure (showing two arcs) vs. at 2 – 20 GPa (showing one arc) the conclusion was reached that 447 

grain boundary resistance can become negligible at high pressure (e.g., Huebner and Dillenburg, 448 

1995; Poe and Xu, 1999). Our work builds on this proposal, by showing how the arcs can evolve 449 

as a function of time while a sample is under pressure at a modest annealing temperature. 450 

However, this mechanism does not explain all aspects of stage 2; for example, the reason for a 451 

decrease in grain interior resistance (arc 1) is not addressed.  452 

Third, the change in bulk resistance could reflect the chemical response of the sample to 453 

changes in oxygen fugacity. The initial heating from 298 to 1023 K was relatively rapid (40 454 

min), and the sample must equilibrate with a greatly increased oxygen fugacity concomitant with 455 

this temperature rise. Olivine samples have been reported to take hours to equilibrate with 456 
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fugacity changes (e.g., Schock et al., 1989; Wanamaker and Duba, 1993; Wanamaker, 1994). We 457 

speculate that the decline in resistance could be caused by the slow formation of polaron defects 458 

as the dehydrated sample reaches equilibrium with the higher oxygen fugacity. This explanation 459 

is consistent with the difference in behavior caused by changes in metal sulfide composition. 460 

When Fe or Ni metal particles are dispersed throughout the sample, they can counteract the more 461 

oxidizing environment and limit the formation of conductive polarons. Like the previous 462 

mechanism, this one does not explain all aspects of stage 2, particularly the loss of one 463 

impedance arc.  464 

To summarize, much of the electrical behavior shown in stage 2 can be explained by the 465 

second mechanism (decreased inter-grain resistance caused by pressure and temperature) in 466 

combination with the third mechanism (chemical equilibration of the sample to increased oxygen 467 

fugacity).  468 

Stage 3 469 

Electrical changes in stage 3 are minimal. We interpret the stabilization in bulk resistance 470 

as the attainment of a certain degree of textural and chemical equilibrium at 1023 K. This 471 

equilibrium should be viewed in the context of 5 – 27 hour annealing times. Further changes in 472 

the electrical response would be expected if the annealing were extended many days (or longer), 473 

e.g., as slow grain growth modifies the sample (Karato, 1989; Nichols and Mackwell, 1991; 474 

Solferino et al., 2015; Solferino and Golabek, 2018).   475 

 476 

Electrical properties at low frequency, based on variable-temperature scans  477 

Pure dunite  478 
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As host for the metal sulfide, dunite is important for establishing the conductivity of the 479 

bulk sample. The pair of conductivity curves for dunite (BB283, annealed for 4.5 hrs; BB293 480 

annealed for 24.6 hrs) are clearly the “parent” curves of all samples containing 3.0 or 3.4 vol.% 481 

FeS or Fe-S-Ni. One can consider the various ~3 vol.% metal sulfide mixes as a perturbation to 482 

the pure dunite; thus, an understanding of the dunite-only variable-temperature conductivity 483 

profiles directly impacts an understanding of the mixtures.  484 

There are several noteworthy features in the conductivity trends of the pure dunite.  For 485 

example, the conductivities measured in both experiments are unusually high, and the activation 486 

energies are low, compared with olivine samples containing similar iron content and low levels 487 

of volatiles (e.g., Poe et al., 2010; Yoshino et al., 2006, 2012). Volatiles may explain some 488 

aspects of the dunite conductivity curves, but a full analysis extends beyond the scope of the 489 

present work. More importantly, we note that the changes caused by annealing the dunite sample 490 

for 24.6 hours (BB293) rather than 4.5 hours (BB283), specifically the nearly 10 increase in 491 

conductivity at lowest temperature, and extraordinarily low activation energies (0.18 and 0.56 492 

eV, rather than 0.86 eV) cannot be explained in terms of volatiles. During a longer annealing 493 

time, water content in the unsealed sample space should decrease, and the quantity of other 494 

possible conductive impurities, particularly graphitic carbon, should either remain the same or 495 

decrease. Loss of volatiles with longer annealing times would decrease conductivity and increase 496 

activation energy, opposite of the changes observed for BB293. This comparison strongly 497 

suggests that another factor impacts the variable-temperature resistivity profiles.  498 

