
present, we cannot give a completely ade
quate explanation for its presence. There is 
no other evidence of extremely high densi
ties in the coma. But there are other possible 
explanations for the emission. For example, 
following the suggestion of Gladstone (10), 
it is possible that intense electric fields in the 
coma could change the 1128/8446 branch
ing ratio so that the 1128 A transition is no 
longer forbidden. Other possible explana
tions may exist. However, we want to em
phasize that the detection is real, and not 
due to instrumental effects. 

Other astrophysical objects seem to indi
cate that similar processes are occurring. 
Thus we may find in the future that the 
1128 A line will become a standard diagnos
tic for many classes of objects. For example, 

quasar emission-line clouds have been 
shown to be optically thick in 8446 A, an 
optical line that populates the 3p 3P state of 
OI, the originating state for 1128 A emission 
{11). M-giant chromospheres have exhibited 
1641 A emission, another forbidden transi
tion resulting from a cascade through the 3p 
3P state (12). Unfortunately, observations of 
these dim targets at 1128 A will probably 
have to wait until the FUSE experiment flies. 
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Phase Transition and Thermal Expansion of 
MgSi03 Perovskite 

YANBIN WANG, DONALD J. WEIDNER, ROBERT C. LIEBERMANN, 
XING L I U , JAIDONG K O , MICHAEL T. VAUGHAN, YUSHENG ZHAO, 
A M I R YEGANEH-HAERI, ROSEMARY E. G. PACALO 

Results from in situ x-ray diffraction experiments with a DIA-type cubic anvil 
apparatus (SAM 85) reveal that MgSi0 3 perovskite transforms from the orthorhom-
bic Pbnm symmetry to another perovskite-type structure above 600 kelvin (K) at 
pressures of 7.3 gigapascals; the apparent volume increase across the transition is 
0.7%. Unit-cell volume increased linearly with temperature, both below (1.44 x 10~ 5 

K"1) and above (1.55 x 10~ 5 K"1) the transition. These results indicate that the 
physical properties measured on the Pbnm phase should be used with great caution 
because they may not be applicable to the earth's lower mantle. A density analysis based 
on the new data yields an iron content of 10.4 weight percent for a pyrolite 
composition under conditions corresponding to the lower mantle. All current equa-
tion-of-state data are compatible with constant chemical composition in the upper and 
lower mantle; thus, these data imply that a chemically layered mantle is unnecessary, 
and whole-mantle convection is possible. 

A T PRESSURES GREATER THAN 2 3 

GPa, all of the major minerals of the 
earth's upper mantle transform un

der high temperatures to phase assemblages 
dominated by (Mg,Fe)SiOs perovskite (1). 
Therefore, the properties of this silicate per
ovskite control those of the earth's lower 
mantle (depths of 650 to 2900 km) and 
knowledge of its crystal structure and re
sponse to changes in temperature and pres
sure are crucial in understanding physical 
and chemical processes of the mantle. Under 
ambient conditions, the crystal structure of 
the metastable perovskite is orthorhombic, 
with space group Pbnm (2), which has been 
assumed to be the stable structure through-

Mineral Physics Institute and Department of Earth and 
Space Sciences, State University of New York at Stony 
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out the lower mantle. However, many per-
ovskite-structure materials with ABO s com
position undergo sequences of phase 
transitions with increasing pressure and 
temperature, and these transitions are asso
ciated with dramatic changes in physical 

properties (3). Earlier conclusions that the 
Pbnm distortion remains unchanged with 
increasing temperature and pressure (4, 5) 
have been shown to be incorrect (6-9). 
Transmission electron microscopy studies 
on twin-domain structures in MgSiOs per
ovskite quenched from 26 GPa and 1873 K 
provide indirect evidence of the presence of 
structural phase transitions (10). At atmo
spheric pressure thermal expansion measure
ments have been limited to a few hundred 
kelvin, above which the perovskite structure 
becomes unstable (4, 6, 9). Recently, Mao et 
al. (11) carried out a simultaneous high-
pressure and high-temperature study using 
an externally heated diamond-anvil cell; 
however, as the temperature was increased 
from 300 to 877 K, the pressure decreased 
from 27 to 4 GPa. 

