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Abstract. New shock wave data (to 180 GPa) for 
pyri-•e (•---•eS2) shocked along (001) demonstrate that this 
mineral, in contrast to other sulfides and oxides, does not 
undergo a major pressure-induced phase change over the 
entire pressure range (320 GPa) now explored. (This is 
probably so because of the initial, low-spin 3-d, orbital 
configuration +2 of Fe ). The primary evidence which indi- 
cates that a large phase change does not occur is the 
approximate agreement of the shock velocity when extrapo- 
lated to zero particle velocity, 5.4 km/s, with the expected 
zero-pressure bulk sound speed of pyrite (5.36 to 5.43 km/s 
on the basis of previous ultrasonic data). Pyrite displays a 
prominent elastic shock (or Hugoniot elastic limit) of 8 q- 1 
GPa. The velocity of the elastic shock approaches 8.72 
km/s with decreasing shock pressure, the longitudinal elas- 
tic wave velocity. As shock pressure increases, the elastic 
shock velocity approaches 9.05 km/s and the elastic shock 
becomes overdriven for shock pressures greater than about 
120 GPa. Analysis of release isentrope data obtained via 
the pressure-particle velocity buffer method indicates that 
buffer particle velocities in all experiments are from 1.7% 
to 20% greater than expected for a Griineisen ratio given 
by 1.56 (V/Vo) 1'ø. This discrepancy appears to result from 
volume increases upon pressure release of 0.040'/0 to 4.5% 
which may result from shock-induced partial melting. The 
normalized pressure, finite-strain formalism for reducing 
Hugoniot data is extended to take into account initial 
porosity and shock-induced phase transitions. A least 
squares fit to the present and previous shock data for 
pyrite yields an isentropic bulk modulus, Ks, of 162 q- 9 
GPa and a value of dKs/dP --4.7 q- 0.3. This is close to 
the 145 q- 3 GPa bulk modulus observed ultrasonically. If 
the slight discrepancy in zero-pressure modulus is taken 
into account in the normalized pressure finite-strain formal- 
ism, a zero-pressure density of the shock-induced high- 
pressure phase having a density some 2% to 3% less than 
pyrite is inferred to occur in the high-pressure shocked 
state. We suggest from this result, the release isentrope 
results, and limited phase diagram data that the Hugoniot 
states probably correspond to material which is partially to 
completely melted. Using the above derived equation of 
state and previous shock wave data for iron, both the 
seismologically determined density and bulk modulus dis- 
tribution in the outer core are fit to models with various 
temperature distributions and varying weight percent sul- 
fur. Good agreement between the shock wave derived 
equation of state and the density/bulk modulus relations of 
the liquid outer core are obtained for temperatures of 
--•3000 K at the core/mantle boundary extending to 4400 
K at the outer core-inner core boundary. For this thermal 
model a calculated sulfur content of 11 q- 2% is obtained. 

Introduction and Background 

The outer, liquid core of the earth extends from a 
radius of 1217 to 3486 km and represents some 31% of the 
earth's mass. Birch [1952] pointed out that the liquid core 
is some 10% less dense than that of pure liquid iron under 
the appropriate pressure and temperature conditions. 
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Moreover, recent detailed analysis of shock wave and other 
thermodynamic data for iron by Jeanloz [1979] has demon- 
strated that the liquid core's bulk modulus is some 12% 
lower than that measured for pure iron. A number of 
authors have suggested that various possible cosmochemi- 
tally abundant light elements are present in the earth's 
core. These include Si, C, and S [e.g., Ringwood, 1966, 
1979; Jacobs, 1975]. These elements are depleted by vari- 
ous factors in the accessible crust and mantle of the earth 

[Murthy, 1976; Ringwood, 1979; Ahrens, 1979; Anderson, 
1982; Brown et al., 1984] relative to carbonaceous chondri- 
tic and solar abundances. Moreover recently, experimental 
evidence that oxygen could be present in the earth's core 
stems from the enhanced solubility of O in liquid iron 
observed at high temperatures and pressures [Ohtani and 
Ringwood, 1984; Ohtani et al., 1984]. Also Fukai and Aki- 
moro [1983] suggested that enhanced solubility of hydrogen 
may occur at high pressures in iron and that this element 
should also be considered as possibly alloying with iron in 
the outer core. Although it is possible that the light 
material in the core is actually a mixture of several ele- 
ments rather than one element, as pointed out by both 
Ringwood [1979] and Stevenson [1981], on geochemical and 
dynamical grounds, respectively, it is important to recog- 
nize that exactly what the light element content of the core 
is, constrains the chemical environment which existed dur- 
ing the accretion of the earth with its present volatile 
budget. Volatiles affected by core formation include water 
Lange and Ahrens, 1984; Hariya, 1984] and noble gases 
e.g., Donahue and Pollack, 1983; Lewis and Prinn, 1984] as 

well as other species such as CH 4 and C02, important to 
man and the environment [Lange and Ahrens, 1986; Gold 
and Sorer, 1980]. 

What different compositional models of the earth's core 
tell us about the accretion process and the total volatile 
budget has been studied to various degrees in the case of 
Si, O, H, and S. Briefly, Ringwood [1979] points out that if 
the earth accreted homogeneously, when it reached a 
radius in excess of 5000 km, selective volatilization of SiO 
would occur at surface temperatures above 1800 K, and 
some of the enstatite-rich chondritic material would react 

to form forsteritc. Upon reduction of some of the SiO in 
the silicate to metallic silicon, this material could have been 
incorporated into a silicon-alloy iron core. 

Ohtani et al. [1984] have shown that FeO will dissolve 
in liquid iron above --•2500-2900 K at atmospheric pres- 
sures, but such solution occurs at temperatures as low as 
2500 K at 30 GPa. In contrast, incorporation of H into the 
core would appear to require very reducing surface condi- 
tions and inhibition of the iron-water surface reaction 

[Ringwood, 1979; Lange and Ahrens, 1984]. 
It has been argued that S cannot be the only light ele- 

ment in the core because then the earth would appear to 
be enriched and not depleted in S relative to similarly vola- 
tile elements in the earth's crust and upper mantle [Brown 
et al., 1984]. Because of the low cuteeric temperature (1260 
K) in the Fe-S system and the low shock pressure required 
to impact melt FeS (--•33 GPa) [Anderson and Ahrens, 
1986], an iron sulfide core would have started to form as 
the earth accreted and reached approximately 0.5 of its 
present radius. We note that the assumption that sulfur is 
the major light element alloying with iron in the core is 
supported by the recent work of Jones and Drake [1982] 
and Brett [1984J, who find that the present siderophile 
minor element distribution of the earth's mantle is con- 
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TABLE 1. Hugoniot and Release 

Shot Impact Impactor Bulk 
NumberVelocity, Density•, 

km/s Mg/m 3 

Archimedean Elastic Final Final Shock Shock 

Density•, Shock Shock Particle Pressure,Density, 
Mg/m • Velocity,Velocity,Velocity, GPa Mg/m • 

km/s km/s km/s 

490 0.80 2024 4.9697 
:t:0.02 A1 q-0.0011 

509 1.337 2024 4.8541 

+0.005 A1 +0.001 
464 1.224 W 4.909 

-t-0.008 -t-0.011 
472 1.578 W 4.908 

q-0.003 •0.015 
483 2.499 W 4.903 

q-0.014 q-0.015 
505 2.532 W 4.794 (a) 

q-0.015 q-0.001 
93LGG 4.866 2024 4.941 

+0.005 A1 +0.001 
100LGG 5.733 2024 4.886 

+0.005 A1 +0.001 
82LGG 6.233 2024 4.942 

+0.005 A1 +0.001 
84LGG 5.478 Ta 4.916 

0.010 -j:0.001 

4.9931 8.743 (a) 9.76 0.225 (b) 9.76 5.100 
+0.0039 +0.113 +0.27 +0.007 +0.27 +0.005 

