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Structure and Density of FeS at High 
Pressure and High Temperature and 

the Internal Structure of Mars 
Yingwei Fei, Charles T. Prewitt, Ho-kwang Mao, 

Constance M. Bertka 

In situ x-ray diffraction measurements revealed that FeS, a possible core material for the 
terrestrial planets, transforms to a hexagonal NiAs superstructure with axial ratio (c/a) 
close to the ideal close-packing value of 1.63 at high pressure and high temperature. The 
high-pressure-temperature phase has shorter Fe-Fe distances than the low-pressure 
phase. Significant shortening of the Fe-Fe distance would lead to metallization of FeS, 
resulting in fundamental changes in physical properties of FeS at high pressure and 
temperature. Calculations using the density of the high-pressure-temperature FeS phase 
indicate that the martian core-mantle boundary occurs within the silicate perovskite 
stability field. 

I r o n  sulficie (FeS) has been found in many 
lileteorltes and is helieveci to be a possible 
colnponellt of the  cores of terrestrial planets 
s ~ ~ c h  as Earth and Mars  Models of internal 
structure of the  planets lvith sulfur-bearlng 
cores require accurate determ~nations of 

Geophysical Laboratory and Center for Hlgh Pressure 
Research, Carnegle nstitutlon of Washington, 5251 
Broad Branch Road, NW Washington. DC 200'5. 
USA. 

phase relations and iiellslt~es of FeS at high 
pressure and high temperature, but study 
has been iiiffic~llt b e c a ~ ~ s e  it has not proven 
pijssible to  quench the  high-pressure-tem- 
perature phases. Previously, phase transl- 
tions in  FeS have been investigated only at 
high pressure and roolil temperature (1-5) 
and at h ~ g h  teIllperature and a~llblellt pres- 
sure (6.  7) .  W e  have developed technicl~~es 
for determining the  structure and ciensity of 

Illaterials under simultaneous high pressure 
and tenlperature collditiolls (8). In  this 
study, lve report the  structure and cie~lsity of 
FeS at 111gh pressure and hlgh temperature. 
W e  then use these iiata to ex,aluate tlhe 
relation betiveen the  depth of the  martian 
core-mantle b o ~ ~ n d a r y  and the  s ~ l l f ~ ~ r  con- 
tent of the  core. 

Stoichiometric FeS at ambient condi- 
t ~ o n s ,  called troilite (FeS I) ,  has a NiAs- 
type hexagonal structure lvith a (\/?a, 2c) 
u n ~ t  cell. Troili te tra~lsforlils to  a I M ~ P -  
type structure (FeS 11) a t  3.4 G P a  (5).  A 
high-pressure phase (FeS 111) forms at 
pressures above 6.7 G P a  ( 1 ,  3) ,  although 
its structure 1s ~ ~ l l c e r t a i ~ l  (9 ) .  W e  coniiuct- 
ed in  situ synchrotron x-ray iiiffract~on 
measurements o n  FeS Llslng a11 externally 
heatecl diamonii-anvil cell e i t h  the  sam- 
ple loaded In a hydrostatic N e  pressure 
~ l l e d i ~ ~ r n  (10) .  A t  300 K, we confirmed the  
two previously observed phase transitio~ls.  
U p o n  h e a t ~ n g  the  FeS sample a t  high pres- 
sures (>6 .7  GPa) ,  we observed a different 
x-ray ciiffraction pattern (Fig. 1 ) .  T h e  ciif- 
fraction pattern is much sinlpler than  that 
of the  high-pressure phase (FeS 111) and 
can he ~lliiexed o n  a hexagonal cell. T h e  
calculated x-ray diffraction pattern, based 
o n  a NiAs-type hexagonal structure with a 
(2a ,  c)  u n ~ t  cell, agrees ivell ivith the  
observed data (Table 1 ) .  T h e  experimen- 
tal data demonstrate that  this high-pres- 
sure- tem~~erature  phase, lvlhicll we lla~ileci 
FeS IV, has a NIAs-type superstructure 
l a t t ~ c e ,  111 which the  hexago~lal  layers of 
Fe and S are alternately stacked along the  
c axis and the  Fe atollls are s l~ght ly  dis- 
placed such that  a perfectly repeating [ n i t  
cell occurs by i i o ~ ~ h l ~ l l g  the  a distance. T h e  
axial ratio (cla) of FeS IV is close to  an  
iiieal close-packing value of 1.63. T h e  
p11as"ehoundary of t h e  FeS 111-FeS IV 
transitioil ( F i g  2 )  was cleter~lli~led to be P 
= - 11.25 - 0.0485T (for pressure P in  
gigapascals and temperature T in  k e l v ~ n ) .  
By a l la lyz~~lg the  x-ray diffraction data ,  lve 
also obtained the  density of FeS IV as a 
f ~ ~ n c t i o n  of pressure at high temperatures 
(Fig. ? A ) .  

