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Abstract18

Partial melting in the Fe-S system was investigated at high pressures because of19

its importance to understanding the formation, composition, and thermal structure of the20

Earth’s core. Earlier studies at very high pressure (> 25 GPa) took place before the21

discovery of Fe3S, which compromised the interpretation of those results. Furthermore,22

they relied on textural criteria for melting that are difficult to apply at high pressure. In23

this study synchrotron x-ray diffraction was used to monitor coexisting metal and sulfide24

at high pressures and temperatures, during laser heating in a diamond anvil cell. The25

criterion for melting was the disappearance of one of the two coexisting phases, and26

reappearance upon quench. Temperatures of eutectic melting between Fe and Fe3S were27

bracketed in this way up to 60 GPa, and a lower bound was established at 80 GPa. The28

accuracy of the melting point measured in these studies was improved through modelling29

of the axial temperature distribution through the thickness of the sample; this indicated a30

~6% correction to the spectroradiometrically determined temperature. The Fe-Fe3S31

eutectic composition remains close to 15 wt% S up to 60 GPa.32

33

34
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1. Introduction35

36

The Earth’s core is mostly iron-nickel alloy, with a small proportion of “light37

element” component, whose precise composition remains uncertain. Sulfur is a leading38

candidate as the primary light element in the molten outer core, for several reasons. In the39

only examples that we have of planetary cores, the iron meteorites, sulfur is a primary40

constituent. Sulfur easily compounds with iron, producing a metallic melt at very low41

temperatures (1261 K eutectic temperature), which could have facilitated metallic melt42

segregation and core formation in the early Earth. Finally, the relatively high cosmic43

abundance of S (Anders and Grevesse, 1989) is not reflected in the composition of the44

Earth’s mantle and crust, suggesting that a large amount of S may have been sequestered45

into the core. Alternatively, the apparent deficiency of S in the Earth may be attributed to46

its volatility (Dreibus and Palme, 1996; McDonough, 2003); in this case the light element47

in the Earth’s core could consist mostly of some combination of S with other elements,48

likely O, Si, and/or C (McDonough, 2003).49

The phase equilibria of Fe-rich systems at high pressure should present an50

important set of constraints on the composition of the outer core (Li and Fei, 2003). The51

most important feature is that the phase diagram relevant to the Earth’s core must exhibit52

melting point depression at the pressure of the inner core / outer core boundary (13653

GPa), to satisfy the observation that the inner core has properties compatible with a54

predominantly iron alloy. The large density difference (~7%; Masters and Gubbins,55

2003) observed between the solid inner core and the liquid outer core further suggests56

that the system probably melts in a eutectic fashion; alternatively, a solid solution – melt57
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phase loop would need to be very wide to account for this density difference. The58

temperature at which melting takes place, and other details of the phase diagrams, can59

likewise be used in conjunction with other mineral physics constraints to interpret more60

precisely the seismological profiles of the core.61

Because of this relevance to understanding the Earth’s core, there have been62

several previous experimental studies on the melting behavior of the Fe-S system at high63

pressure (Brett and Bell, 1969; Ryzhenko and Kennedy, 1973; Usselman, 1975; Williams64

and Jeanloz, 1990; Boehler, 1996; Li et al., 2001; Fei et al., 1997; 2000). However, the65

very high pressure (> 25 GPa) data, obtained using diamond anvil cell techniques, are66

deserving of re-investigation for at least two reasons. The first is that there is poor67

agreement among them, and also between the diamond anvil cell data and the multi-anvil68

press data obtained at lower pressures. The second reason is that the previous laser-heated69

diamond anvil cell work was obtained prior to the discovery by Fei et al. (1997; 2000) of70

iron sulfide compounds at high pressures that are more Fe-rich than FeS, the most71

important being Fe3S. The lack of knowledge of Fe3S is likely to have led to72

misinterpretations of experimental data that could have compromised the results of73

Williams and Jeanloz (1990) and Boehler (1996).74

A summary of previous work on melting in the Fe-FeS system is presented in75

Figure 1. There is general agreement that at low pressures (<5 GPa), the slope of the76

eutectic temperature with pressure is very small (Brett and Bell, 1969; Usselman, 1975)77

or even slightly negative (Ryzhenko and Kennedy, 1972; Fei et al., 1997). Usselman78

(1975) and Fei et al. (1997; 2000) each reported an upward cusp in the slope of the79

eutectic temperature, but at different pressures. Usselman (1975) speculated that the80
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change in slope observed at 5 GPa was related to a subsolidus phase transformation in81

FeS, but subsequent work has shown no transition at those P,T conditions. Those data of82

Usselman’s (1975) at pressures above the kink in the eutectic temperature were obtained83

with a different apparatus (high-compression belt) than those data below the kink (piston-84

cylinder and modified belt apparatus). The increase in the eutectic temperature above 1485