4.916 8.826 © 6.58 0.482 15.41 5.238 
+0.003 q-0.199 +0.17 q-O.008 +0.20 +0.017 

4.953 9.048 7.938 0.882 28.2 5.647 
+0.003 +0.037 q-0.028 +0.007 +0.2 +0.013 

4.961 8.999 7.034 1.133 39.13 5.850 
+0.005 +0.042 0.013 +0.006 -+-0.11 +0.013 

4.944 8.971 7.938 1.771 68.94 6.311 

4.870 8.745 7.816 1.806 68.74 6.333 

4.943 9.042 8.723 2.281 97.24 6.616 

+0.004 q-O.•8 +0.008 +0.003 +0.119 +0.004 4.958 10.321 3.586 181.94 7.534 
+0.004 -+-0.094 -+-0.011 +1.24 +0.047 

(a) Free surface velocity, elastic shock = 0.33 + 0.17 km/s. Elastic shock amplitude (HEL) 
-- 7.27 q- 1.52 GPa. 

(b) Only elastic shock observed, final calculated state uses this velocity for impedance match 
solution. 

/c•) Free-surface velocity, elastic shock ---- 0.40 q- 0.013 km/s. HEL •-- 8.56 q- 0.19 GPa. Archimedean density used instead of bulk density for determination of shock state. 
Elastic shock overdriven. 

sistent with that required for equilibrium with iron core 
material being formed at near-surface, but reducing, condi- 
tions in an accreting earth [e.g., Stevenson, 1981]. 

It has been argued for example in Ringwood [1979] (and 
discussed by Brown et al. [1984]) that if S were the major 
light element in the core, the upper mantle abundances of 
other nonsiderophile elements with similar or greater vola- 
tility than S are so low that the earth would, relative to 
these other elements (e.g., Sn, Zn, Se, Te, Ge, F, Ag, K, 
and Na), be enriched in S on account of 10% or 11% of the 
outer core being sulfur. This argument is sound. However, 
the mantle as a whole may be not as depleted in these 
volatile elements as our limited upper mantle sampling sug- 
gests. It should be pointed out that many of these ele- 
ments concentrate in a component of the mantle which 
may have been produced when the proromantic was par- 
tially melted. The recent work of Rigden et al. [1984] 
prescribing the density of such basalticlike silicate composi- 
tions relative to mean upper mantle densities suggests that 
for partial melting in the mantle at pressures higher than 6 
to 8 GPa, the resulting liquids will sink, not rise. Hence 
the mantle of the earth as a whole may have a larger 
inventory of some of the large ion lithophile elements and 
other volatile elements than an upper mantle sample which 
could be depleted in these elements may suggest. Both the 
possible existence of large ion lithophile elements and vola- 
tile enrichments in the lower mantle and the fact that par- 
tial melting upon impact accretion of FeS-rich compositions 
occurs early during earth accretion and core growth, make 
sulfur a likely element alloying with iron in the liquid outer 
core of the earth. 

Previously [Ahrens, 1979; Brown et al., 1984J have stu- 
died dynamic compression of Fe.oS (pyrrhotite). Because 
pyrrhotite has a relatively low (0.39) mass fraction of sulfur 
relative to other minerals, it appears to be a good choice 
for studying the effect of a small amount of sulfur on the 

behavior of iron and is useful to place constraints on the 
sulfur content of the liquid outer core of the earth. In con- 
trast, pyrite has a higher mass fraction of sulfur (0.53). 
However, as shown in the present study, and not appreci- 
ated previously, by Ahrens [1979] or in an earlier analysis 
by Batalov et al. [1976], this mineral does not undergo a 
major shock-induced phase change and thus removes a 
complication which unfortunately is imposed on the data 
analysis both in the case of iron and pyrrhotite. Although 
it is clear from the study of Brown and McQueen [1982] 
that the Hugoniot of iron represents the properties of the 
liquid above shock pressures of 250 GPa, the range in 
which either the Hugoniot of pyrite or pyrrhotite 
represents the liquid is uncertain. However, it should be 
pointed out because sulfur is simply a less important con- 
stituent in the core, the question of a liquid or solid 
Hugoniot is less critical in the case of the sulfide minerals. 

Previously, Simakov et al. [1974] reported six Hugoniot 
data in the range from 28.9 to 320 GPa, which were 
independently analyzed in terms of hypothetical phase 
transitions by Batalov et al. [1976] and Ahrens [1979]. Pre- 
viously, ultrasonic elastic constant data for pyrite are 
reported by several authors and collected by Simmons and 
Wang [1971]. In the present work some 10 new Hugoniot 
and release data extending to 180 GPa are presented, and a 
complete equation of state is derived. Both the Hugoniot 
elastic limit and the range of shock pressures in which a 
double shock wave exists are defined. We present new 
methods for reducing buffer-method release isentrope data 
to define release paths in the pressure-density plane and 
apply the reduced pressure/finite-strain formalism of Birch 
1978] as specialized to shock data by Heinz and Jeanloz 
984] to infer (probably) partial melting in the shock state. 
inally, the new data for pyrite are combined with existing 

shock wave data for iron and fit to the seismologically 
derived pressure/density/bulk moduli relations for the 
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Isentrope Data for Pyrite 

Final 
State 
Free- 

Surface 

Velocity, 
km/s 

Buffer 
Material 

Buffer Release Release Calculated Calculated 
Shock State State Release Release 

Velocity, Pressure, Particle State State 
km/s GPa Velocity, Particle Density, 

km/s Velocity, 
km/s Mg/m 3 

Calculated 

Excess Isentropic 
Release Volume, 

(•) 

0.787 
q-0.023 

1.749 

+0.082 
2.47 

q-0.22 
3.834 

q-0.212 

Lexan 2.69 
ñ0.01 

Lexan 2.78 
ñ0.01 

Lexan 4.965 
+0.025 

Lexan 5.407 
q-0.106 

Lexan 6.894 
q-0.045 

Lexan 6.831 
ñ0.180 

Fused 5.766 

Quartz q-0.023 
Fused 6.436 

Quartz q-o.014 
Fused 6.746 

Quartz +0.030 
Fused 9.220 

Quartz +0.045 

0.61 

q-O.03 
1.42 

q-O.03 
9.87 

q-O.15 
12.61 

ñ0.69 
24.41 

q-0.41 
238 

ñ16 
37 3 

+0 3 
476 

+0 2 
52 84 

ñ0.52 
103.89 

ñ1.08 

0.191 (b) 
q-O.008 

0.427 
q-O.008 

1.667 1.373 5.234 
q-O.016 

1.955 1.825 5.297 
q-0.069 

2.968 2.760 5.543 
q-0.030 

2.926 2.769 5.530 

q-0.120 
2.936 2.705 5.802 

q-0.014 
3.358 3.226 5.960 

q-O.009 
3.554 3.495 6.031 

q-0.019 
5.113 4.665 6.642 

q-0.028 

4.5 

0.65 

0.92 

0.53 

0.94 

0.24 

0.004 

1.4 

earth. This results in constraints on the weight percent sul- 
fur and to a lesser degree the temperature gradient, for a 
model liquid core •sumed to be only a molten iron-sulfur 
liquid. 