Additionally, the nearly flat conductivity values over the temperature range 1300 – 1600 499 

K are very unusual for a silicate sample. Silicates with extensive melting can display a relatively 500 

weak dependence of conductivity on temperature (e.g., Rai and Manghnani, 1978; Maumus et 501 
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al., 2005; Ni et al., 2011; Pommier et al., 2015). However, partial melting is not realistic for the 502 

dunite sample over the investigated temperature range. The estimated solidus temperature at 2 503 

GPa for xenoliths of this type is close to 1650 K (see Figures 10 and 13 of Gibson et al., 2013), 504 

and no evidence for melting is visible from the SEM images of quenched samples. The flat 505 

conductivity profile at high temperatures suggests once again that some other factor, not volatiles 506 

or partial melting, has a strong effect. 507 

The comparisons between BB283 and BB293 suggest that the scans to lower temperature 508 

(at an average rate –7 K/min) are not fully equilibrated, e.g., with oxygen fugacity as it drops 509 

upon cooling. Defects that are generated during annealing, especially for the longer duration, are 510 

likely to persist upon cooling and contribute to the conductivity. Olivine samples have been 511 

reported to take hours to re-equilibrate, particularly at temperatures below 1270 K (Wanamaker 512 

and Duba, 1993; Poe and Xu, 1999). Similarly, the flat conductivity profiles above ~1300 K, 513 

measured at an average heating rate of +5 K/min, are likely affected by a lack of equilibration. 514 

Oxygen fugacity is expected to rise with temperature, and for an equilibrated sample, increased 515 

fugacity is known to enhance the concentration of Fe3+ polarons (e.g., Schock et al., 1989; Hirsch 516 

and Shankland, 1993) and consequently the conductivity. If the sample chemistry evolves too 517 

slowly, then the typical conductivity increase associated with raising temperature will not be 518 

achieved. 519 

Regardless of the detailed explanations for the characteristics of the two dunite 520 

conductivity curves, a key point is that each one serves as a reference for the sulfide-dunite 521 

samples. Sample BB283 was annealed only for a period as long as stage 1; by cutting short stage 522 

2, this sample does not undergo the resistivity drop (conductivity rise) as BB293 does. To make 523 
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the best comparisons, mixture samples should be compared with the respective dunite sample 524 

that was annealed for the same or similar duration.  525 

 526 

Dunite + 3.4 % FeS 527 

 Overall, the variable-temperature measurements of these samples (BB281 with 5-hr 528 

annealing; BB292 and BB305 with ~24-hr annealing) are not surprising. Each sample shows 529 

slightly higher conductivity values, relative to the respective pure-dunite samples. The improved 530 

conductivity is understandable for a mixture of a dilute, disconnected conductive phase in the 531 

midst of a poor one. The only unusual aspect of this sample set is the conductivity jump observed 532 

for BB281 from 1550 K to the quench temperature 1620 K. The high point (~0.7 S/m) is more 533 

than 10 greater than the pure dunite, and indicates that some degree of connectivity was 534 

achieved with this sample.       535 

 536 

Dunite + 6.5 vol.% and 18 vol.% FeS 537 

Experiment BB289 (6.5 vol.% FeS, 5-hour dwell) is exceptional, with conductivity 538 

values that are at least 10 greater than the respective pure-dunite sample for all scanned 539 

temperatures, including those for which the FeS is solid or molten. Over a temperature variation 540 

that exceeds 1000 K, the conductivity range of this sample varies by less than a factor of 400.  541 

Such little variation is uncharacteristic of the silicate host. Additionally, there is a dramatic ~1.5-542 

log unit increase in conductivity over 1100 - 1200 K, below the eutectic temperature.   543 