GPa reported by Fei et al. (1997; 2000), in data obtained from a multi-anvil press, was86

positively associated with the appearance of new phases, including Fe3S2 and Fe3S.87

Williams and Jeanloz (1990) and Boehler (1996) used laser heated diamond anvil cell88

techniques to measure melting in the Fe-FeS system to much higher pressures, 90 and 6289

GPa respectively. Boehler’s (1996) data are consistent with those of Usselman (1975) in90

the pressure region of overlap, but they are ~400 K higher than the data of Fei et al.91

(1997) at 14 GPa (Fig. 1). Boehler (1996) studied a 1:1 mixture of Fe:FeS, which is more92

S-rich than Fe3S and therefore would not have produced the same eutectic that was93

studied in the multi-anvil press at P > 20 GPa (Fei et al., 2000; Li et al., 2001). The Fe-94

FeS melting temperatures of Williams and Jeanloz (1990) are systematically higher than95

all other data. Recently Andrault et al. (2007) described experiments using techniques96

very similar to those discussed below, but they reported no specific melting temperatures97

for the Fe-S system.98

In the present study, partial melting in the Fe-S system was investigated using99

synchrotron X-ray diffraction of laser-heated diamond anvil cell samples. The use of X-100

ray diffraction as an in situ high-temperature, high-pressure probe provides an alternative101

to the textural criteria for melting that were used in previous work. It also allows pressure102

determination by the equation of state of a phase inside the cell, greatly reducing the103
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uncertainties associated with the thermal contribution to the pressure in a laser-heated104

diamond anvil cell. Finally, x-ray diffraction gives a direct indication of the identity of105

the solid phase(s) present in the sample, so there is no ambiguity about which phase is106

coexisting with melt during the experiment.107

108

2. Experimental109

110

2.1. Diffraction experiments111

Most of the experimental procedures were the same as those described by Seagle112

et al. (2006). Mixtures of Fe and FeS were prepared by grinding the starting materials113

under ethanol for a few hours to a grain size of ~1 µm. The bulk compositions of the114

samples were Fe5wt%S, Fe10wt%S, or Fe15wt%S, but fine scale heterogeneities may115

have slightly disturbed this mean composition on the scale of the experiments. The116

powders were then pressed into a wafer between two diamond anvils. The wafer was117

placed between two layers of NaCl, ~15 µm thick, and loaded into a diamond anvil cell118

with a stainless steel, Inconel, or Re gasket. The gaskets were pre-indented to 30-40 µm119

thickness, and 100 µm holes were formed in the center of the indentations to serve as120

sample chambers. The anvil culets were 250 µm for most experiments, but 400 µm culets121

were used in some lower pressure experiments.122

After compression the sample was studied by angle dispersive (λ = 0.3344 Å) X-123

ray diffraction at the GSECARS 13-ID-D beamline of the Advanced Photon Source,124

Argonne National Laboratory. Diffraction data were collected before, during, and after125

double-sided laser heating at sequentially higher temperatures (Shen et al., 2001). The126
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incident X-ray beam was focussed to 5 µm by 7 µm at full width half maximum using127

Kirkpatrick-Benz mirrors. Diffraction images were collected over 4º to 22º scattering128

angles using an image plate detector, and processed using the programs Fit2D129

(Hammersley et al., 1997) and PeakFit (Systat Software Inc.). As anticipated by Shen et130

al. (1998), the use of an area detector was of particular advantage in this study. At high131

temperatures texturing is sometimes promoted in laser-heated diamond anvil cell132

experiments, and energy dispersive diffraction, at a single fixed position, is susceptible to133

missing diffraction peaks under such circumstances (Shen et al., 1998). Area detectors134

are much better suited to recording spotty diffraction patterns, as were observed in this135

study, because they cover a far greater fraction of the diffraction cones.136

The Nd:YLF laser beams were focussed to a ~30 µm spot on both sides of the137

sample. Coalignment of the X-ray beam and the laser-heating/temperature measurement138

system was accomplished with the aid of X-ray induced fluorescence from the NaCl139

pressure medium, viewed through the temperature measurement portion of the optical140

system (Shen et al., 2005). Temperatures were determined spectroradiometrically (Heinz141

and Jeanloz, 1987a), from light emitted from the central 5 µm of the laser heated spot on142

both sides of the sample (Shen et al., 2001). The area of the sample probed by X-ray143

diffraction was therefore similar to the area measured spectroradiometrically, and much144

smaller than the laser heated spot, minimizing errors associated with radial temperature145

gradients in the laser-heated cell. Calibration of the optical system used for temperature146

measurement was performed using a spectrally calibrated tungsten filament lamp (Shen147

et al., 2001).148
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Before collection of each X-ray diffraction pattern was initiated, the laser powers149

on both sides of the cell were adjusted to minimize the axial gradient in temperature as150

much as possible. In practice, the difference between downstream (of the X-ray beam)151

and upstream temperatures varied from 2 to 100 K. The reported values are the averages152

of upstream and downstream temperature measurements, corrected by ~6% to account for153

the remaining axial gradient through the sample (see Section 2.3 below).154

The uncertainties in the spectroradiometric temperature measurement were155

estimated to be ±100 K based on the precision of the system as described by Shen et al.156

