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SHOCK COMPRESSION OF SINGLE-CRYSTAL FORSTERITE 
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Abstract. Dynamic compression results are re- 
ported for single-crystal forsteritc loaded along 
the orthorhombic a and c axes to pressures from 
130 to 165 GPa. Hugoniot states for the two axes 
are well described by a single curve offset to 
densities 0.15-0.20 g/cm 3 lower than earlier data 
for single-crystal forsteritc shocked along the b 
axis above 100 GPa. Earlier data of Syono et al. 
[ 1981a] show marginal support for similar b-axis 
behavior in the mixed-phase region from 50 to 92 
GPa. Thus shocked forsteritc is most compressible 
in the b direction for the mixed-phase and high- 
pressure regimes (P>50 GPa). These data represent 
the highest pressures for which shock properties 
have been observed to depend on crystal orienta- 
tion. Theoretical Hugoniots for mixed-oxide and 
perovskite-structure high-pressure assemblages of 
forsteritc calculated from recent experimental 
data are virtually identical and agree with the 
b-axis data. The a-and c-axis data are also con- 

sistent with both high-pressure assemblages be- 
cause uncertainties in equation of state parame- 
ters produce a broad range of computed Hugoniots. 

Our 3calculated "average" Hugoniot is up to 0.13 
g/cm less dense than the preferred theoretical 
Hugoniots, in agreement with earlier measurements 
on dense polycrystalline forsteritc. Interpola- 
tion between the single-crystal forsteritc Hugo- 
niots and Hugoniots for fayalite and Fo gives 

Fo88 Hugoniots bracketing TWin Sisters45dunite 
data not previously well fit by systematics. Re- 
lease paths are steep for the a and b axes but 
c-axis release paths are much shallower. Hugo- 
niot elastic limits measured for the a and b axes 

are in good agreement with previous data of Syono 
et al.; however, the present data for the a axis 
reveal a triple wave structure: two deformational 
shock waves as well as the elastic shock, a fea- 
ture not previously found. The second shock, with 
amplitude about 9 GPa and a shock temperature of 
about 350 øK, could perhaps be explained by the 
forsteritc •->•or • phase transformation. 

In troduc t ion 

Magnesium-rich olivines are believed to be the 
dominant mineral component of the upper mantle. 
Acquisition of data on the high-pressure behavior 
of olivines is of great importance For interpret- 
ing mantle velocity and density profiles derived 
from inversion of seismic travel time and normal 

mode data. Until recently, experimental pressures 
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comparable to those in the lower mantle below 670 
km could be reached only in shock-wave studies 
such as those o• Trunin et al. [1965], McQueen et 
al. [1 967], and Ahrens and Petersen [1969] on 
natural forsteritc-rich olivines; McQueen and 
Marsh [1966] and Ahrens et al. [1971] on synthet- 
ic forsteritc aggregates of 2-5• porosity; Mc- 
Queen [1 968 ] and Marsh [1 980] on synthetic for- 
sterite aggregates of less than 1% porosity; and 
Jackson and Ahrens [1 979 ] and Syono et al.[ 1981a] 
on synthetic forsteritc single crystals. In gen- 
eral, these data at pressures over about 80 G•Pa 
were interpreted as consistent with an isochemi- 
cal mixture of oxides, (Mg,Fe)O (rock salt struc- 
ture) and SiO (stishovite) [Birch, 1952], al- 
though Jeanlo2z and Ahrens [1977] and Jackson and 
Ahrens [1 979 ] argue for high-pressure phases of 
olivines denser than the simple close-packed ox- 
ide mixture. 

In recent years, this high-pressure region of 
olivine has become accessibIe to static compres- 
sion studies combined with in situ X ray •ork. 
Results of Liu [1 975, 1976a, b], Itc [1 977], Mac 
et al. [1 977], and Sawamoto [1 977] demonstrate 
that at pressures and temperatures relevant to 
the mantle below 670 kin, magnesium-rich olivines, 
pyroxenes, and garnets transform to mixtures of 

(Mg,Fe)O and (Mg,Fe)SiO• (perovskite structure) 
several percent denser th•n the isochemical ox- 
i des. 