These observations indicate that a small fraction of FeS forms a percolative path through 544 

the sample. At low temperatures, increases in conductivity by factors of 100 – 1000 relative to 545 

the pure dunite suggest that such a network forms even when the sample is solid. The sudden 546 
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increase in conductivity over the 1100 – 1200 K range is likely caused by softening of FeS, 547 

which in turn causes an even greater fraction of the metal sulfide to become connected. FeS is 548 

known as an exceptionally soft material (e.g., compared with pyrite) near and below the eutectic 549 

temperature of 1260 K (Buseck, 1977; Graf and Skinner, 1970).  550 

Similar points relating the connectivity of the FeS to its deformable (plastic) nature were 551 

expressed by Bagdassarov et al. (2009a). To the best of our understanding of the conductivity vs. 552 

1/T trajectories presented in the prior work, samples with all concentrations of Fe57S43 (at.%) in 553 

either peridotite or olivine had high and flat conductivity profiles at the outset, before the first 554 

heating to ~1250 K (Figures 4 and 5 in Bagdassarov et al., 2009a). If correct, then some aspect of 555 

preparatory steps in this work yielded a very different outcome than observed in the present 556 

study. Our findings are more closely related to those of Yoshino et al. (2003, 2004) which show 557 

increases in conductivity as the sample approaches the eutectic melting temperature.         558 

 Upon crossing the eutectic temperature at 1260 K, the conductivity of our 6.5 vol.% 559 

sample hardly increases. The work of Yoshino et al. for 6 and 12 vol.% samples may have 560 

similar characteristics, though the background caused by conduction through the BN sample 561 

container makes this comparison difficult. The observations from our study clearly indicate that 562 

when FeS is in a softened solid state, it forms connections that are possibly analogous to those 563 

when it is molten. At greater temperatures, specifically 1400 - 1500 K, the significant drop in 564 

conductivity suggests that the network formed when 6.5 vol.% FeS is molten is not robust. This 565 

observation is consistent with a tendency of the sulfide melt to avoid interconnection, 566 

particularly with accelerated grain growth of the host caused by a substantial ΔT above the 567 

annealing temperature (Walte et al., 2007; Bagdassarov et al., 2009a; Solferino et al., 2020). For 568 

temperatures exceeding 1500 K, the relatively high conductivity of the 6.5 vol.% FeS sample is 569 
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restored. The cause is uncertain, but one possibility is that the temperature is then sufficient to 570 

drive iron from the FeS melt into the olivine matrix (supported by Table 3). Increased iron 571 

content in olivine would enhance its conductivity (e.g., Yoshino et al., 2012) and would lower 572 

the amount of metal-sulfide that is necessary for connectivity (Terasaki et al., 2005). Despite 573 

uncertainty in the mechanisms for conductivity increases or decreases for this particular sample, 574 

the 6.5 vol.% composition is exceptional in displaying characteristics of a fragile metal-sulfide 575 

network.  576 

 The 18.2 vol.% sample is undoubtedly above the percolation threshold across the entire 577 

temperature range, as evidenced by the nearly temperature-independent behavior, and 578 

conductivity values that are at least 1000 times higher than the pure dunite run over the entire 579 

temperature scan. The gradual 4 increase in conductivity centered around the FeS eutectic is 580 

only partly explained by a 1.5 conductivity increase that is expected of the pure FeS (Saxena et 581 

al., 2021). Apparently, there is also some improvement in the metal-sulfide connectivity upon 582 

melting this portion of the 18.2 vol.% mixture. Unlike the sample with 6.5 vol.%, the elevated 583 

conductivity is maintained throughout the full range of temperatures. For the portion of the 584 

curves with overlapping temperatures, the behavior of our 18 vol.% sample agrees with the 585 

relatively flat conductivity line at ~102 S/m shown for the same concentration in Yoshino et al. 586 

(2004).    587 

The heating curve for the 17.5 vol.% shown in Bagdassarov et al. (2009a) also agrees 588 

with our finding for 18.2 vol.% FeS over relatively low temperatures, however neither we nor 589 