By using a large-volume, high-pressure 
apparatus in conjunction with a synchrotron 
x-ray source, we have been able to stabilize 
MgSiOs perovskite to temperatures up to 
1253 K at constant pressure and to study the 
evolution of its crystal structure by x-ray 
diffraction. The experiment was performed 
in a DIA-6-type cubic-anvil apparatus 
(SAM-85) at the superconducting wiggler 

Table 1. Zero-pressure linear compressibilities of (Mg,Fe)SiOs perovskite at 300 K. Pmax, 
maximum pressure in the measurements; pressure medium: M-E, methanol-ethanol; M-E-W, 
methanol-ethanol-water; Ne, neon; sample form: SC, single crystal; P, powder. References (7), (S), 
and (11) give angle-dispersive x-ray data from the diamond cell; (16) gives Brillouin spectroscopy 
data at 1 bar. 

P., 
(TPa-1) 

1.31 
1.41 
1.30 
1.29 
1.29 

(TPa-1) 

1.20 
1.07 
1.04 
1.05 
1.03 

(TPa-1) 

1.56 
1.57 
1.24 
1.33 
1.31 

p 
* max 

(GPa) 
0 

10 
13 
30 
7.3 
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0 
0 
0 
0 to 0.2 
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— 
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M-E, Ne 

Ne 
NaCl 
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ple 

SC 
SC 
SC 
P 
P 
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beam line (X-17) of the National Synchro- 
tron Light Source (12). The perovskite spec- 
imen was synthesized in a 2000-ton uniaxial 
split-sphere apparatus (USSA-2000) at 26 
GPa and 2273 K (10). A pellet of the 
polycrystalline sample, 1 mm in diameter 
and 0.4 mm in length, was placed in a cell 
assembly described in (13). T o  reduce non- 
hydrostatic stress in the assembly, we em- 
bedded the specimen in NaCI, which also 
served as a pressure calibrant (14). During 
the experiment, we first applied pressure at 
300 K, and then elevated temperature under 
constant load; no drop in pressure was 
observed during heating. Energy-dispersive 
x-ray diffraction spectra were collected at a 
20 of 7.5" with a Ge(Li) detector and a 
multichannel analyzer. The diffraction ge- 
ometry provided sufficient resolution t o  
quantify the Pbnm distortion of the silicate 
perovskite; in most cases, at least eight dis- 
tinct peaks, 11 1, 020, 112, 200, 113, 040, 
224, and 400, were used to refine the cell 
parameters at a given pressure-temperature 
condition (15). At 300 K, the Pbnm distor- 
tion increased with pressure to 7.3 GPa, in a 
manner similar to that shown by single 
crystal (7, 8) and synchrotron powder x-ray 
(11) data obtained with the diamond cell 
and under hydrostatic pressure (Table 1). 
The general trend of the cell-edge compress- 
ibilities (P) P, ? P, > P,, is consistent in 
most of these studies. The pressure scale that 
we used may be somewhat different from 
those in the diamond cell studies because of 
different pressure distribution and diffrac- 
tion geometry; however, the agreement sug- 
gests that the effects of deviatoric stress in 
our experiment were insignificant (1 7). 

At 7.3 GPa, we observed a structural 
phase transition in MgSiO, perovskite near 
600 K and measured the isobaric thermal 
expansion up to 1253 K. As the specimen 
was heated, most of the observed d-spacings 
changed systematically with temperature to 
573 K. In contrast, the d-spacings increased 
sharply between 573 and 623 K. The d-spac- 
ings for the doublets 1101002 and 2201004 
decreased slightly from 400 to 573 K and 
then shifted abruptly to higher values at 623 
K in association with a dramatic decrease in 
peak intensity. A particularly interesting ex- 
ample is the change in spacing of a minor 
reflection with an observed d-spacing (do,,) 
of 1.5 A (Fig. 1). Below 573 K, the reflec- 
tion can be satisfactorily assigned to the 
Pbnm planes 131 and 310 (dl,, and d,,, in 
Fig. 1). Above 623 K, however, when an 
attempt is made to refine the cell parameters 
in the Pbnm space group, all of the calculated 
dl,, and d, ,, systematically deviate from the 
observed values; the discrepancy is three to 
five times the estimated error. This disagree- 
ment clearly indicates that the high-temper- 

d,,;(d,;) above 62i1( in- I - 
. , 8 , ..---A 

dicates that the P b n m  space 300 500 700 900 1100 
group is incompatible with 
the crystal structure and that Temperature (K) 

Fig. 1. Variation of a minor 1516 

a struktural phase transition 
has occurred near 600 K. Vertical bars are estimated standard errors in measuring d,,,,, (15). 

reflection do,, (solid circles) 
observed in MgSiO, perovs- 

ature phase is incompatible with the space 
group Pbnm. 