Experimental 

Ten samples of natural pyrite from Amb•ugu•, Spain, 
were machined into specimens 3 to 4 mm thick, fiat and 
parallel to within q- 0.005 mm with lateral dimensions of 
12 to 14 mm. Although the crystals were not specifically 
oriented, their well-defined crystal faces resulted in our 
propagating shocks within q-2 ø of the (001) direction. 

Four microprobe analyses (A. Chodos, analyst) and 
reflection microscopy indicated only one ph•e w• present 
in the samples. Three of the samples analyzed yielded data 
indicating a marginally detectable quantity of Ni, varying 
from 0.03 to 0.08 wt. % which w• accounted for by 
assuming a pyrite-mirlerite (NiS) solid solution. Other ele- 
ments for which we sought but did not find detectable con- 
centrations (•--• 0.1 wt. %) using X-ray dispersive analysis 
included Mg, Si, Ti, and Co. After taking into account the 
Ni content, the present samples appear to be still slightly 
more iron rich than FeS 2. Averaging the four analyses 
yielded the following solid solution representation of the 
sample material: 

0.0715 FeS (troilite) q- 0.0008 NiS (millerite) 
q- FeS 2 (pyrite) (1) 

The theoretical ideal solution density for this composition 
is 5.0002 Mg/m 3. This compares with 5.011 Mg/m 3 for 
pure pyrite. The theoretical value is close to the average of 
the Archimedean densities (Table 1) that were determined 
by menuring the m•s of samples in air and toluene at 
carefully controlled temperatures. The average density is 

4.947 q- 0.034 Mg/m 3. This Archimedean density value 
implies that our samples had an average inaccessible poros- 
ity of 1.08%. The average of nine bulk sample densities 
w• 4.914 Mg/m a, or 1.94% porosity. The latter value is 
close to the single value of bulk density, 4.91 Mg/m 3, 
reported by Simakov et M. [1974]. 

The samples after machining were mounted on 2024 A1, 
W, and Ta driver plates (Table 2). Metal flyer plate bear- 
ing projectiles were launched using the CMtech 40-mm pro- 
pellant and 25-mm light gas guns [Ahrens, 1987]. The pro- 
jectiles impacted the sample •semblies at speeds varying 
from 0.8 to 5.5 km/s (.Table 1). Projectile velocity was 
determined by me•unng l•er interruption intervals 
[Ahrens et M., 1971] and via double exposure X-ray photog- 
raphy [Rigden et M., 1984] on the 40-mm apparatus and 
via X-ray shadowgraph on the light g• gun [Jeanloz and 
Ahrens, 1977]. All three systems employ time interval 
counter systems. Streak camera photography determined 
the elastic and deformationM shock velocity and the free- 
surface velocity associated with the el•tic and deforma- 
tionM shocks on the 40-mm and light g• gun apparatus 
[V•siliou and Ahrens, 1982]. Isentropic release wave states 
were obtained upon reflection of the shock against 2-mm- 
thick lexan and fused quartz buffer samples on the 40-mm 
and light gas guns, respectively. The shock velocity is 
measured in the buffer material. From the known buffer 

equation of state, the pressure and particle velocity of the 
isentropicMly partially rele•ed state are determined 
[Ahrens and Rosenberg, 1968]. 

Results 

Except for the highest pressure experiment (84LGG), 
double-shock structure w• observed in all experiments. 
Although the initial shock velocity demonstrates some 
scatter, which can in part, be correlated with variations in 
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TABLE 2. Equation of State Standards 

Material _ Po, Co, S 
Mg./m 3 km./s 

2024 A1 2.785 5.328 1.338 
W 19.224 4.029 1.237 
Ta 16.678 3.293 1.307 

Lexan (•2.0 km/s)* 1.193 2.399 1.539 
(2.0-3.0 km/s)* 1.193 2.449 1.498 

Fused quartz 2.204 1.0861 1.599 

Reference 

McQueen et M. [1970] 
McQueen et M. [1970] 
Mitchell and Nellis [1981] 
Marsh [1980] 
Marsh [1950J 
Jackson and Ahrens [1979] 

*Particle velocityß 

initial bulk velocity, the initial shock velocity data when 
plotted versus final shock pressure demonstrate a con- 
sistent increase in velocity with final driving pressure. 
Because the velocity appears to extrapolate to approxi- 
mately the value of the longitudinal elastic velocity along 
001), 8.72 km/s (Figure 1) and the absence of indications 
rom the Hugoniot release isentropes which suggest phase 

changes, we infer that this initial shock is an elastic shock. 
The apparent variation in shock velocity is presumably the 
result of the phenomenon of the elastic shock precursor 
decay (stress relaxation) described in iron and other metals, 
and semiconducting elements, oxides, and here for the first 
time, a sulfide [Ahrens and Duvall, 1966; Ahrens, 1966; 
Asay et al., 1972; McQueen et al., 1970; Grady, 1977]. 
Two shots (490 and 509) yielded inclined mirror free- 
surface velocity records which gave values of 8 q- 1 GPa for 
the Hugoniot elastic limit. The curve drawn through the 
elastic velocity data (Figure 1) and the shock 
velocity/particle velocity relation (Figure 2) indicates that 
the elastic shock will be overdriven at about 120 GPa. This 
is consistent with its absence only in shot 84LGG. 

The shock velocity/particle velocity (Us-u•) relation is ß l J 

well satisfied by a straight line fit which extrapolates 
closely to the average value of the ultrasonically deter- 
mined bulk sound speed, Co----(Kos/Po) 1/•'. Simmons and 
Wang,(1971] list values which vary from 5.36 to 5.43 km/s. 
Here tx0s is the isentropic bulk modulus and Po is the 
single-crystM density. The r •' value for the fit given in Fig- 
ure 2 which omits the lower pressure datum of the present 
and Simakov et al. [1974] data set (13 points) is 0.997, 
whereas the slightly different fit used in the subsequent 
analysis included shot 509 gave an r 2 -- 0.994 and parame- 
ters are given in Table 3 (14 points). Because of the good 
correlation of Co determined from Figure 2 and the ultra- 
sonic value of Co, we infer no major phase change occurs in 
FeS9. over the pressure range (to 320 GPa), which has been 

9.2 

• 8.8 - 

o iVp (100) S•mm0ns and B•rch, 1965 
._o 

'• 8.e 

8.4 4• • 810 I 0 0 120 

Final Shock Pressure (GPa) 

Fig. 1. Elastic shock velocity versus final shock pressure 
for pyrite, shocked along (001). 

studied to date. This conclusion differs from those inferred 

by early analyses by Batalov et al. [1976] and Ahrens 
1979J, who considered only the earlier, sparser data set of 
imakov et al. [1974 l. Recently Jephcoat et al. [1983] also 

found no transition in pyrite to 40 GPa upon hydrostatic 

compression. Jackson and Ringwood [1t9½e1 ] correctly inferred only on the basis of ultrasonic and Simakov et 
M. data that no phase change occurred in pyrite. 