Yoshino et al. (2004) observed a drop-off in conductivity matching that in the 2009 study. In our 590 

work, the scan through high temperatures is shorter than the times that Bagdassarov et al. 591 
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(2009a) state as necessary to disrupt the interconnectivity of the melt. Possibly with a sufficient 592 

waiting period we would see a decline as well.  593 

 594 

Dunite + Fe-S-Ni 595 

Nickel could influence the conductivity in a variety of ways. If the FeS, Ni, and Fe 596 

particles combined at relatively low temperatures, the eutectic temperature could drop 597 

substantially, according to some studies. For example, Beyer et al. (2022) have reported that an 598 

increase in Ni content from 6.3 to 25.7 wt.%, for a nearly fixed atomic ratio of total metal/sulfide 599 

(0.91 or 0.92), decreases the solidus temperature by 140 K at either 0.1 MPa or 2 GPa. Although 600 

these compositions from Beyer et al. (2022) are not the same as the Fe50S40Ni10 and Fe40S40Ni20 601 

samples in the present study, nevertheless one might expect that at least Fe40S40Ni20 would have 602 

a lower eutectic point relative to FeS. (However, we note that results from Usselman (1975) 603 

indicate only minor changes in eutectic temperature for 6.5 wt.% quantities of Ni in comparison 604 

to Ni-free sample, at least for pressures from 0.1 MPa to 6 GPa, and no comparison with results 605 

reported by Beyer et al. (2022) has been made so far). More importantly, we must question when 606 

Ni first incorporated in FeS for our samples. Though the quenched Fe-S-Ni samples showed 607 

effective mixing once the final ~1600 K quenching temperature was reached, we have no 608 

evidence that FeS, Fe, and Ni particles mixed effectively at relatively low temperatures. It would 609 

seem more reasonable to expect that the FeS grains first underwent partial or full melting before 610 

this phase combined with solid Ni grains (or Fe grains, for samples with 10 wt.% Ni). If this 611 

scenario were correct, any potential lowering of the eutectic temperature for the Fe-S-Ni 612 

mixtures would not be realized.      613 
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Over any temperature range for which Ni (or Fe) particles remained unmixed with FeS, 614 

one might simply expect that the high conductivity of pure Ni (at least 2.5 ൈ 106 S/m for 615 

temperatures less than 1000 K and presssures 1 atm – 3 GPa; Silber et al., 2017) to cause these 616 

samples to be better conductors overall, relative to those with only FeS (~105 S/m).  However, 617 

two factors prevent this from happening. First, the total content of Ni is on the order of 1 vol.% 618 

(at most 20% of 6.5 vol.%), which would typically be too low to form a conductive network. 619 

Second, the melting point of metallic Ni at 2 GPa is between ~1730 K (1 atm) and ~1760 K (3 620 

GPa) (Silber et al., 2017), which suggests that it does not soften or become plastic until much 621 

higher temperatures than FeS. Taken together, the small quantity and hardness of Ni relative to 622 

FeS appear to overshadow the improved conductivity of Ni.   623 

The samples with added metallic iron display the lowest electrical conductivity (BB290, 624 

and especially BB299), which suggests that the incorporated Fe effectively lowers oxygen 625 

fugacity throughout the sample, and thereby minimizes the quantity of Fe3+ polarons. Addition of 626 

nickel without iron particles (BB294, BB295) also causes reducing conditions but the effect is 627 

not as strong. This trend is fully consistent with the well-known impact of nickel/nickel oxide vs. 628 

iron/wüstite buffers on oxygen fugacity.  629 

Once temperatures are in the 1500-1600 K range or higher, the conductivity increases for 630 

samples BB294 and BB295 could be explained by increased plasticity of the Ni phase, and 631 

ultimately a merging of Ni and metal sulfide phases to form a Fe-S-Ni melt as seen in the images 632 

of quenched samples. Prior work (Rose and Brenan, 2001) has shown that the addition of Ni to 633 

an FeS melt hosted by olivine yields higher dihedral angles, particularly at low oxygen 634 

fugacities, which counteracts wetting and interconnection of the melt. This low wettability is 635 

possibly a key factor which renders the 6.5 wt.% sample of Fe-S-Ni (BB295) considerably less 636 
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conductive than the 6.5 wt.% sample of FeS (BB289). Overall, the Fe-S-Ni experiments are best 637 

to consider as preliminary work because of the numerous influences discussed above, the 638 

complexity associated with a non-uniform metal-sulfide phase, and additional factors such as 639 

interdiffusion of Ni between the olivine host and the metal sulfide (Table 2).  640 