The above observations indicate that a 
structural phase transition occurs in MgSiO, 
perovskite near 600 K at 7.3 GPa. Despite 
this transition, the diffraction spectra can still 
be indexed on the basis of the Pbnm space 
group if reflections such as those from the 
131 and 310 planes discussed above are ex- 
cluded. We indexed the spectra from 300 to 
1146 K in this manner; the resultant or- 
thorhombic cell parameters a, b, and c all 
increase abruptly between 573 and 623 K, 
and the corresponding unit-cell volume in- 
creases by about 0.7% in this temperature 
interval (Fig. 2). Both below and above 623 
K, the cell volume increased linearly with 
temperature, with volumetric thermal expan- 

. , r , . . -  

2 
q 

sivities (a,,) of 1.44 x 1 0 - h d  1.55 X 

K-', respectively (18). At 7.3 GPa, the per- 
ovskite-type structure was retained up to 
1253 K, above which the sample became 
amorphous and then rapidly recrystallized 
into the low-pressure enstatite phase. The 
temperature range of the volume determina- 
tions used to calculate a,, is about 400 K 
greater than in earlier studies. 

Our low-temperature data ( 4 7 3  K) ob- 
tained at elevated pressure are in excellent 
agreement with the single-crystal x-ray dif- 
fraction data for MgSiO, (6) and synchro- 
tron x-ray powder-diffraction data for 
Mg,,,Feo,lSi03 (9) obtained at atmospheric 
pressure (Fig. 3). A more interesting com- 
parison is with the data for Mg,,,Fe,, ,Si03 
perovskite obtained by Mao et a / .  (11) at 

161 / Volume (A3) 

lute as a function of temper- 1 512 ; O A A  

ature at 7.3 GPa. Squares - $ A m  A 

and triangles are, respective- 2 

Fig. 2. Unit-cell parameters, from i 

top to bottom, a, b, c, and V of 
MgSiO, perovskite as a function of ...+ ..+ -. 
temperature. The discontinuity in 158 

all the parameters between 573 and 
623 Error K bars indicates represent a phase 1 SD. transition. 300 i 500 700 900 1100 

Temperature (K) 

ly, calculated dl,, and d,,, .E 
for the refined Pbrrrn cell pa- 1 508 

rameters in Fig. 2. Below P 
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high pressures. Assuming that the effects of 
pressure and temperature can be treated 
~dividually, we hake corrected their data to 
7.3 GPa using their room-temperature 
equation of state. These data agree remark- 
ably well with ours (Fig. 3) and exhibit a 
similar volume increase between 573 and 
623 K. This comparison demonstrates that 
the behavior we bbserved in MgSiO, per- 
ovskite is also exhibited by iron-containing 
perovskite at higher pressures. 

Knittle et a/. (4) obtained unit-cell vol- 
umes of a Mgo~,,Feo~l,SiO, perovskite at 1 
bar to 840 K (Fig. 3). Their volume versus 
temperature data exhibit a significant con- 
cave-upward curvature above 500 K, which 
was interpreted as indicating an increase of 
a,, to an average value of 4 x lop5 K-' 
between 450 and 840 K. The concave cur- 
vature of their data falls in the temperature 
range near the phase transition observed in 
our experiments. In consideration of the 
large uncertainties in both their volume and 
temperature measurements, the agreement 
with our data is good up to 840 K, above 
which their sample reverted to the low- 
pressure enstatite phase. Our data above 850 
K strongly indicate that the concave behav- 
ior between 600 and 840 K does not repre- 
sent high-temperature thermal expansion of 
the silicate perovskite; instead, the agree- 
ment of their observed volume change with 
ours leads us to conclude that their data 
above 550 K also reflects the presence of a 
phase transition. 