Since the above analysis of the Us-up relation indicates 
no major phase changes upon shock compression, it is pos- 
sible to use the STP value of the Griineisen parameter, %, 
to construct a complete equation of state. As indicated in 
Table 3, % is calculated using a value of c•, the thermal 
expansion coefficient of 13.7 x 10 -$ K -1 [Skinner, 1966], K0s 
of 147.9 GPa [Simmons and Birch, 1963], Po and C• of 
5.016 Mg/m s and 0.518 kJ/kg/K [Robie et al., 1978]. These 
yield a value of 1.56 from the formula 

% = KoJCp po 

The particle velocity u s achieved upon isentropic 
unloading from pressure, PH, and particle velocity, UH, to 
Ps, should for a known Griineisen parameter, be exactly 
calculable from (Figures 3a and 3b) 

10 

6 

• Ultrasonic 

Vp, (001) 

I I I 

ß Present Data 

x Slmakov et al. 1974 

x 

/ _ 

/ _ 
x Us = 5.$4+1.45Up (km/sec) 

/ 
(x) •' - 

Ultrasonic, Co 

I 2 3 

Particle Velocity (km/sec) 

Fig. 2. Shock velocity versus particle velocity for pyrite. 
Data in parentheses not included in indicated fit (as 
elastic-deformational shock interaction may not have been 
properly taken into account). 
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PRESSURE 

/ RELEASE 

PH /2 SENTROPE 
HUGON.•/• • BUFFER 

Ps ........ "- , 
i I 

I I 

i I 

U H U s Particle 
Velocity 

PRESSURE 

PHR 

(b) 

- - - •'• RELEASE 
i X% ISENTROPE 

I 

VH VRVo Volume 

Fig. 3. Release isentrope (a) pressure-particle velocity and (b) pressure-volume relations. Equations 
(3) and (4) describe state along release isentrope indicated by heavy lines. 

Evi-f Ps dV: Em• + (Ps-Pm0 V/q (3) 
vR 

us: Ult + (f PsdV) 1/2 (4) 
vH 

where -//V is assumed constant, and E H and Eim are the 
Hugoniot energy at states (P}•, V}•), and (PIm, V}0, given 
by 

= P. (Vo-V.)/2 (s) 
= (Vo-V.)/2(a) 

Also Ps is the release pressure obtained at the buffer- 
sample interface upon reflection of a shock of amplitude PH 
with particle velocity UH. Equations (3)-(6) have been 
solved numerically to yield the release isentropes in both 
the pressure/particle velocity plane and pressure-volume 
plane along paths indicated by the heavy lines in Figures 
3a and 3b. The pressure-density path for two of nine 
release isentropes is calculated using (3) and plotted in Fig- 
ure 4. We note in Table 1 that in all cases the value of 
calculated using (3), with the assumption that 
%--1.56 and •/V is a constant is always (for all eight 
experiments where buffer data are available) slightly 
greater (by 1.7% to 21%) than those, Ur, measured. 
Several explanations of this discrepancy are possible. Two 
which have been considered are that the calculated value of 

% (from (2)) used is too low. We find that values of % •--4 
are required to fit the theoretical values of u s to u r. Since 
the values of q for minerals, compounds, and elements gen- 
erally only range over the values of ---1 to 2.5, we exclude 
this possibility. A more likely explanation is that partial or 
complete melting is occurring upon isentropic pressure 
release. The increase in volume, AVm, can be approxi- 
mately calculated from the discrepancy between us and Ur 
using the equation [Lyzenga and Ahrens, 1978] 

AVm % 4(Ur-Us)2/(P}•+Ps) (7) 
which yields approximate volume increases of 0.04% to 
4.5% (Table 1) averaging 1.1% in eight experiments. 

The Hugoniot pressure in terms of a Mie-Griineisen 
equation of state is [e.g., Ahrens, 1979] 

s+("//V)[ ; PsdV V0• 

(8) 

Here, sample porosity and phase transformations are 
accommodated: V00 is the iffitial sample volume (whether 

or not porous) and Err is the internal energy of transforma- 
tion, with Ps and -• being the isentrope pressure and 
Griineisen parameter at the Hugoniot volume. If the 
Hugoniot represents a high-pressure phase, V02 is its zero- 
pressure volume. Without a phase transformation, Err 
0, and V02 is the crystal volume of the starting material; if 
in addition there is no porosity, V00 = V02. 

As first pointed out by Jeanloz and Ahrens [1980], (8) 
can be expressed as a linear least squares problem in which 
the PH (V) Hugoniot data are fitted to an Eulerian finite- 
strain form of the bentrope Ps(V). The justification for 
using the Eulerian finite-strain (Birch-Murnaghan) type of 
equation of state is that it is empirically known to be 
exceptionally successful in relating compression data to 
independently measured elastic moduli [e.g., Birch, 1978; 
Heinz and Jeanloz, 1984]. 

300 

200 

I i 

FeS2 Pynte 

. + o Present Data 

x S•makov et al 1974 

I 

ugon•ot 

Bndgman (1949) 
I I I 

z 5 6 7 8 9 

Density ( Mg/m 3) 

Fig. 4. Shock pressure versus density for pyrite. An ana- 
lytic fit was used for calculating pressure-density ben- 
tropes; states (indicated by open circles) upon which ben- 
tropes are centered do not exactly coincide with Hugoniot 
data. 
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TABLE 3. Equations of 

Material Crystal Bulk Co, S S", Kos , 
Density•, Density•, km/s (km/s) -1 GPa 
Mg/m :3 Mg/m :3 

Pyrite 4.947 © 4.914 © 5.478 © 1.401 © 162 © 
+1. Iron 8.31 © 7.85 © 3.574 © 1.92 © -0.068 0.0681h) 
+0.7 

Ir o n 8.31 (g) 7.85 (k) 3.80 (k) 1.58 (k) 140.00) 
+3.2 

a Measured average Archimedean density. 

cb Measured average bulk density. Fit to 14 data points (present data, plus Simikov et al. [1974]). 
Least squares fit to all but the three lowest data points taking into account individual initial 

bul ensities. 

(e) First value least squares fit of (9) to average value of C for release isentropes, n: -0.6; s•econd 
value, n ---- 1.0. 

/fg)) First term 3R, second term after Brown et al. [1984]. Jeanloz [1979]. . 

/i)) McQueenetal' [1970]' Fit similar to that of (d), except for Hugoniot data between 40.9 and 319 GPa. 
Transition energy of melting [Brown et al., 1984]. 
Al'tshuler et al. [1962]. 

(1) Fit similar to that of (k), except for Hugoniot data range from 35 to 315 GPa. 

Thus the isentrope derived fror0 the Hugoniot is 
expressed as a normalized pressure (FH's) that is a polyno- 
mial expansion in terms dependent on the Eulerian strain: 

f= [(Vo/V) 9'/s- 1]/2 (9) 
Specifically [see Heinz and Jeanloz, 1984], 
F•s -- Fi•s+AFtr-- K0s (1 - 2•s fs}• + 4•s f421• + ...)(10) 

with 

FHS = PH [1-'(R(2f+1)l'•-1)/2]/{ [1+(2-1.5')f] 
(3f)( 1 + 2f) l's } (11) 

where R • Voo/V o- 
-I 

AFtr----(Etr/Vo) ' {3f[1 + (2-1.5 q)f]} (12) 
fall -- f[l+(2-')f]/[1 + (2-1.5-)f] (13) 

0.5 

f4H = f{ [l+(2-0.75')f]/[l+(2-1.5')f] } (14) 
Terms (11)- (14) are considered measured (or indepen- 
dently known), and these are used to determine the 
equation-of-state parameters for the phase represented by 
the Hugoniot: K0s is the zero-pressure isentropic bulk 
modulus and 

• = 3(4-K•)/4 (15) 

f= [3/8] [KoK;' +K 0' (Ko'-7) + 143/9] (16) 
are the third- and fourth-order terms in t•he finite-strain 
expansion [Birch, 1978]. Here K 0 is (OK0s/OP)s. 
Throughout these equations, subscripts zero and S indicate 
zero-pressure and isentropic conditions, respectively, and 
prime indicates differentiation with respect to pressure. 