A high-temperature pl~ase  of' FeS has 
also been observed at ahout 420 K and 
anlbient pressure ( 6 ,  7) .  T h e  structure of 
this h igh- temperat~~re  t-ihkse has been con- 
troversial (5, 7)  hecause of a discrepancy 
res~lltillg from the a!suf;iption that the  
high-tem~7erature phase has the  same struc- 
ture as the interlllediate high-press~~re phase 
(FcS 11). Our  experi~lle~ltal  ciata show that 
the  111gh-temperature phase has a hexago- 
nal structure with a (2a, c) L I I I I ~  cell, as 
reporteii by Keller-Besrest and Col l i~ l  (7), 
a n J  that tlhe structure of the ~lltermecilate 
high-pressure phase (FeS 11) 1s consistent 
with the  k1nP-type structure reporteci by 
King and Premritt (5). T h e  high-tempera- 
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Fig. 1. Energy-dispersve x- 
ray diffraction spectra of the 
hgh-pressure-temperature 
phase of FeS (FeS V )  (upper 
spectrum) and the h~gh- 
pressure phase (FeS Ill) 
(lower spectrum). The dif- 
fraction pattern of FeS IV , 
was indexed with a hexago- .: 
nal cell (Table 1 ) .  The hkl in- 5 
dlces are indicated for each S 
diffraction peak. The peak 
positions for FeS I l l  are ndl- 
cated by the interplanar d 
spacing in angstroms. 

FeS lV P =  15 GPa '11 T =  623 K 

P =  18 GPa 
T =  600 K 

3 

20 25 30 35 40 
Energy (keV) 

ture phase has the  same structure as the  
high-pressure-temlperat~~re phase FeS IV, 
but the high-pressure-temperat~lre phase 
has much more efficient pack~ng  than the  
hlgh-temperature phase, as reflected in  the 
x,ar~ation of c/a versus pressure (Fig. 3B). 
T h e  decrease in  the c/a ratio a t  about 6 GPa 
results froln the cl>ange of the  c p:~rameter 
from 5.70 to 5.54 A. T h ~ s  abrupt shortening 
of the c axis results in  a density change of 
abo~ l t  4%. T h e  dens~fication must result 
fro111 an  electronic transition, possibly a 
spin-pairing transition, because n o  structure 
transition lvas observed. A change in the 
electronic structure of Fe in  FeS at :I slmilar 
pressure was also ~ndicated by King e t  al. (3) 
o n  the  basis of a k lossba~~er  spectroscopic 
study. T h e  c-axis shor t en~ng  across the  elec- 
trolllc transition means that the high-pres- 
sure-temperature phase has s ~ ~ b s t ~ ~ n t i a l l y  
shorter interlayer Fe-Fe distances, which 

ivould lead to metallizat~on of FeS at high 
pressure. 