Inasmuch as the high-temperature (high- 
entropy) phase is the larger volume phase, 
the Capeyron slope must be positive. How- 
ever, within the resolution of all of the 
available data, no increase in transition tem- 
perature with pressure is required. We inter- 
pret these varied data to indicate that the 
phase transition is independent of iron con- 
tent as well as whether the starting sample 
was synthesized in a laser-heated diamond- 

Fig. 4. The dependence of the iron content of the 
earth's lower mantle at 1071 km depth on model 
parameters including thermal expansion (a,,), 
buk modulus (KO) and its pressure derivative 
[(dKldP),], and the ratio of divalent to tetravalent 
cations (MgISi), which ranges from 1.0 (pyroxene 
stoichiometry) to 2.0 (olivine). The density at this 
depth is 4.621 g ~ m - ~ ,  and pressure is 41.86 GPa 
[from the PREM model (24)l. The temperature 
at this depth is set at 2004 K (25). Arrowheads 
indicate our preferred model values. The high- 
temperature phase is assumed to be stable at 1071 
km with a room-temperature molar volume of 
24.725 cm3 [= ~ ~ " ~ " " ' ( 1  + 0.7%)]; KO = 246.5 
GPa (16); (dKldP), = 4. With these parameters 
we infer an iron-content of 10.4% at 1071 km by 
matching the seismic density. 

anvil cell at relatively high pressures and 
temperatures (4, 11) or in a large-volume 
press at correspondingly lower pressures and 
temperatures [ ( 6 ,  9); this study]. Further- 
more, Knittle et al.'s observation that the 
volume increase was reversible on cooling 
from 820 K [see figure 1 of (4)] implies that 
the phase transition causing this volume 
increase is reversible (Fig. 3) on the time 
scale of the laboratorv ex~eriment. 

i I 

The chemical composition of the earth's 
lower mantle can be constrained by compar- 
ing the seismically derived density with that 
calculated from an eauation of state. This 
comparison primarily bounds the iron con- 
tent of the lower mantle. The accuracy of the 
conclusion is mostlv limited bv the uncer- 
tainty in the thermal expansion coefficient of 
the constitutive material (4, 19, 20, 21) (Fig. 

4), whereas uncertainties in the zero-pres- 
sure bulk modulus (KO) of the perovskite 
phase and its pressure derivative [(dKldP),], 
as well as the silica content (indicated by the 

Fig. 3. Comparison of the 
present volumetric ther- 
mal expansion with ear- 1 02 
lier measurements on 
Mgl -,F~,SIO, perovsklte. 
All of the available data in- 

MgISi ratio), do not have a large effect on 
the deduced iron content (variations shown 
in Fig. 4 are for a reference point in the 

: 

lower-mantle arbitrarily chosen i s  a depth of 
1071 km). Our preferred model of these 
parameters (given by the arrowheads in Fig. 
4 including a,, = 1.5 x lo-"-' for the 
high-temperature phase from this study) 
corresponds to an iron content of 10.4% for 
a pyrolite stoichiometry (22). This iron con- 
tent is consistent with that deduced for the 

dicate that an abrupt in- 
crease in volume occurs ' O1 

upper 'mantle; thus, a chemically layered 

near 600 K, consistent wlth 
the phase transition ob- 
sewed In thls study. For 
clarity, only data from (4) 1 00 
(x = 0.12, open triangles) 
are shown with errors; er- 

model is rendered unnecessary. 
The conclusion of Jeanloz and Knittle 

1 asm 0 om0@ 

[(19); see also (4)] that the lower mantle 

rors reported in (6) (x = 0, 0 200 400 600 800 1000 1200 
open squares) and in (9) Temperature (K) 
(x = 0.1, open clrcles) are 
about the size of the symbols. Data of (1 1) (x = 0.1, solid triangles) are corrected to a constant 
pressure (7 3 GPa) to be compatible with the other studies, data below 550 K were obtained at 
P > 21 GPa, those above 650 K at P < 15 GPa Dotted llnes are the best fit of our data (solld clrcles) 
below and above 600 K. 

must have a greater iron content than the 
upper mantle rests mainly on their preferred 
value of a,, = 4 x lop5 K-' for the high- 
temperature therhal expansivity of silicate 
perovskite. However, several studies have 
shown that the upper mantle composition 
would be compatible with the seismic prop- 
erties of the lower mantle if 
a,, 5 2.5 x lo-' K-I for the perovskite 
phase (20, 21, 23). We have demonstrated 
that the results of the experiments on which 
the high values of thermal expansion are 
based are probably misleadini because of 
the presence of a phase transition (4, 11). 