Equation (10)is analogous to Birch's Ft• ) f expression for compression data, but now modified include the 
thermal correction to Hugoniot data. The normalized isen- 
tropic pressure, in contrast to (10) is 

F ---- Ps[3f(1 + 2f)5/2] -1 (17) 

which reflects the derivative of the equation of state, con- 
verging to K0s as pressure goes to zero (f--0). The energy 
of transition is included in (10) and q12) as a perturbation 
term AFtr, which is typically much smaller than FHS. 
Except for the incorporation of porosity and phase transi- 
tion effects, the present analysis is similar to the develop- 
ment in the work by Heinz and Jeanloz [1984]. The appen- 
dix gives expressions for the propagation of errors. 

The present results and those of Simakov et al. [1974] 

for pyrite are shown as raw Hugoniot data (nFo, f: using Hugoniot density and pressure in (9) and (17)' symbols) 
and reduced points (FHs , f:3$: open and solid symbols) in 
Figure 5. For the present purposes the approximation 
f• • fall is adequate, so the reduced values of normalized 
pressure FHS are expected to follow a polynomial curve in 
the strain fall- To calculate the strain, the crystal density 
Po= 1/Vo•5-002Mg/ma is used and the Griineisen 
parameter is assumed to be given by Basserr et al. [1968]. 

q 

"•---- "•0 (V/V0) (18) 
with uncertainties of %-- 1.56(+0.16) and q ---- 1.0 (+0.5). 
For each datum, the measured bulk density P00 (Table 1) is 
used to define the porous volume, and it is assumed that 
no phase transition occurs (AFtr = 0; K0s , •s, fs, and ' all 
pertain to the initial pyrite structure). 

The present data and those of Simakov et al. are 
remarkably compatible, recognizing that an F - f plot such 
as Figure 5 tends to exaggerate scatter or discrepancies 
among compression measurements [Birch, 1978]. Although 
the present lowest pressure points fall well above the trend 
of the data in the figure, these deviations can be ascribed 
to the small (-• 1 - 2 %) initial porosities of the samples. 
That is, the porosity may not be fully overcome in the 
lowest pressure measurements. Similarly, the highest point 
of Simakov et al. exhibits a large value of FHS. However, 
this cannot be plausibly explained by initial porosity. 
Instead, a slope or curvature in the FHs-f H trend (i.e., 
third- or higher-order terms in the equation of state), the 
effect of a phase transition (including melting), or large 
uncertainties in that measurement can all be offered as 
explanations for this last datum. Indeed, pyrite is likely to 
be molten along the Hugoniot at the pressures of the 
highest two or three points in Figure 3. 
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State, Pyrite and Iron 

dKos/dP •o n ETR, Cv, 
MJ/Mg kJ/kg/K 

4.7 © 1.56 © 1.0 
q-0.3 

5.28(0 2.2 (s) 1.62 © 

6.5(0 2.2 (s) 1.62(s) 

0.9O) 

0.90) 

0.624+0.080x10 -3 (V/Vo)T (r) 

0.447+0.08xl0-a(V/Vo)T (0 

0.447+0.08x10-3(V/Vo)T (0 

A least squares fit to all but the three lowest points 
yields a zero-pressure bulk modulus of K0s-- 162 (+9) 
GPa (K0s ---- 4.7 + 0.3). This is in relatively good accord 
with the ultrasonically determined K0s % 145 (+3) GPa for 
pyrite ISimmons and Wang, 1971], thus substantiating the 
point that no major phase transition occurs under shock 
loading. However, we note that the highest pressure 
datum of Simakov et al. biases the fit toward too low a 

bulk modulus. For example, the best fit to only the 
present data yields K0s ---- 174 (5:7) GPa (Figure 5). In 
this case, an equation of state of more than second order 

rch equation) is not statistically justifiable, so os ---- 4, •s•0 and Fsu ---- 174 is a constant with strain. 

.•-250 '81•2 c ] I ' ' ' ' I ' ' ' ' I ' ' ' 175 
- PYRITE FeS2: 

LL 150 

• h 1755 - • • 

• ••68) 125 

0 

Z I00•" • • • I , • , • I • • • • I , , , , 1/0'75 01 02 

Strain, f 

Fig. 5. Shock wave measurements on FeS 2 displayed in 
terms of normalized pressure F versus strain f. Reduced 
data (FHs , f3H) are shown by open [Simakov et al., 1974] 
and closed (present data) symbols which are tied to the 
raw Hugoniot points (F,f) shown as crosses and unadorned 
error bars. Two lowest present points lie off the plot at 
FHS • 481 and 297 GPa. The larger error bars on FHS 
(evident only at large strains) illustrate the additional 
uncertainty caused by letting q vary from 0 to 2. An 
unweighted fit to all but the three lowest points yields the 
dashed line (K0s = 161.8 q-8.6 GPa), whereas a weighted 
fit to all but the two lowest present points yields the solid 
line (K0s = 173.5 q- 6.8 GPa, Kt0s ---- 4 assumed). 

Regardless of how one fits the data, it is clear that the 
shock measurements systematically yield FSH larger than 
the ultrasonic value of 145 GPa (Figure 5). The best fit to 
the present data results in a bulk modulus approximately 
20% larger than the range of ultrasonic values, which is 
well outside the limits of estimated uncertainties. In addi- 

tion, hydrostatic-compression measurements yield an isoth- 
ermal value gOT : 143 GPa that agrees with the ultra- 
sonic measurements [Jephcoat and Olson, 1987]. Thus 
there is strong evidence that the Hugoniot data do not 
reflect the properties of the zero-pressure structure of 
pyrite, as determined by the ultrasonic and hydrostatic- 
compression experiments. 

In order to better understand the nature of this 

discrepancy, it is worth examining the forms of (9)- (17) 
and the reduction of Hugoniot data in the F - f plane. In 
Figure 6 the thermal correction to the Hugoniot strain is 
illustrated for a range of '/ encompassing the values that 
are encountered in practice. In all cases, the corrected 
strains f3H and f4H are larger than the raw (Hugoniot) value 
f, but the thermal correction is typically less than 20% up 
to a strain of 0.2. In particular, it is evident that for 
-/ _< 1.5 (high-pressure value), f4H •0 fall to within 5% up to 
a strain f • 0.2. This justifies our current treatment of 
(10) as a polynomial expansion of FHS in terms of fall alone, 
when considering the pyrite data. Clearly, there is no evi- 
dence for curvature in the FHS reduced values in Figure 5 
except possibly if one includes the highest pressure daturv 

• HUGONIOT DATA / /• 

-o.ok 

O0 0.1 Strain, f 02 0.5 
Fig. 6. Difference between the reduced strain fu derived 
from (13) and (14) and the measured strain f from (9) is 
shown as a function of strain and Gri/neisen parameter -/ 
(taken to be constant for each curve). 
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12 

I¸ 
0 

Fig. 7. Predicted Hugoniots shown •s the nondimensional 
ratio F/K0s versus strain f. The heavy curve is for a 
material described by a second-order (K•0s = 4) Eulerian 
finite-strdn equation of state with "•0-- 1.5 and q = 1, 
and lighter (solid and d•shed) curves illustrate the effects 
of varying "•0 between 1 and 2 or q between 0 and 2 (see 
(15)). In all cases, the isentrope lies along the axis F/K0s 

of Simakov et al. As argued above, this point is perhaps 
best left out of the analysis. In either case, a linear (third- 
order) form of FHS in fSH is the most that is justified by the 
Hugoniot data. Ignoring the highest point, or considering 
only the present data, yields FHS being statistically 
independent of fSH, thus iml•lying that a second-order equa- 
tion of state is adequate (K0s--4). 