(2001). This is based on their tests of laser heating thermocouple junctions, and also157

melting pure metals by laser heating at 1 bar. The error associated with the158

spectroradiometric fit was negligible in comparison. An additional uncertainty exists with159

regard to the axial temperature gradient through the sample (Section 2.3), which depends160

on the sample thickness (4 to 10 µm). Our overall uncertainty on the temperature161

measurements is ±140 K.162

Pressures were calculated from the lattice parameters of Fe, using its high-163

temperature, high-pressure equation of state. A description of the equation of state164

parameterization used for the pressure calibration was given by Seagle et al. (2006), and165

it is based on the shock wave data summarized by Brown et al. (2000) and the room166

temperature compression curve of Mao et al. (1990). Similar pressures were determined167

using the measured NaCl lattice parameters and assuming 300 K for the temperature of168

the non-absorbing pressure medium. However, because of the uncertainty regarding the169

actual range of temperatures (and large T gradient) experienced by the NaCl during170

heating, we only report pressures based on the high-P,T equation of state of Fe. It is171
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conceivable that some solid solution of S into the Fe crystal structure might occur at high172

pressures and temperatures, and it is important that this possibility be considered.173

However, the phase diagram study of Li et al. (2001) indicated that, at least up to 25 GPa,174

the solid solution of S into Fe is very small (≤1.4 at%). Furthermore, Seagle et al. (2006)175

demonstrated that Fe3S and hcp-Fe have very similar mean atomic volumes (within 3%176

from 21 to 82 GPa), indicating that any solid solution that does exist has a negligible177

effect on the lattice parameters, and therefore does not significantly impact the use of Fe178

as an internal pressure standard (≤0.6 GPa).179

After compression, each sample was heated to sequentially higher temperatures180

for a series of diffraction patterns. Ordinarily the laser power was increased slowly over a181

period of a couple of minutes, and the final temperature for the diffraction measurement182

was held for 3-5 minutes. Following each X-ray diffraction exposure, the sample was183

quenched by closing the laser shutter, while the image plate was read. After readout a184

diffraction pattern of the quenched sample was obtained, and then the laser heating cycle185

began again, to a new (usually higher) temperature. The temperature interval between186

heating steps was typically 50-200 K. When melting was achieved (based on examination187

of the diffraction image), the sample was compressed to higher pressures, and a laser188

heating cycle began anew. Effort was made to avoid reheating a portion of a sample that189

had previously been laser-heated at a lower pressure.190

191

2.2. Criterion for melting192

The criterion for melting in these experiments was the disappearance of either193

sulfide or metal, with the other phase remaining visible in the diffraction pattern. The use194
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of an area detector in this study was a great advantage over earlier work using in situ X-195

ray diffraction as a melting criterion (Shen et al., 1998), because detection of the full 2θ196

scattering cones helped avoid problems associated with coarsening of the sample grain197

size and consequent spottiness of the diffraction pattern. Diffuse scattering from the melt198

is much weaker than diffraction from the remaining crystalline phases in these199

experiments.200

The duration of laser heating at each temperature step was typically 3-5 minutes.201

The ability of the sample to melt during this time depends on the diffusion rates in the202

starting materials. Diffusion rates are difficult to estimate in these materials because they203

have not been measured in the relevant high-pressure phases, either at 1 bar or at high204

pressure. However, our observations indicate that there was ample time for diffusive205

equilibration of the fine-grained samples (~1 µm or less before heating). In all206

experiments, even at the lowest heating conditions, after heating the diffraction pattern207

was observed to become very spotty compared to the uniform diffraction ring that is208

observed at room temperature before laser heating. This is an inconvenience that209

necessitates the use of an area detector, as described above, but it also reveals that the210

sample grains were able to recrystallize extensively during heating. We take this as211

evidence that the diffusion rates during our experiments were sufficiently high that the212

samples were able to achieve, locally, their equilibrium state. Later experiments have213

shown that the spottiness of the diffraction pattern, hence diffusive re-equilibration, is214

achieved even when the heating duration is only a few seconds (Seagle, unpublished215

work). There is no evidence that the fine-grained samples in our experiments was216
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superheated, maintaining the solid state above the melting point for the duration of the217

experiment.218

In all cases, it was the Fe metal that remained upon partial melting of the sample,219

indicating that our sample compositions were on the Fe-rich side of the eutectic. The220

sulfide phase that coexists with Fe before melting at high pressure is Fe3S (Fei et al.,221