Several shock recovery experiments have been 
performed to seek evidence for formation of this 
high-pressure perovskite-structure(pv) phase in 
shocked olivine. Jeanloz et al. [1977] observed 
formation of glassy regions associated with areas 
having high dislocation density in single-crystal 
peridot shocked above 56 GPa and speculated that 
this glass may have formed upon retransformation 
of a high-pressure phase upon reIeasing from peak 
shock pressure. Jeanloz [1980] undertook optical 
and electron microscopic and infrared spectro- 
scopic studies of recovery products of single- 
crystal peri dot loaded to pressures up to 76 GPa 
and found no evidence to support formation of a 
high-pressure phase. There was extensive plastic 
deformation but no trace remanent high-pressure 
phases, shock-induced melting, recrystallization 
or recovery cn unloading. From this result, Jean- 
loz proposed a crystallographically-based model 
for the shock behavior of olivine that did not 

require a reconstructive phase transformation. In 
the model the olivine crystal could be viewed as 
sets of nearly hexagonally close-packed sheets of 
oxygen ions with the hexagonal axis along the 
olivine orthorhombic a axis and the cations in- 

terlayered among the oxygen layers. Shock com- 
pression distorts the oxygen layers around the 
intervening cations and leads to the observed 
high H•goniot densities. The model predicts that 
olivine will be most compressible along the a ax- 
is, with lower, but roughly equal, compressibili- 
ties for the b and c axes. 
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Syono et al. [1981b] carried out transmission and 6.3 km/s. Projectile velocities were measured 
electron microscopy, electron diffraction, and using two 15-ns duration flash x-ray sources and 
chemical work on single-crystal forsterite loaded 0.01-ps electronic counters to record the inter- 
to pressures between 78 and 92 GPa and found for- flash time interval over a path of about 350 mm 
mation of precipitates with MgO composition and immediately in front of the stationary target as- 

glassy regions of about MgSiO• composition. They sembly. Accuracy of the projectile velocities was 
interpreted this as either production of MgSiO• --+0.2% except for shot 090, where triggering er- 
(pv) and MgO at high pressures or as incongruenC rors necessitated the use of much lower precision 
melting of forsteritc to produce MgO crystals and timing data, resulting in a projectile velocity 

MgSiO• melt. Jakubith and Seidel [1982] shocked uncertainty of -+6%. The quartz arrival mirrors 
an c•phacitic eclogite (58• omphacite, 17% kyan- were illuminated with a Xenon lamp and observed 
itc, 17% garnet and 4% quartz) and, using X ray with a TRW image converter streak camera writing 
diffraction on the recovered material, inferred on Royal X film at 30 m/ps. The streak records 
the presence of MgSiO•(pv). were calibrated using a modulated laser beam pro- 

Thus, while the •vidence for formation of a ducing timing marks at 16 2/3 ns intervals on the 
high-pressure phase with perovskite structure in film. Additional details appear in Jackson and 
shock-compressed olivines is not unambiguous, the Ahrens [ 1979] and Jeanloz and Ahrens [ 1980]. 
available data, combined with static compression All streak records were scanned with a micro- 
results, are fairly compelling. The lower mantle photometer, and arrival mirror reflection cutoffs 
below 670 km may well be dominated by perovskite- were used to compute the sample and buffer mirror 
structure silicates, although Anderson [1977] and transit times from linear or quadratic least 
Jeanloz and Thompson [1 983 ] argue that an olivine squares fits to the photometer scans. Corrections 
(spinel)-perovskite transition alone is insuffi- were applied for projectile tilt and bowing and 
cient to account for the sharpness of the 670 km for nonlinear streak camera writing rate, as re- 
discontinuity. Jeanloz and Thompson support the quired. These effects are described in detail by 
presence of a chemical discontinuity as well. An- 
derson [1 970], Anderson et a1.[1971 ], Gaffney and 
Anderson [1973], Burdick and Anderson [1975], and 
Butler and Anderson [1978] argue for a lower man- 
tle enriched in silicon relative to the upper 
mantle, a conclusion supported by results of Watt 
and Ahrens [1 982], based on current high-pressure 
data. 