A second-order equation of state is given by FHS/K0s -- 
1. The relation of this bentrope to the raw Hugoniot is 
illustrated in Figure 7. Here, '0---- 1.5, q ---- I are taken as 
typical values, but the effect of varying % (1 to 2 ) and q 
0gtO 2) is also shown. For the parameters given, this 

ure summarizes how raw Hugoniot data (F versus f) 
would be reduced to the isentrope FHs=K0s = const when 
applying the thermal correction inherent in the Mie- 
Griineisen formulation. For example, at a strain of 0.2 the 
normalized Hugoniot pressure F is corrected downward by 
17% of K0s ('•0 -- 1.5, q • 1, second-order equation of 
state). The uncertainties in the reduced values are there- 
fore only a fraction of this 17% correction. Although these 
uncertainties increase with pressure (larger error bars with 
increasing strain in Figure 5), they remain small relative to 
the discrepancy between the Hugoniot-derived K0s and 
ultrasonic bulk modulus for the pyrite data. 

Up to this point, the effects of phase transitions have 
been ignored. The most important change due to a transi- 
tion is in f, which in turn changes f3H, F, and FHS via (13), 
(17), and (11). By comparison, AFtr gives only a small 
offset to FHS in (10). This can be seen from characteristic 
values of Etr/V ,'-, 2 GPa [ Davies and Gaffney, 1973], which is of the order of •'•)-• K02 for minerals. As the 
remaining terms in (12) amount to a factor of about 1 to 2, 
AFtr is expected to change FHS by only a few percent. 
Thus AFtr can be safely ignored in the present discussion. 

Assuming that the phase along the Hugoniot (indicated 
by subscript 2) is described by a second-order equation of 
state, F 2 ---- const independent of f2. The observed strain is 
now given by 

f= [(1+2f2)[Vol/V0212/3-1]/2 (19) 
where the zero-pressure crystal volume of the initial phase 
is labelled by subscript 01 for clarity. Substituting (19) 
into (17) and (11)yields the observed normalized pressure 
including the phase transition. The resulting Hugoniots for 
volume ratios 0.95 <_ V01/V02 <_ 1.05 are summarized in 
Figure 8, which is an F - f plot showing the effects of a 
phase transition on the basic Hugoniot of Figure 7 
(second-order adiabat, '0-- 1.5, q---- 1, with Err----AFtr 

i•at is clearly evident from Figure 8 is that a transi- 
tion with a volume change of only a few percent can 
change the observed F by several tens of percent. For 

example, a volume change of 5% shifts the normalized 
pressure by about 40% at a strain of 0.1. In comparison, 
the thermal correction from Hugoniot to isentrope is only 
5% at the same strain, and its uncertainty is likely to be 
much smaller (Figure 7). The change of F has the same 
sign as the volume change on transformation, and its mag- 
nitude increases drastically at small strains. That is, even 
a small increase in volume across a transition makes the 
equation of state appear anomalously stiff, and hence it 
significantly increases F at small strains. 

Returning to Figure 5, it appears that the simplest 
interpretation of the reduced Hugoniot data (FHs versus fH) 
is that they reflect the properties of a different phase than 
the initial pyrite. That FHS is systematically larger than 
the ultrasonic K0s requires the new phase to be of larger 
volume (by up to --•2 or 3% from Figure 8) or to be less 
compressible (by up to FHs/K0s- 1 --• 20%) than pyrite. 
The alternative possibility that AFtr is responsible was 
shown above to be implausible: a strongly exothermic reac- 
tion (Err < 0 ) would increase F but only by a few percent, 
rather than --• 20%. 

Although there is a trade-off between contributions 
from changes in volume, bulk modulus, and internal 
energy, it seems that most if not all of the discrepancy 
between the FHS values and the ultrasonic K0s of pyrite 
can be accounted for by a small volume increase across a 
shock-induced transition. What is interesting is that such 
a transition could not be induced by pressure alone, 
because transformations caused by pressure must thermo- 
dynamically involve a volume decrease [e.g., Goodstein, 
1975]. Therefore the temperature rise along the Hugoniot 
must be involved in creating what can be thought of as a 
high-temperature phase of FeS•. Recognizing that pyrite 
melts incongruently at 1016 K at zero pressure [Kullerud, 
1966], it is conceivable that partial or complete fusion 
explains the results of Figure 5. 

The excess volume increases of up to ,--,4% observed 
upon isentropic release from pressures in the range 28 to 
182 GPa suggest that the Hugoniot states are partially, 
rather than completely melted. Additional melting appears 
to take place upon bentropic release from this pressure 
range. 

Application to the Earth's Core 

Our tactic in this section is to construct an equation of 
state for molten iron and pyrite and compare these with 
the seismic models for the molten outer core. 

The inner core is not treated here. Recently it has been 
modeled by Anderson [1986] and Jephcoat and Olson 
[1987], who conclude it is pure iron or contains a few per- 
cent of a light element, respectively. 

20t-I ' 'V ...... ' ......... -I 
II \ Vo,/Vo 

i I•x,• . 095 
E-'ø ...... 

H t 
kl / ,Hon,ot Data okl,X , , , .... •,-, ,,, .... 
0 01 02 

Strain, f ' 

Fig. 8. Effect of a phase transition on the Hugoniot is 
displayed as nondimensional F/K0s versus strain, for ratios 
of zero-pressure volume ranging between V01/V02--0.95 
and 1.05 (subscripts 1 and 2 refer to the initial sample and 
the phase achieved along the Hugoniot). In all cases, AFtr 
in (10) is set to zero, and a second-order equation of state 
with '0 • 1.5, q •- 1 is assumed. The bold curve is for 
V01/V02---- 1, and it is identical to the bold curve in Figure 
7; the corresponding isentrope is shown by the dashed line. 
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Fig. 9. Shock temperature versus shock pressure for pyrite 
and iron. Present calculation of shock temperatures for 
iron are shown for McQueen et el. [1970], and Brown and 
McQueen [1986] equation of state. Al'tshuler et el. [1962] 
shock temperatures are also shown. 