2000), although at lower temperatures we also observed FeS that had not yet been222

consumed by reaction with Fe to form the Fe3S. After quenching from the partially223

molten state, Fe3S was observed to reappear in the diffraction patterns. This is an224

important observation, because it indicates that the sulfur remained present in the laser225

heated spot during heating; its absence at high temperatures was not a consequence of226

some other experimental artifact, like Soret diffusion (Heinz and Jeanloz, 1987b) or227

migration of melt (Campbell et al., 1992). We also note that the bracketing of eutectic228

temperatures is insensitive to variations in the starting composition. Eutectic melting229

occurs at the same temperature anywhere along the compositional join, so if there are230

minor heterogeneities in the Fe-FeS mixtures that comprise the starting material, these231

will not affect our results.232

233

2.3. Correction for axial temperature gradient234

In these experiments, the samples were laser-heated from both sides. Independent235

adjustment of the laser power incident on either side allowed the temperatures at the two236

surfaces to be balanced. However, because radial heat flow is permitted by the sample237

geometry, it is likely that the interior temperatures in the sample are somewhat lower than238

the measured surface temperatures; i.e., there can be an axial temperature gradient239
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through the sample. This can affect our phase diagram studies, because the x-ray240

diffraction measurements are an integration of signals throughout the thickness of the241

sample, within the 5 µm x 7 µm spot size of the x-ray beam.242

The magnitude of the axial temperature gradient in samples like ours (double-243

sided heating; opaque phases) has not been previously considered in detail. Several244

authors have calculated temperature gradients in dielectric samples that were laser heated245

(Bodea and Jeanloz, 1989; Panero and Jeanloz, 2001; 2002; Kiefer and Duffy, 2005), but246

the opacity of the metal phases being heated in the present study caused all of the laser247

radiation to be absorbed at the surface of the sample, not throughout the sample as in the248

dielectric samples previously considered. Morishima and Yusa (1998) calculated axial249

gradients in a metal that was heated from one side only. They found that the result is a250

strong function of the laser spot size; under typical laser heating conditions, a ~15 µm251

diameter hotspot imposed a temperature difference of 340 K from front to back of the252

sample, but with a ~60 µm hotspot the axial gradient was only 30 K. It is difficult to253

apply Morishima and Yusa’s (1998) results to the present experiments, because we can254

expect that the double sided heating technique will significantly reduce the axial255

gradients. Therefore it was necessary to model the temperature distribution within a256

metallic diamond anvil cell sample that is laser heated from both sides.257

In this calculation we assume that both surfaces of the sample (thickness d) were258

heated by identical, Gaussian temperature profiles:259

T - 300  =  T0 exp [(-r2)/(2w2)] ,260
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where T0+300 is the peak temperature, r is radial distance, and w is the characteristic261

length scale of the radial temperature gradient. Accordingly, the steady-state temperature262

distribution within the sample is expected to be of the radially symmetric form:263

T – 300  =  F(r,z) T0 exp [(-r2)/(2w2)]264

where F(r,z) is unknown. Substituting this into the heat equation yields265

Fzz + Frr + (1/r – r/w2) Fr + (r2/w4 – 2/w2) F  =  0266

where subscripts indicate partial derivatives. The following boundary conditions were267

applied: F(r,0) = 1 to satisfy the surface condition of temperature distribution; Fz(r,d/2) =268

0 to balance heat flow from the two surfaces; Fr(0,z) = 0 enforces the radially symmetric269

solution; and F(r,z) = F(r,d-z) enforces a solution symmetric about the sample midplane270

(z = d/2).271

A numerical solution for typical laser heating conditions (Tmax = 2000 K;272

thickness d = 7 µm; hotspot diameter 2w = 30 µm) is shown in Figure 2. In this solution,273

along the laser heating axis the minimum temperature is 1911 K (∆T = 89 K). In general,274

the thermal distribution shown in Figure 2 can be scaled by a factor (Tmax-300)/(2000-275