Upon further heating at low pressures 
( < l o  GPa) ,  the  NiAs-type hexagonal 
structure lvith a (2a ,  c) unit cell, FeS IV, 
transforlned to a simple NiAs-type structure 
with a (a,  c)  nit cell (FeS V) (Fig. 2) .  T h e  
nonlinear phase boundary betlveen the  
phases IV and V can be ~lnderstood fro111 
energetic cha l~ge  as a f u n c t ~ o n  of density. 
T h e  change in  the  temperatllre-press~~re 
slope of the transition reflects the  densifl- 
cation across the  electronic transition at 
abo~ l t  6 GPa. 

Our  experimental results have direct 
appl icat~ons to the  intern:ll structure of 
Mars because the  experimental pressure- 
telilperature ranges are colilparable to  
those of the  interior of Mars (Fig. 2 ) .  011 

l 6 0 O e '  ' ' b' Martian ' core ' 1 
Table 1. Observed and calculated x-ray diffrac- 
tion pattern of FeS V at 15 GPa and 623 K. The I 
interplanar spacings dare given in angstroms; hkl 
are the Miller ndices. - 

y 1200 

h k l  dabs dm. S 

2 0 0  2811 2 811 0 000 % 
0 0 2 2.649 2.650 
2 0 1  2.483 2.483 0 000 != 

2 0 3  1.495 1.496 -0.001 " Pressure (GPa) . . 
3 1 1  1.495 1.496 
2 1 3  1.359 1.359 - 

Fig. 2. Experimentally determined phase diagram 

0 0 4 1.325 1.325 of FeS. Experlmenta data (reported only near the 

3 0 3 1.288 1.286 phase boundan;l are represented by symbols 13) 

4 0 2  1.242 1.242 0,000 FeS I,  NiAs-type structure with a (\!3a, 2c) unit 
cell; (@) FeS Il, MnP-type structure; (0) FeS Ill, 

"Hexagonal NlAs superstrircture wlth (2a, C) Unlt cell: a = monoclinic'?; (A) FeS IV, NiAs-type structure with 
3.246(2) Aand c = 5.301 (2)  A. which gives cia = 1 633. a (pa, C) unit cell: (a) FeS V, NiAs.type structure 
The obsewed ~ntensities for the diffraction patter11 are 
shown n Fg. 1 Preferred orlentaton effects n the pat- with a (a' unit The thick dashed lne lndi- 

terns collected at dfferent pressures and temperatures CateS the eectronic transition in the stability field of 
were obsewed FeS V 

t he  basis of cosmochemical constraints 
and the  thernlal history of the  planet, t he  
~ron-ciomin;~nt  martian core may he as 
much as 34%) sulfur by lveight (1 1 ) (cor- 
responciing approx~mately  to  s toich~omet-  
ric FeS). Because of t h e  lack of sels~ilic 
data,  calculations of the  martla11 core- 
lna~ l t l e  hounciary must ilepenii o n  the  v a -  
ue assumed for the  core density. Previous 
calcula t~ons (1 1-14) suggested that the  
depth of the  lilartlan core-mantle hound- 
ary is 1370 to  1990 km, depenciing o n  the  
sulf~lr content  of the  core. Holvever, these 
c a l c ~ ~ l a t ~ o n s  were based on the  density 
data for the  high-pressure phase FeS 111 (4 ,  
I.?), ivhose structure has not  yet been def- 
initely determined. Our  experi~llellts ~ n d i -  
cate that  all of these ca lc~~ la t ions  of den-  
sity for a FeS martian core lve& based o n  
the  lvrong polymorph of FeS. T h e  stable 
FeS polymorph a t  mk~rtian core pressures 
and temperatures is :I hex;~gonal NiAs ~ L I -  

perstructure (FeS IV). Our  calculated 
devth of the  ~i lar t ian  core-mantle bou11d- 
ary is about 1720 km (approximately cor- 
r e s p ~ n d i n g  to  pressure of 20 G P a )  for the  

50L 4 5 
0 10 20 30 40 

Pressure (GPa) 

1.631 I I I I 
I .  

2 4 6 8 10 12 14 
Pressure (GPg) 