Birch-Murnaghan parameters for iron over the pressure 
ranges indicated were obtained using both the McQueen et 
el. [1970] and Al'tshuler et el. [1962] shock wave data set 
(Table 3). It should be recognized that only in the case of 
iron are there definitive data [Brown and McQueen, 1986; 
Williams et el., 1987], which specify which portion of the 
high-pressure phase Hugoniot corresponds to the liquid 
(above --•250 GPa). The analysis of Jeanloz [1979] for the 
parameters % and q, based on shock data for porous iron, 
however, most certainly reflect the properties of liquid. 
The trajectory of the iron Hugoniot in the pressure- 
temperature phase diagram has been recently discussed 
both by Brown and McQueen [1986] and Anderson [1986]. 
In order to estimate the shock pressures at which the 
pyrite Hugoniot is likely to go into the liquid field, we cal- 
culated shock temperatures from the formula [Ahrens, 
1979] 

T s --- 298 exp life Pc q (Vo q - vq)/q] (20) 
T}• = {-3R+[OR 2 +2/•o(V/Vo)(aRTs+/•o(V/Vo)T•2/2 

+(PH-Ps)(V/v))]•/2}/ [/•o(V/Vo)] (21) 
where T s is the temperature along the principal isentrope 
at volume V and T H is the Hugoniot temperature. Equa- 
tion (21) is derived for a material behaving with a specific 
heat which is the sum of lattice modes (3R)plus an elec- 
tronic term /•o (V/Vo) T as specified in Table 3. The 
resulting shock temperature calculations are shown for 

i I 
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' '1 

Prem }Brown & .... Pem Mc Queen - 

Prem } Altschuler ----- Pem et al - 

5000 K '• 

Inner 
Core 

I I 

280 320 560 

Fig. 10. Weight percent sulfur versus pressure for various 
isotherms and iron equations of state of McQueen et el. 
1970], Brown and McQueen [19861, and Al'tshuler et el. 
1962]. Curves are calculated for both PREM and PEM 

core models. Differences between two iron equations of 
state yield a difference of --• 1% in apparent weight percent 
sulfur. 
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Fig. 11. Bulk modulus versus pressure in the outer core for 
3•0, 4000, and 50• K isotherms constrained by PREM 
earth model. Average value of sulfur content in percent is 
indicated for each isotherm calculated with the A]'tshuler 

, 

et al. [1962] iron equation of state. 

pyrite and for the above equation-of-state formulation for 
iron in Figure 9. The latter calculation is comparable to 
that obtained by Al'tshuler et el. [1962] using a similar 
thermal formulation but a different equation of state. 
Since pyrite is more compressible, the calculated shock 
temperatures for pyrite are not unexpectedly substantially 
higher than iron. These values would be reduced perhaps 
by ---500 to 700 K if a fusion energy (unknown) were incor- 
porated in the temperature calculation via ETa in (8). We 
infer from both the excess volume upon release and the 
normalized volume fits of Figures 5 and 8 that the pyrite 
Hugoniot probably represents material in the liquid state 
over much of the pressure range of the outer core. We note 
that at zero pressure the FeS-FeS 2 eutectic (at 1356 K) 
occurs at substantially lower temperature than the iron 
melting point of 1812 K. Also since the iron Hugoniot 
crosses its fusion curve at 250 GPa, we might expect that 
pyrite will also be molten in this pressure range along the 
Hugoniot. The effect of the energy of melting on the 
present Hugoniot temperatures is such that they will be too 
high in the melt regime by --•550 ø C. 

In order to calculate the mass fraction of sulfur which 

could account for the density deficit, relative to pure iron 
in the liquid outer core, specific volumes of iron, and FeS 2 
at temperatures of 3000, 4000, and 5000K at a series of 
pressures corresponding to those of the outer core (135.8 to 
328.9 GPa) were calculated from 

(PT-Ps) V =3R(T_Ts)+ 1 V -•- •'/•o •oo (T2- T])(22) 
where Ps and Ts are given by (17) and (20). The indepen- 
dent variables for this calculation were the isothermal tem- 

perature, T, and PT, the pressure at which the mass frac- 
tion S was to be calculated. The specific volume of each 
phase was then calculated by solving (22)via the Newton- 
Raphson method. 

Since both the temperature and composition of the 
liquid core are unconstrained, we consider core composition 
in terms of three isotherms (Figure 10) ih specific volume 
mixing calculations. The isotherms chosen, 3000, 4000, and 
5000 K, are based on the thermal core models of Stacey 

9.77] and Stevenson [1981] and the application of (20). 
sing the Gri/neisen parameters of iron for calculating the 

isentropic (adiabatic) temperature rise in the outer core 
yields values of 4010 K and 5346 K at the inner core boun- 
dary (ICB) starting with 3000 and 4000 K at the core man- 
tle boundary (CMB). The steps in the density and bulk 
modulus curve (Figures 10-12) correspond to different 
isotherms. The core temperature, of course, varies 
smoothly with depth, rising some 1000 to 1500 K. Here we 
assume densities of 9.903 and 12.17 Mg/m a at the CMB 
and base of the outer core, respectively, from the prelim- 
inary reference earth model (PREM) of Dziewonski and 
Anderson •1981]. Calculating the specific volume of pyrite 
V•.r, iron VFe, and the earth Ve•, using either the PREM or 
p[•iiminary earth model PEM Dziewonski et el, 1975 for Ve• , yields the mass fraction el pynte at a given tempera- 
ture as 
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Fig. 12. Bulk modulus versus pressure for the outer core of 
the earth for isotherms at 3000, 4000, and 5000 K. PEM 
earth model was used. Percent sulfur shown is average for 
isotherm utilizing McQueen et M. [1970] and Brown and 
McQueen [1986] iron equation of state. 

¾ = vr) 
the mass fraction sulfur X is 0.534 Y. As can be seen in 

Figure 10, not only does the assumed temperature affect 
the calculated percent S in the outer core, but the 
differences between the Al'tshuler et al. [1962] and 
McQueen et al. [1970] equation of state of iron correspond 
to an equivalent of •-•1000 K for each T. Notably the 
differences between the PREM and PEM affect the resul- 

tant mass fraction of S in only a minor way. Since we 
have not taken into account the heat of fusion, the isother- 
mal volume of iron is slightly too small, as the thermal 
correction from the Hugoniot is too large. Therefore (23) 
gives a slight overestimate of S content in the core. 

Ideally one might expect a nearly constant value of the 
weight percent with pressure if the outer core is, on the 
average, in a state of slight superadiabaticity and is con- 
vecting. 

In order to further sort out the effect of temperatures, 
two models for the iron equations of state and slightly 
different earth models on the weight percent S, we have 
also examined the bulk modulus calculated for the percen- 
tage of sulfur which the above range of models predicts. 
Jeanloz [1979] pointed out the bulk modulus in the outer 
core was some ,-•12% lower than that of iron. The bulk 
modulus of a mixture of pyrite and liquid iron was then 
calculated using the Voigt-Reuss-Hill approximation [Watt 
et al., 1976]. Fitting the seismic data for the bulk modulus 
in the 3000 to 5000 K range using the PREM model, the 
Al'tshuler et al. iron equation of state and combined with 
the present pyrite equation of state yields the mass frac- 
tions, S, shown in Figure 11. The calculated percent S 
varies from 11.6% to 9.6% as the assumed temperature 
increases by •-•2000 K from 3000 to 5000 K throughout the 
outer core. A fit which demands a more likely adiabatic 
temperature rise with depth in the core and a percentage S 
content, which is more nearly constant, can also be 
achieved by fitting simultaneously both the density and 
bulk moduli of the core with pressure, again using the 
Al'tshuler et al. equation of state for iron and the PEM 
model (Figure 12). The temperature rise with depth in the 
core inferred from this model is •-•1400 K, whereas the 
variation of apparent S content with depth is from 11.5% 
to 9.8%. Both fits are close to the 10 (q- 4)%S content 
inferred by Brown et al. [1984] on the basis of density using 
the high-pressure phase of pyrrhotite and iron equations of 
state at similar temperatures. 