300) for peak temperatures other than 2000 K; in other words, the minimum temperature276

increase along the heating axis is 5% lower than that at the surface. This result is a good277

estimate for our typical experimental conditions. Other scenarios include increasing the278

sample thickness to 10 µm, which increases ∆T along the axis to 10%, or decreasing the279

hotspot diameter to 20 µm, which increases it to 11%. A thinner sample or a larger280

hotspot diameter reduces the axial gradient accordingly; for example, a 4 µm thick281

sample reduces the axial gradient to only 2%. As stated in Section 2.1 above, our282

measured temperatures were corrected downward by 6±6% to account for the presence of283
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cooler material being probed by the x-ray beam passing through the thickness of the284

sample.285

286

3. Results287

288

The results of our experiments on the partial melting in the Fe-S system at high289

pressures are listed in Table 1. The reported data include the highest temperatures at290

which both metal and sulfide were observed to persist in the diffraction patterns, and the291

lowest temperatures at which sulfide was observed to be absent from the diffraction292

patterns. In addition to the pressure and temperature associated with each data point, the293

lattice parameters of Fe metal are also included in Table 1. This is done to facilitate294

future recalculation of the pressures, if desired, using updated high-P,T equations of state.295

Quenched samples were found to have pressures that were 8 to 18 GPa lower than the296

pressure of the samples just before quenching.297

A set of diffraction patterns, representative of those upon which the data in Table298

1 are based, are presented in Figure 3. At 1710 K, Fe, Fe3S, and the NaCl pressure299

medium are all present as solid phases in the sample. As the temperature of the sample300

was raised from 1710 K to 2100 K, the Fe3S phase disappears from the diffraction pattern301

but the hcp-Fe peaks remain. Then, upon quench of the sample from 2100 K, Fe3S is302

clearly visible once again (Figure 3). This sequence of X-ray diffraction patterns303

illustrates the partial melting, and recrystallization upon quench, of Fe-Fe3S at high304

pressure. At some temperature between 1710 and 2100 K, the eutectic temperature of the305

Fe-Fe3S binary was exceeded, and partial melting occurred, leaving crystalline Fe and a306
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sulfide melt to coexist in the spot probed by the X-ray beam. Only phases of Fe and iron307

sulfides, plus the pressure medium, were observed in our experiments. No additional308

phases were identified in the X-ray diffraction patterns recorded in this study.309

The data bracketing the eutectic melting of Fe-Fe3S at high pressures are plotted310

in Figure 4. The eutectic temperature increases over the pressure range of 30 to 60 GPa311

with a slope of ~12 K/GPa. A single experiment at 80 GPa, using a Fe15wt%S312

composition, provided only a lower bound on the eutectic temperature; X-ray diffraction313

patterns above 2100 K in this experiment were ambiguous because the hcp-Fe peaks314

diminished in intensity but did not completely disappear.315

316

4. Discussion317

318

Fei et al. (1997; 2000) and Li et al. (2001) performed multi-anvil experiments in319

the Fe-S system that provide important constraints on the melting behavior at lower320

pressures (< 25 GPa). The multi-anvil data show that the eutectic composition of the Fe-321

FeS system shifts to lower S contents with increasing pressure (Figure 5). At 1 bar the322

Fe-FeS eutectic is 31.6 wt% S (Massalski et al., 1990); at 7 GPa it is 20.7 wt% S (Fei et323

al., 1997). Beyond this pressure the Fe-FeS system becomes complicated by the324

appearance of several compounds of intermediate composition. By 21 GPa the eutectic325

composition has dropped to 15.4 wt% S, between Fe and Fe3S (=16.1 wt% S), and326

peritectics on the S-rich side of the diagram involve the appearance of Fe3S and Fe3+xS2 as327

liquidus phases (Fei et al., 2000). At 25 GPa the eutectic between Fe and Fe3S has shifted328
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farther toward Fe, to 14.7 wt% S (Li et al., 2001), but no information is available on the329

S-rich side of the Fe3S divide.330

The starting compositions of our samples are compared in Figure 5 to the eutectic331

compositions constrained by Fei et al. (1997, 2000) and Li et al. (2001) using multianvil332

press techniques to 25 GPa. The mixtures used in our experiments all fall between Fe and333

Fe3S, so it is expected that the Fe-Fe3S eutectic was measured. In all cases we found that,334

upon partial melting of the samples, the sulfide phases were eliminated from the335

diffraction patterns, indicating that Fe coexisted with sulfide melt. Our interpretation of336

this being a Fe-Fe3S eutectic is supported by the fact that Fe3S was the sulfide phase that337

was observed to reappear upon quenching of the laser heated samples. The persistence of338

a Fe-Fe3S eutectic to high pressures is indicated in Figure 5 by the dashed arrow. This339

trend is only approximate, and it is likely that it is not linear as shown. Nonetheless, we340

find no evidence for any new phases between Fe and Fe3S at higher pressures, where only341

Fe and Fe3S are observed during the experiments. In the 20-60 GPa pressure range, it is342

apparent that the partial melting in these experiments reflects a eutectic along the Fe-Fe3S343

join. We find little variation of the eutectic composition with increasing pressure,344

consistent with the levelling off seen at lower pressures (Figure 5).345

The Fe-Fe3S eutectic temperature does not increase linearly with pressure, but346

exhibits kinks when it crosses a phase boundary in one of the coexisting solids. This is347

evident in the multi-anvil press data (Fei et al., 1997; 2000; Li et al., 2001) shown in348