In this paper, we present results for s%ngle- 

Jackson and Ahrens [1979] and Jeanloz and Ahrens 
[ 1980]. Sample and buffer shock wave velocities 
could thus be determined to within 1-2%. HugOniot 
and partial release state particle velocities, 
densities, and pressures were computed using the 
impedance matching technique and the Riemann in- 
tegral approximation [Rice et al., 1958; Lyzenga 
and Ahrens, 1978; Jeanloz and Ahrens,1979]. Equa- 
tion of state data for tantalum were taken from 

crystal forsterite shock-loaded along the a and c McQueen et al. [1970] and for fused quartz from 
axes to pressures up to 165 GPa. Combining these Wackerle [1962] and Jackson and Ahrens [1979 ]. 
data with b-axis results of Jackson and Ahrens 

[1979], we can test the prediction of Jeanloz's 
[1980] model that olivine should be most compres- 
sible along the a axis. We also compare our data 
to a high-pressure phase Hugoniot calculated from 
static compression and ultrasonic data on MgO and 

MgSiO•(pv). We find that a- and c-axis Hugoniots 
are •ssentially coincident and displaced to den- 
sities 0.15-0.20 g/cm 3 lower than those for the b 
axis. Data for all three axes are consistent w•_th 

formation of either a high-pressure mixed-oxide 
or perovskite-structure assemblage, within the 
uncertainty in the computed Hugoniots. Our pre- 
ferred interpretation, however, is formation of a 
high-pressure assemblage somewhat less dense than 
mixed oxides or perovskites. 

Three experiments were also carried out at low 
pressures in a single-stage 40-ram propellant gun 
to study directional variation of the Hugoniot 
elastic limit (HEL) of forsterite to compare with 
the extensive low-pressure shook-wave work of By- 
ono et al. [1981a]. Raikes and Ahrens [1979] re- 
ported an HEL measurement of single-crystal for- 
sterite shocked along the c axis. In the present 
work, one sample of forsteritc was shocked along 
the b axis and two along the a axis. The elastic 
precursor to the shook wave was detected using an 
inclined mirror mounted on top of the sample. De- 
tails of the technique are given by Ahrens et al. 
[1968, 1971] and Raikes and Ahrens [1979]. 

Results and Discussion 

Experimenta I De ta ils 

The experiments were executed Lu a manner sim- 
ilar to those of Jackson and Ahrens [1979]. Syn- 
thetic forsterite single crystals (Union Carbide 
Corporation, Crystal Products Division) were used 
with the shook propagation direction along either 
the orthorhombio a or c axis (b <c <a ). Sample 

o o o 
densities were measured by Archimedes technique 

with immersion i• toluene. The average density 
was 33.226 g/cm J; standard deviation was 0.002 
g/cm (6 samples). The samples, 2.8-3.3 mm thick, 
were lapped to within +0.002 mm of uniform thick- 
ness and mounted on 0.5-ram-thick tantalum driver 

plates with an array of fused quartz arrival mir- 
rots. Lexan projectiles with 1.5 to 2.5-ram-thick 
tantalum flyer plates were acoeleratated in a 
two-stage light-gas gun to velocities between 5.3 