 641 

Re-evaluation of electrical connectivity in dunite-sulfide mixtures 642 

The electrical measurements presented here and previously (Saxena et al., 2021) yield 643 

conductivity values of mixed samples that are at least 100× lower than those of the pure FeS 644 

sample across the investigated temperature range (650 – 1630 K). To quantify the level of 645 

connectedness, we previously modeled the conductivity values at selected temperatures, using 646 

the Hashin-Shtrikman upper and lower bounds, as well as the empirically-derived modified 647 

Archie's law (Glover, 2015). An unusually high cementation exponent (4 to 5) was necessary, 648 

suggesting that the conductive phase is almost entirely disconnected (see Table 3 in Glover, 649 

2015). An alternative and more straightforward approach involves applying a model modified 650 

from Waff (Bahr, 1997) with the following equation:  651 

𝜎௨ ൌ ଶ

ଷ
ൈ 𝑋ிௌ ൈ 𝜎ிௌ ൈ  𝛾     (3) 652 

Here, XFeS is the volume fraction of FeS, and γ is an electrical connectivity parameter ranging 653 

from 0 to 1. Equation 3 leads to an analogous conclusion as found by applying other models: the 654 

conductivities of the mixed samples, relative to the pure FeS, are only consistent if γ is small. 655 

Specifically, for the 6.5% FeS sample, the highest connectivity parameter γ is 0.001 (0.1%), and 656 

even for the 18 vol.% metal-sulfide sample, the highest γ, either below or above the eutectic 657 

temperature, is 2.5%. Even our most concentrated mixed sample with 18.2 vol.% metal sulfide – 658 
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and certainly the one with 6.5 vol.% – is accurately described as highly disconnected rather than 659 

interconnected. 660 

 661 

Extension of conductivity measurements to frequencies > 1 kHz 662 

The acquisition and analysis of both real and imaginary impedance spectra from 663 

frequencies sub-1 Hz to MHz or beyond has been shown to yield insights into diverse materials 664 

and physicochemical processes (e.g., Jonscher, 1999; Gerhardt, 2005 and references therein; 665 

Barsoukov and Macdonald, 2018). For samples probed in large-volume presses, scans over a 666 

wide range of frequency (<1 Hz to >1 MHz), are typically analyzed to extract a very small 667 

number of real conductivity values (i.e., intersections with the Zʹ axis), and most commonly only 668 

the extrapolated DC value is considered useful. Although this approach has yielded many 669 

insights into electric behavior (e.g., Yoshino, 2010; Pommier, 2014; Dai et al., 2020), it also 670 

represents a significantly constrained use of the technique, which would otherwise yield insights 671 

that extend well beyond DC behavior (e.g., dielectric properties). In the present study, we aimed 672 

to extract a complete set of frequency-dependent complex conductivity and permittivity data.  673 

As described below, this goal was hindered by technical challenges. The departure of 674 

conductivities measured at high frequency relative to low or DC (Figure 7) could be interpreted 675 

as evidence that charge transport is more facile at high frequency, as has long been observed for 676 

rock or mineral samples (e.g., Fuller and Ward, 1970). However, three points support a case that 677 

impedances separate from the sample itself have a significant influence on the AC response. 678 

First, despite orders of magnitude variation in DC conductivity at low temperatures (e.g., near 679 

673 K), as expected for the dissimilar materials, the values for real resistivity approach a plateau 680 

value that is remarkably similar (ranging from 0.45 to 1.5 mS/m) for the samples. This 681 
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convergence for very different samples seems unlikely. Second, the lowest conductivity at 100 682 

kHz (~0.45 mS/m for BB299) corresponds to an impedance of 1.6 MΩ, assuming a geometric 683 

factor of 0.0014 m. This impedance is presented as real in Figure 7, however, we note that a 684 

capacitive reactance (imaginary) would have a value of 1.6 MΩ (Xc = 1/2πfC) for a 1 pF 685 

capacitor at 100 kHz. The probe wires, coupled to the many grounded surfaces in the multianvil 686 

press, could achieve such a capacitance. This proposal raises the question how a capacitive 687 

reactance would manifest as a real resistance in our measurements. Studies exploring apparent 688 

inductance loops in impedance spectroscopy have highlighted that stray capacitance, particularly 689 

with a 4-point measurement, can cause unexpected phase shifts (Fleig et al., 1996). Possibly, 690 

stray capacitance in our setup is located so that the typical phase shift of –π/2 appears differently. 691 