Figure 4, where the coexisting sulfide changes from FeS to Fe3+xS2. A similar kink in the349

eutectic temperature-pressure tend must exist at higher pressures, where it crosses the350

fcc-hcp phase boundary in iron. A comparison of the data in Figure 4 to the phase351
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diagram of Shen et al. (1998) suggests that this should occur near 30 GPa, but it is not352

observed in our data because all of our bounds on melting lie in the hcp field of the Fe353

phase diagram.354

It is conceivable that, somewhere along the pressure range of this study, Fe-Fe3S355

melts not eutectically but at a peritectic, with a eutectic lying instead on the S-rich side of356

Fe3S. There is no positive evidence to support this notion, but it cannot presently be ruled357

out because of a lack of data showing Fe3S coexisting with a more Fe-rich melt. In this358

alternative interpretation, the melt in our experiments would have to have been quenched359

from a high enough temperature that its composition happened to be less S-rich than360

Fe3S, causing Fe3S to crystallize upon quench. We judge this to be less likely than the361

simpler interpretation of eutectic melting between Fe and Fe3S, as observed indisputably362

by Fei et al. (2000) at 21 GPa. More data, including from the S-rich side of Fe3S, will363

further elucidate many details of the phase relations in the Fe-FeS system at higher364

pressures.365

Our data can be compared to those of Boehler (1996), who performed similar366

experiments on melting of Fe-FeS mixtures (1:1 by weight, or 18.2 wt% S) up to 60 GPa367

in a laser heated diamond anvil cell. As mentioned above, those experiments were done368

before the discovery of Fe3S and other iron sulfide phases (Fei et al., 1997; 2000);369

consequently, Boehler (1996) could not have known that it was most important to study370

the Fe-rich side of the system (< 16 wt% S), to ensure that all of the experiments were371

relevant to the Fe-Fe3S binary. Of course melting data at higher S contents (in the Fe3S-372

FeS system) are also important for understanding the iron-sulfur system from a broader373

perspective, and perhaps directly applicable to some restricted planetary conditions, but374
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they do not yield direct information on the Fe-Fe3S eutectic temperature, which is likely375

to be more appropriate to discussions regarding the Earth’s core. Boehler’s (1996) data,376

according to his stated starting composition, probably do not represent partial melt377

systems with Fe metal present (Figure 5), but instead indicate the temperatures of a378

eutectic or peritectic in the Fe3S-FeS join.379

In addition to the differences in bulk composition, both the criteria for melting380

and the pressure calibrations differ between our study and that of Boehler (1996). Boehler381

(1996) determined the appearance of melt on the basis of textural changes on the surface382

of the sample during heating. The difficulty in observing textural changes is thought to383

have been partly responsible for significant discrepancies between melting curves384

reported by different experimental groups using the laser-heated diamond cell in the past385

(e.g., Williams et al., 1987; 1991; Boehler et al., 1993; Shen et al., 1993). We aimed in386

this study to promote an alternative criterion for melting, one that is less subjective.387

Furthermore, the observation of textural changes became increasingly difficult at high388

pressures in the Boehler (1996) experiments, limiting that data set to 60 GPa. The389

pressures reported in this study are determined in situ by X-ray diffraction determination390

of the unit cell volume of iron, under high pressure high temperature conditions. We391

regard this as an improvement over previous studies of melting in the laser-heated392

diamond anvil cell, in which the pressure was determined by the ruby fluorescence393

technique (Mao et al., 1978) at room temperature, and the thermal contribution to the394

pressure was unknown.395

Despite all these complications, Boehler’s (1996) results are compared to our Fe-396

Fe3S eutectic melting data in Figure 4, and the two data sets show similar pressure-397
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temperature slopes, with an offset amounting to 150-200 K or 10-12 GPa. There are at398

least two interpretations of this comparison between the data sets. The first is that the Fe-399

FeS mixture used by Boehler (1996) was actually more iron-rich than the stated 1:1400

mixture, and the temperatures measured by him are in fact appropriate to the Fe-Fe3S401

eutectic. In this case, the deviation between our data and his can be attributed to402

differences in the pressure calibration and/or the different criterion used to establish the403

onset of melting. The second possibility is that the pressure-temperature path of melting404

of a Fe18wt%S composition (probably a eutectic or peritectic between Fe3S and FeS) is405

approximately parallel to that of the Fe-Fe3S eutectic, but at temperatures higher by 150-406