Thermal expansion will generally decrease 
with pressure and increase with temperature 
(23);-both effects have been ignored in our 
calculations. Furthermore, Wang et a/. (10) 
provided evidence that MgSiO, perovskite 
may undergo additional phase transitions to 
tetragonal br cubic symmetry under mantle 
conditions. Such changes may yield an effec- 
tive thermal ex~ansion that is much different 
than those we have determined. Knowledge 
of the composition of the lower mantle must 
still await definitive experiments that moni- 
tor volume under the pressure and temper- 
ature conditions of the lower mantle. None- 
theless, all current data that pertain to the 
equation of state can be rationalized with no 
change in chemical composition between 
the upper and the lower mantle. Thus, on 
the basis of density considerations, we find 
no evidence of a chemical barrier to convec- 
tion across the upper to lower mantle 
boundary. 
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Field-Based Evidence for Devolatilization in 
Subduction Zones: Implications for Arc Magmatism 

Metamorphic rocks on Santa Catalina Island, California, afFord examination of 
fluid-related processes at depths of 1 5  to 4 5  kilometers in an Early Cretaceous 
subduction zone. A combination of field, stable isotope, and volatile content data for 
the Catalina Schist indicates kilometer-scale transport of large amounts of water-rich 
fluid with uniform oxygen and hydrogen isotope compositions. The fluids were 
liberated in devolatilizig, relatively low-temperature (400" to- 600°C) parts of the 
subduction zone, primarily by chlorite-breakdown reactions. An evaluation of perti- 
nent phase equilibria indicates that chlorite in m&c and sedimentary rocks and 
melange may stabilize a large volatile component to great depths (perhaps > l o 0  
kilometers), depending on the thermal structure of the subduction zone. This evidence 
for deep volatile subduction and large-scale flow of slab-derived, water-rich fluids 
lends credence to models that invoke fluid addition to sites of arc magma genesis. 

UBDUCTION TRANSFERS VOLATILE- 

rich, hydrothermally altered igneous 
rocks produced at mid-ocean ridges 

and sediments deposited on the sea-floor 
abyssal plain and in trenches to the upper 
mantle. At deep levels in subduction zones 
(>15 km), volatiles released by metamor- 
phic devolatilization reactions play key roles 
in the geochemical evolution of the slab- 
mantle interface and in the overlying mantle 
wedge. Petrologic relations and trace ele- 
ment and isotopic systematics in arc volcanic 
rocks suggest that water-rich fluids flux par- 
tial melting in the source regions of arc 
magmatism [depths of 80 to 150 km (I)]  
and contribute slab-derived chemical com- 
ponents to such regions [radiogenic isotopic 
signatures of Pb, Sr, and Be, and trace 
elements (Z)] . 

Direct field-based studies of the effects 
of fluid production and transport at depths 
>15 km have been lacking. Evaluations of 
the significance of fluid processes at great 
depths in subduction zones have been lim- 
ited to the study of indirect products of 
subduction (arc volcanic rocks) and to the- 
oretical models of thermal evolution and 
devolatilization (3, 4). Exposures of blue- 
schists, eclogites, and other associated meta- 
morphic rocks record relatively high-pres- 
sure, low-temperature conditions present in 
subduction zones at depths of 15 to 90 km 

Geophysical Laboratory, Carnegie Institution of Wash- 
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(4, 5) .  They generally contain abundant 
veins and other evidence for fluid mobility 
and metasomatic interactions during meta- 
morphism. These terranes allow direct as- 
sessments of volatile reservoirs in subducted 
rocks, of progressive volatile release during 
metamorphism, and of fluid transport mech- 
anisms during subduction. In this report, I 
present stable isotope and field evidence, 
from blueschist and higher grade metamor- 
phic rocks of the Catalina Schist (Santa 
Catalina Island, southern California). These 
data record the effects of progressive devol- 
atilization and large-scale fluid transport at 
depths of 15 to 45 km in an Early Creta- 
ceous subduction zone and, together with 
considerations of plausible subducted vola- 
tile reservoirs and rock pressure-temperature 
(P-T) histories, allow inference of the de- 
volatilization history in deeper parts of sub- 
duction zones and its relevance to arc mag- 
matism. 

The Catalina Schist consists of three ma- 
jor metamorphic-tectonic units juxtaposed 
along low-angle faults (6). The structurally 
lowest, lawsonite-albite to blueschist facies 
unit is composed primarily of metasedimen- 
tary rocks, with lesser amounts of metamor- 
phosed mafic and ultramafic rocks. This unit 
is structurally overlain by a unit that ranges 
in grade from glaucophanic greenschist to 
epidote amphibolite and consists primarily 
of metamorphosed mafic and sedimentary 
rocks. The structurally highest unit is am- 
phibolite grade and contains metamafic and 
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