Third, we note that as frequency f = 2πω increases to 1 MHz, the real relative permittivity εʹ(ω) 692 

computed from the impedance Z*(ω), geometric factor G, and the vacuum permittivity ε0, 693 

𝜀ᇱሺ𝜔ሻ ൌ ି" 

ఠ ீఌబ||మ      (4) 694 

is ~1000. Values for the apparent real relative permittivity as high or even much higher than 695 

1000 are not unusual at low (e.g., 1 - 100 Hz) frequencies, when space-charge effects are 696 

dominant (e.g., Fuller and Ward, 1970). However, at 1 MHz when space-charge processes are 697 

too slow to respond to the rapidly oscillating field, rocks or minerals that have minimal water 698 

content are expected to have εʹ(ω) values in the range 1 - 10 (e.g., Olhoeft, 1989). A value of 699 

1000 is physically unreasonable at these frequencies. An extraneous capacitance on the order of 700 

1 - 10 pF, dominating the expected sample capacitance of 0.01 – 0.1 pF, may be the cause. 701 

Minimization or compensation for the capacitive coupling across the full frequency sweep may 702 
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be a substantial challenge in typical multianvil setups, given proximity of sample and furnace, 703 

between pairs of probe wires, or between grounded parts of the press and each probe wire.       704 

 705 

IMPLICATIONS  706 

Over the past two decades, electrical and permeability studies of metal sulfides in 707 

silicates have presented differing views regarding the level of interconnectivity. Some reports 708 

have emphasized the disconnectedness of the metal sulfide phase, and support a relatively high 709 

percentage (~14-18 vol.%) as a percolation threshold (Bagdassarov et al., 2009a,b; Solferino et 710 

al., 2020). Others are consistent with significantly lower percolation thresholds of ~6 vol.% 711 

(Yoshino et al., 2003, 2004; Watson and Roberts, 2011). One implication based on our findings 712 

is that there may be more points of agreement than has been expressed previously. Though we 713 

agree with the majority of electrical studies which highlight an iron sulfide quantity of ~6 vol.% 714 

as an important threshold, nevertheless the unstable or fragile connectivity of our 6.5 vol.% 715 

sample also validates some points raised by Bagdassarov et al. (2009a). Additionally, we 716 

highlight that the vast majority of metal sulfide, even at the highest level within the mixed 717 

samples of our study (18 %) and comparable ones, is not part of a viable conduction path.   718 

Our findings also imply that interconnectivity of molten metal sulfide is not the only 719 

focal point for understanding the bulk electrical conductivity of metal sulfide/olivine mixtures. 720 

The fact that the two mixed samples with the highest conductivities (6.5 and 18 vol.% FeS) show 721 

similar bulk conductivity below and above the eutectic temperature strongly suggests that new 722 

lessons may be derived from examining connectivity in the fully solid state, and by comparing 723 

with the state for which the conductive phase is molten. More generally, the present work is 724 

another contribution to a growing number of high-P and variable-T electrical studies focused on 725 
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mixed samples containing olivine and a much more conductive solid phase, e.g., magnetite (Dai 726 

et al., 2019), chromite (Sun et al., 2021), or ilmenite (Sun et al., 2022). As generalizations 727 

develop from this body of work regarding threshold quantities, or the range of conductivity 728 

variation with quantity, it is reasonable to anticipate fruitful extensions or comparisons with 729 

systems containing a molten conductive phase. 730 

In the field, high electrical conductivity anomalies observed in cratonic contexts at a 731 

depth <100 km have been interpreted in terms of small amounts of metallic sulfides (e.g., Evans 732 

et al., 2011; Saxena et al., 2021; Bedrosian and Frost, 2022). Our results suggest that iron sulfide 733 

is a plausible candidate to explain some high-conductivity (>0.1 S/m) anomalies observed  in 734 