200 K. In fact, a peritectic of the kind Fe3S+liq = FeS+liq = liq could explain the offset407

between Boehler’s (1996) data and ours. It is difficult at this stage to determine which of408

these two possibilities is correct. Additional experiments on melting in the Fe3S-FeS409

system would possibly provide further clarification. The fortunate fact is that any410

interpretations of the formation, evolution, and composition of the Earth’s core, that have411

been based on the melting curve of Boehler (1996) for the Fe-FeS system, will require412

only modest revision on account of our new melting data on the Fe-Fe3S system.413

On the other hand, those data that were in disagreement with Boehler’s (1996)414

melting curve are inconsistent with our data as well. This includes the results of Williams415

and Jeanloz (1990), the details of whose temperature measurements and criterion for416

melting had previously led to disagreement with others in the case of pure Fe (Williams417

et al., 1987; 1991; Boehler et al., 1993; Shen et al., 1993). Williams and Jeanloz (1990)418

investigated melting in a Fe10wt%S mixture, comparable to the measurements reported419

here, so their data are definitely relevant to the Fe-Fe3S eutectic, unlike those of Boehler420
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(1996). However, their data lie at much higher temperatures than those reported here and421

in Boehler (1996) – approximately 800 K higher at 60 GPa.422

The eutectic temperatures determined by the multi-anvil experiments of Fei et al.423

(1997; 2000) and Li et al. (2001) to low pressures (< 25 GPa) are also compared to our424

data in Figure 4. At these low pressures, the laser-heating technique is less easily applied425

to this system, because the eutectic temperatures are so low that thermal emission426

becomes significantly reduced. The results of Fei et al. (1997; 2000) and Li et al. (2001)427

reveal that the eutectic temperature in the Fe-rich portion of the Fe-S system initially428

decreases mildly with increasing pressure. After the appearance of Fe3S2 on the solidus at429

14 GPa (Fei et al., 1997), the eutectic temperature rises. At 21 GPa Fe3S appears on the430

solidus (Fei et al., 2000), and the eutectic temperature in the Fe-Fe3S system continues to431

rise at a rate that is consistent with the high pressure diamond anvil cell results reported432

here and in Boehler (1996).433

Our lower melting temperatures agree with the multi-anvil press results (Fei et al.,434

2000; Li et al., 2001) more closely than the previous diamond anvil cell data (Boehler,435

1996; Williams and Jeanloz, 1990) do. However, in the overlapping pressure range (< 25436

GPa), the precision and number of eutectic temperatures from diamond anvil cell data are437

still permissive in their comparison with the multi-anvil data. More data using both438

techniques in this pressure range will allow stricter comparison to be made. A few data439

reported by Boehler (1996) below 20 GPa lie far above the multi-anvil press results of440

Fei et al. (1997; 2000); however, these could have been compromised by having bulk441

composition outside the Fe-Fe3S range, as discussed above. The Williams and Jeanloz442
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(1990) data, which are not shown in Figure 4, are even more difficult to reconcile with443

the multi-anvil results, as they are 800 K higher than the Li et al. (2001) data at 25 GPa.444

The temperature of the Earth’s outer core must be above the eutectic temperature445

of the iron-rich multicomponent system that comprises the core. Comparison with our Fe-446

Fe3S melting data with the melting curve of pure Fe (Shen et al., 1998; 2004; Boehler,447

1993) indicates that the melting point depression of Fe, due to sulfur alloying in the melt,448

amounts to 700-900 K over the pressure range of our study (30 to 80 GPa). Boehler’s449

(1993) melting curve for pure Fe is the lowest of several published curves; applying our450

melting point depression of 700-900 K to Boehler’s (1993) melting point of Fe at the451

core-mantle boundary pressure (136 GPa) suggests a minimum temperature of the outer452

core of ≥ 2400 K, assuming S as the dominant light element in the outer core. This453

temperature bound is low enough to be non-controversial; most estimates of the thermal454

structure of the mantle easily accommodate a temperature greater than 2400 K at the455

core-mantle boundary (e.g., Jeanloz and Richter, 1979). Our melting point depression of456

700-900 K is identical to that calculated by ab initio methods by Alfè et al. (2002), for a457

Fe-S-O melt at 330 GPa, the pressure of the inner core / outer core boundary. Most458

estimates of pure Fe melting at this pressure are in the range 5300-6700 K (Anderson and459

Duba, 1997; Alfè et al., 2002); applying a ~800 K melting point depression to this range460

implies a minimum inner core / outer core boundary temperature of 4500-5900 K.461

462

463

464

465
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Figure Captions578

579

Figure 1. Previous results from high pressure melting studies in the Fe-FeS system. Gray580

curve: Usselman, 1975; dotted curve: Williams and Jeanloz, 1990; dashed curve:581