, 
Fig. 3. (A) Density of FeS IV a! high pressure and 
temperature. The least-square? fitk(solid curve) of 
the Birch-Murnaghan equation of state to the ex- 
perimental data at 800 K (@) yielded a zero-pres- 
sure density p, = 4.94 ? 0.05 gicm3 and isother- 
mal bulk modulus KT = 54 ? 6 GPa with its pres- 
sure derivative (i,KddP), = 4. Density data below 
and near the transition pressure were not used in 
the fit. Densites at 2173 K (dashed curve) were 
calculated by using the thermal pressure P,,, = 

P,,,, + aK,(T -800), where aKT = 3.7 X 10 
GPaIK. (B) The abrupt change In the c/a ratio of 
FeS V along isothermal compression curves at 
(U) 500 K and (m) 600 K. 
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Fig. 4. Calculated relation between the depth of 
the mart~an core-mantle boundary and the sulfur 
content, based on our experimentally determined 
density data for FeS IV. Dashed line indicates the 
depth of Mg-silicate perovskite stability. 

pure FeS core (16),  deeper than previous 
calculations ( 1  1 ,  14). The  reason for this 
difference is that FeS IV is much rnore 
compressible than earlier assumed. For a 
model mantle composition of Mars (1 2)  
with 13.9 weight % sulfur in the core, the 
martian core-mantle boundary is located 
at a depth of 2000 km (about 24 GPa),  
deeper than the silicate perovskite stabil- 
ity field. A core with at  least 30 weight 96 
sulfur is required to eliminate a silicate 
perovskite lower mantle in Mars (Fig. 4) .  
In comparison with the internal structure 
of the Earth, b1al-s may have only a thin 
layer of loiver mantle (-200 km) but s i n -  
ilar density discontinuities. 

Melting relations in the Fe-FeS system 
have been used to constrain the temnera- 
tures of the interior of planets in many 
planetary models (17). T h e  discovery of 
the transformation of the high-pressure 
phase FeS 111 to the high-pressure-temper- 
ature hexagonal phase FeS IV has a signif- 
icant impact on the understanding of 
melting relations in the FeS and Fe-FeS 
systems and of solution behavior in sys- 
tems such as Fe-S-0 at high pressure and 
temperature. Changes in the physical 
properties of FeS at high pressure and 
temperature, such as density and chemical 
bonding, will lead to changes in melting 
temperatures and melting behavior in bi- 
nary (for example, Fe-S) or ternary (for 
example, Fe-S-0)  systems. These changes 
also have profound implications for the 
incorporation of lighter elements into 
iron-dominant cores of terrestrial planets 
(18). 
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Managing the Evolution of Insect Resistance 
to Transgenic Plants 

D. N. Alstad* and D. A. Andow 

The evolution of resistance in pests such as the European corn borer will imperil trans- 
genic maize varieties that express insecticidal crystal proteins of Bacillus thuringiensis. 
Patchworks of treated and untreated fields can delay the evolution of pesticide resistance, 
but the untreated refuge fields are likely to sustain heavy damage. A strategy that exploits 
corn borer preferences and movements can eliminate this problem. Computer simulation 
indicates that this approach can delay the evolution of resistance and reduce insect 
damage in the untreated fields of a patchwork planting regime. 

Maize,  cotton, potatoes, and tobacco have 
now been genetically engineered to express 
crystal protein (cry) genes from Bacillus thu- 
rinaiensis. Maize varieties nearing commer- " " 

cialization are toxic to many Lepidoptera, 
including Ostrinia nubilalis (Hilbner) [Pyral- 
idae], the European corn borer, one of the 
most injurious pests of maize in North 
America. A potential problem with genet- 
ically engineered crop varieties is the evo- 
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lution of resistance in target pests (1).  
Insect resistance to transgenic plants has 

much in common with resistance to pesti- 
cides. Potential management strategies 
against pesticide resistance include the ap- 
plication of multiple tgxids in mixtures or 
sequences (2,  3) ,  the use of high toxin 
concentrations to make &pression of the 
resistance alleles rnore recessive (3-5), and 
the distribution of the toxin in spatial 
patches interspersed with nontoxic refuges. 
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