Discussion 

An issue not yet addressed is the initial spin electronic 
states of FeS 2 (pyrite) versus pyrrhotite or troilite (FeS). 
Vaughan and Craig [1978] point out that in pyrite the 3-d, 
orbital electron configuration is initially in the low-spin 
state, whereas in Fel_xS and FeS these start out with the 
high-spin configuration, and depending on details of the 
defect chemistry, the latter transform to phases with low- 
spin 3-d orbital configurations with increasing pressure. 
Thus both the phase changes in FeS and their absence in 
FeS 2 have some rationale. 

Since the release isentrope experiments indicate a 
greater volume is achieved than can be readily explained 
with a plausible Griineisen ratio, it appears that transition 
to a slightly lower density (0-•1%) phase is occurring upon 
pressure release. Also we observe the shock wave data fit 
the zero-pressure bulk moduli exactly in the F versus f 
analysis if a slight increase in apparent zero-pressure 
volume (2-3%) is assumed. If we associate both results, it 
may be that the shock wave data indicate that shock- 
induced melting is occurring (F-f, results), whereas upon 
unloading, additional pressure-release melting takes place. 
Further research on the high-pressure, high-temperature 
phase diagram of Fe2S should clarify the situation. 

With regard to application of the present results to con- 
straining the possible sulfur content of the earth's outer 
liquid core, we have found that the shock wave data for 
pyrite probably represent the properties of the liquid. In 
the case of iron, the case for the shock data representing 
the properties of the liquid above 250 GPa is very strong 
(as inferred from sound speed and temperature shock meas- 
urements [Brown and McQueen, 1986; Williams et al., 

198½•en the present data for pyrite are used in conjunc- 
tion with iron data to fit the seismically derived pressure- 
density and pressure/bulk modulus profile of the outer 
core, several conclusions may be drawn. 

1. Good agreement between the shock wave equation of 
state and the seismic data is obtained for temperatures of 
•-- 3000 K at the core-mantle boundary extending to 4400 
K at the outer core/inner core boundary. For this thermal 
model a calculated sulfur content of 11 q- 2% is obtained 
in agreement with the results inferred by Anderson [1977], 
Ahrens [1979], and Brown et al. [1984]. 

2. Thermal and composition models of the outdr core 
derived here are consistent with adiabatic variation of tem- 

peratures through the core by •--1500 K. However, the 
level of temperatures within the range •-•3000-5000K are at 
least •--1500K lower than the •--6600 q- 500 K inferred by 
Williams et al. [1987] at the outer core/inner core boun- 
dary. This discrepancy could imply a much greater melt- 
ing point depression than previously thought, which cannot 
be ruled out. 

3. The conclusions concerning sulfur content change 
little using different core seismic models. However, the 
difference between the Brown and McQueen [1986] and 
Al'tshuler et M. [1962] data. for iron translates into about a 
1% difference in apparent sulfur content. Also of concern 
is the consistent apparent decrease by 2 1/2% in equivalent 
weight percent sulfur, in going from the core-mantle boun- 
dary to inner core/outer core boundary found in all combi- 
nations of seismic and equation-of-state models. Although 
such a compositional variation is not physically impossible, 
it may represent presently unrecognized inaccuracies in 
present Earth and material models. 

Appendix: Uncertainties in Normalized Shock 
Pressure Finite-Strain Analysis 

The following quantires are assumed to be either experi- 
mentally measured or estimated, and hence each can be 
assigned a standard deviation(s): PH, V, Vo, Voo, % q, ETR. 
For purposes of error analysis we assume that the depen- 
dent variable defined in terms of the quantities in (10) is 

ri• s -- FHs + Artr (A1) 

Paralleling the treatment in Heinz and Jeanloz [1984], we 
write, dropping the subscripts, 

2 2 2 

2 2 

+ [ 0F• 0F • 
2 

+ [ 0F• OVoo ] s2(Vøø) (A2) 
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where if we consider the first term in (A2), it in turn is the 
sum of two terms 

0F' 0Fits OAF 
t (A3) 

Of Of Of 

where the first term is 

1 OF Rff/{2f (1+2 0 [1+(2-1.5.7)f]} -1 
PH Of 

- {[1-0.5.7(2fq-1) 3/2 Rq-0.5.7] {(lq-2f)-l[3fq-(6-4.5.7)f 2] 
2 

q-[lq-(4-3.7)f] } }/{3f2(lq-2f) 3/2 /lq-(2-1.5.7)f} } (A4) 
and the second is 

O AF 
ETR.7 [3f[l+(2-1.5.7)f]]-2(3+12f-9fff)/Vo (A5) 

Of 

Since 

we write 

2 2 

s2(f): [ Of Of •] •(v)+ [ ] •(Vo)(A6) 
of 

0V (Vo/V)a/3/(3Vo) (A7) 
Of (Vo/V)2/3/(3Vo) (AS) 

0Vo 

The coefficient of the first term of (A2) can now be 
calculated using (A3)-(AS). The coefficient of the second 
term of (A2) is also given by two terms: 

OF' OFHs OAF 
t (A9) 

0.7 0.7 0.7 

1 OF { [1 +(2_1.5.7)f] [_0.5(2f+l)3/2R+0.5] PH 0.7 

and 

+(1.5)(1-0.5.7(2f+1) 3/2 R+0.S.7)f } / 
3f(1 +203/211+(2-1.5.7)f] 2 } (A10) 

OAF 
E• [•Vof[1+(2-1.5-•)f]] -1 

0.7 

q- ETR .7/(2Vo[l+(2-1.S.7)f] 2) (All) 
The coefficient of the third term of (A2) is given by 

0F' 0FHs OAF FHS 
t (A12) 

0PH 0PH 0PH PH 

The coefficient of the fourth term of (A2) is given by 
OF t OFHs OAF AF 

] (A13) 
0ETR 0ETR 0ETR ETR 

The coefficient of the fifth term of (A2) is given by 

OF' 0.5 PH.7(2f+l)3/2Voo/ {Vo211+(2-1.5.7)f]3f(l+2f)3/2 } 0Vo 

-ETR.713Vo2f [lq-(2-1.S.7)fl] -1 (A14) 
Finally the coefficient of the sixth term of (A2) is given by 

OF' .pH.7(2f+l)S/2/{ 6Vof[1 +(2_1.5.7)f] 0¾oo 

(l+2f) 3/2 } (A15) 
The uncertainties in the independent variable of (10), fall, 
are specified by 

where 

and 

2 2 

s2(fSH) = I 0fall 0fall 
0f3H 

Of 
1+f{4-2.7) _ f[1+{2-.7)f](2-1.5.7) 
l+2f-l.5fff (l+2f-l.5fff) 2 

(A16) 

(A17) 

Of•H 1.5f2(1 +(2-.7)f)-f2(1 +2f-l.5qf} 
0'7 (lq-2f-l.Sfff) 2 

The s2(f) term in (A16)is specified by (A6)-(AS). Also 
S2(.7) ---- (V/Vo)2qs2(.7o) q- (q .7o/V)2(V/Vo) 2q s2(V) 

q-(fro q/Vo)2(V/Vo)2qs2(Vo) 
+ [.7/n (V/Vo)] • s•(q) 

(AlS) 

(A19) 
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