Boehler, 1996; solid curve: Fei et al. (1997; 2000) and Li et al. (2001).582

583

Figure 2. Modelled temperature distribution in an opaque diamond anvil cell sample that584

is laser heated on both sides. In this model identical Gaussian temperature distributions585

are imposed on two surfaces of the sample, with a peak temperature of 2000 K (1700 K586

above ambient). The sample thickness (vertical) d = 7 µm, and the beam diameter w = 15587

µm; only the central 30 µm of the solution is shown. The dotted lines indicate the width588

of the synchrotron X-ray beam (5 µm). For these parameters, within the volume probed589

by the X-ray beam the temperature increase (T-Tambient) at the sample midplane is 6%590

lower than that measured at the surface. The temperature scale in the image has been591

adjusted for high contrast in the region of interest; lower axial gradients exist in the592

cooler portions of the laser heated spot.593

594

Figure 3. X-ray diffraction spectra of a Fe+Fe3S mixture during and after laser heating in595

a diamond anvil cell. NaCl was used as a pressure medium / insulator. The 2-dimensional596

detector image has been caked into a rectilinear projection; the horizontal axis is the597

scattering angle (2θ), and the vertical axis is the azimuthal angle around the 2θ=0598

direction. Vertical bars are used to indicate positions of Fe3S, hcp-Fe, and B2-NaCl599

diffraction peaks. The data collection sequence proceeds from top to bottom. Prominent600
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Fe3S peaks in the 1710 K diffraction spectrum disappeared in the partially molten sample601

at 2100 K, and then they reappeared upon quench to 300 K.602

603

Figure 4. Melting data in the Fe-S system at high pressure. Previous results using both the604

multi-anvil press (Fei et al., 1997; 2000; Li et al., 2001) and the laser heated diamond605

anvil cell (Boehler, 1996) are compared to our results. Two experimental melting curves606

of pure Fe (Boehler, 1993; Shen et al., 1998) are also shown for reference.607

608

Figure 5. Compositions in melting experiments in the Fe-FeS system. Filled circles:609

eutectic temperatures determined from multi-anvil experiments (Fei et al., 1997; 2000; Li610

et al., 2001); gray line: pressure range and composition of starting material used by611

Boehler et al. (1996); large open squares: starting compositions used in this study; small612

open squares: phases observed identified by X-ray diffraction of quenched partially613

melted samples in this study. All of the partial melts in this study were solid Fe + sulfide614

melt; the presence of Fe3S upon quench indicates a Fe-Fe3S eutectic extending to 60 GPa.615
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Table 1. High pressure melting data for the Fe-Fe3S system.

Lower Bounds on Eutectic Temperature:
Starting wt% S Pressure, GPa Temperature, K a  of hcp-Fe, Å c  of hcp-Fe, Å V  of hcp-Fe, cm3/mol

15 29.6 ± 1.2 1520 ± 140 2.4489 ± 0.0001 3.9672 ± 0.0003 6.204 ± 0.001
15 31.4 ± 3.6 1510 ± 140 2.4563 ± 0.0031 3.9153 ± 0.0147 6.160 ± 0.026
5 36.6 ± 3.2 1520 ± 140 2.4345 ± 0.0030 3.9101 ± 0.0119 6.043 ± 0.021
5 52.1 ± 1.5 1710 ± 140 2.3938 ± 0.0005 3.8731 ± 0.0018 5.787 ± 0.003

15 54.0 ± 2.8 1780 ± 140 2.3887 ± 0.0020 3.8778 ± 0.0095 5.770 ± 0.016
15 59.5 ± 2.4 1930 ± 140 2.4082 ± 0.0008 3.7749 ± 0.0084 5.709 ± 0.013
10 60.6 ± 4.2 1870 ± 140 2.3784 ± 0.0030 3.8507 ± 0.0160 5.680 ± 0.026
15 79.4 ± 1.9 2040 ± 140 2.3491 ± 0.0001 3.7880 ± 0.0003 5.451 ± 0.001

Upper Bounds on Eutectic Temperature:
Starting wt% S Pressure, GPa Temperature, K a  of hcp-Fe, Å c  of hcp-Fe, Å V  of hcp-Fe, cm3/mol

5 39.0 ± 1.2 1820 ± 140 2.4467 * 3.8880 * 6.069 *
5 54.6 ± 1.6 2100 ± 140 2.3971 ± 0.0009 3.8883 ± 0.0018 5.826 ± 0.004

10 59.7 ± 2.3 2000 ± 140 2.3822 ± 0.0014 3.8656 ± 0.0075 5.720 ± 0.012
15 61.1 ± 2.4 2130 ± 140 2.4076 ± 0.0008 3.7854 ± 0.0085 5.722 ± 0.013

* No uncertainty is given when only two diffraction lines from hcp-Fe were observed.