Tanzania (Selway, 2014), Kaapvaal (Evans et al., 2011), Gawler cratons (Thiel and Heinson, 735 

2013), and the Wyoming Province (Bedrosian and Frost, 2022). However, metal sulfides in 736 

natural settings are rarely FeS (e.g., Fleet and Stone, 1990; Wang et al., 2010). The preliminary 737 

work presented here on more realistic compositions (Fe50S40Ni10 and Fe40S40Ni20) suggests that 738 

stoichiometric FeS is possibly not an adequate proxy for these compositions. When excess metal 739 

(Fe and/or Ni) is added to the sulfide, the reducing influence on the host is significant.  740 
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Figures and captions: 1024 
 1025 

 1026 
 1027 
Figure 1: Back-scattered electron (BSE) images from electron microprobe analyses on selected 1028 
samples. A) Full cross section of quenched sample BB292 (3.4 vol.% FeS) with Fe electrodes 1029 
visible at the top and bottom. B) Sulfide distribution in sample BB295 (6.5 vol.% Fe-S-Ni). C, 1030 
D) Sulfide distribution in sample BB291 (18.2 vol.% FeS). 1031 
   1032 
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 1033 
 1034 
Figure 2: Wavelength dispersive spectroscopy (WDS) maps for elements Fe, S, and Ni, for 1035 
selected samples. Numbers on the color scale indicate counts. (A) BB291, 18.2 vol.% FeS; (B) 1036 
BB281, 3.4 vol.% FeS;  (C) BB295, 6.5 vol.% Fe-S-Ni. The images in row C are larger to give a 1037 
similar scale for this set, relative to rows A and B.  1038 
  1039 
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 1040 
 1041 
Figure 3: Changes in DC resistance and impedance spectra during annealing at 1023 K. Three 1042 
stages can be identified (see text). Left-middle panel, and upper three panels:  Sample BB304, 1043 
3.4 vol.% FeS in dunite; Right-middle panel, and three lower panels: Sample BB295, 6.5 vol.% 1044 
Fe-S-Ni in dunite. The adjustment in T at ~1150 minutes for BB304 corrects a 20 K decline. 1045 
  1046 
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 1047 
 1048 
Figure 4: Impedance spectra at temperatures 673-1573 K for (A) Pure dunite (BB283), 1049 
 (B) 6.5 vol.% FeS (BB289), and (C) 6.5 vol.% Fe40S40Ni20 (BB295). 1050 

1051 
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 1052 
 1053 
Figure 5: Effect of annealing (or dwell) duration on subsequent variable-temperature 1054 
conductivity data for (A) samples with 3.4 vol. % FeS (BB281, BB292 and BB305), and (B) 1055 
pure dunite samples BB283 and BB293. Open and filled circles correspond to measurements 1056 
while cooling and heating, respectively. 1057 
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 1058 
 1059 
Figure 6: (Left panel) Conductivity extrapolated to 0 Hz (DC) vs. temperature for representative 1060 
FeS or Fe-S-Ni/dunite mixtures, compared with pure FeS or dunite. Samples with 3.0 - 3.4, 6.5, 1061 
18.2 vol. % metal sulfide are in green, blue, and maroon, respectively. (Right panel) 1062 
Conductivity trends from previous studies by Yoshino et al. (2003, 2004) (Y. et al.), 1063 
Bagdassarov et al. (2009a) (B. et al.), and Watson and Roberts (2011) (W&R). The trendlines for 1064 
W&R are corrected from Saxena et al. (2021). The data for B. et al. represent the conductivities 1065 
as reached at the last stage of each experiment. 1066 

1067 
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 1068 
 1069 
Figure 7: Real conductivity as a function of inverse T and frequency for experiments.  1070 
A) BB292 (3.4 vol. % FeS). B) Fe-S-Ni samples (BB294, 295, and 299). The values at 0 Hz 1071 
(DC) are extrapolated; the values for frequencies 100 Hz – 100 kHz are determined from Eq. 2 1072 
(see text).  1073 