Table 1 lists the measured sample densities, 
projectile velocities, and sample and buffer mir- 
ror shook wave velocities, as well as the calcu- 
lated Hugoniot and partial rel•.ase states for the 
experiments with shook propagation along the for- 
sterite a and o axes (three shots for each direc- 
tion). Figure 1 shows sample shock wave velocity, 
u_, versus sample particle velocity, u . Also in- 
o•uded are data of Jackson and AhrensP[1979 ] for 
shook propagation along the b axis, the single- 
crystal forsterite measurements of Syono et al. 
[1981a] for propagation along all three axes, and 
dense polycrystalline (porosity < 1%) forsterite 
data of McQueen [1968] and Marsh [1980] at low 
particle velocities. The data at particle veloci- 
ties over 3.5 km/s are well described by straight 
lines with slopes greater than the straight line 
fitting the lower velocity data and are oonven- 
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tionally interpreted as representing a high-pres- 
sure phase. The a- and c-axis data are displaced 
to lower particle velocities relative to the b- 
axis data of Jackson and Ahrens, although slopes 
of the two straight line segments are the same. A 
linear least squares fit to the b-axis data gives 
u = 4.87(+2.48) + 1.37(+0.18)u with a correla- 
tion ooef•cient of 0.9--7 (4 p•ints), while the 
fit to the combined a- and c-axis data, omitting 
the uncertain datum at u = 4.20 km/s (shot 090) 
is u = 5.60(+1.22) + 1.3•(+0.08)u with a corre- 
lation coeffi•ient of 0.99-(5 dat•). The line at 
particle velocities below 2.0 km/s is a linear 
least squares fit of Syono et al.[1981a] to their 
single-crystal data. There is no directional de- 
pendence evident in these previous data and, ac- 
cordingly, the sample orientations are not given 
in the figure (Fig. 2 of Syono et al. distin- 
guishes the three axes). 

Figure 2 shows the calculated Hugoniot states 
for the present a-and c-axis experiments as well 
as the b-axis data of Jackson and Ahrens [1979], 
the single crystal data of Syono et al. [1981a] 
and Raikes and Ahrens [1979], and the dense poly- 
crystal data of MoQueen[ 1968]. The curves are for 
visual convenience only. The a-and c-axis data 
offset in Figure 1 produces a displacement of the 
Hugoniot to lower densities relative to the b-ax- 
is Hugoniot. To insure that this difference be- 
tween the a- and c-axis and b-axis results was 

not the result of bias in reading the shook-wave 
records, the streak records for the b-axis exper- 
iments reported by Jackson and Ahrens were rean- 
alyzed using the same methods as for the a-and-o 
axis experiments. Our reanalysis of the b-axis 
records yielded Hugoniot states in agreement with 
those determined by Jack son and Ahrens with in one 
standard error, except for the points at 98 and 
122 GPa, which agreed within two standard errors. 
Thus we conclude that at pressures above 100 GPa, 
single-crystal forsterite is most compressible a- 
long the b axis, with lower, but nearly equal, 
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Fig. 2. Hugoniot states for single-crystal for- 
sterite shocked along the three orthorhombic axes 
and for dense polycrystals in three regimes. The 
b-axis data of $yono et al.[1981a] are indicated. 
Greatest compressibilty for the mixed-phase and 
high-pressure regions occurs along the b axis. 
Curves are for visual convenience only. 

compressibilities for the a and c axes. This dis- 
agrees with the crystallographic model of Jeanloz 
[ 1980] that predicts highest compressibility for 
the a axis. 

Careful examination of the single-crystal for- 
sterite data of Syono et al. [1981a] to pressures 
up to 92 GPa provides marginal evidence of direc- 
tional dependence in agreement with our results. 
The b-axis data of Syono et al. are indicated in 
Figure 2 and, in general, lie at densities higher 
than those reached by the a-and c-axis samples• 
there is no obvious distinction between the a- 

and c-axis Hugoniot data. The estimated density 
error in the data (+1%) is just under twice the 
width of the plotted crosses, so that the direc- 
tional dependence is not obvious from their data 
alone, but taken with our high-pressure results, 
produce a consistent picture of greater b-axis 
compressibility above pressures of 50 GPa. 

Directional dependence for dynamic properties 
has been observed earlier in single-crystal cal- 
cite, ilmenite, and sodium chloride. Ahrens and 
Gregson [1964] found that calcite is most com- 
pressible when shocked along the trigonal (z) ax- 
is to pressures of 25 GPa. Calculation of com- 
pressibility •(i) along the i axis from single- 
crystal elastic constant data of Dandek•r a.• 

and •(z = 8.2 x 1 - a , agreement with 
the shock observation..Thus, the relative com- 
pressibilities of the calcite axes persist across 
the three calcite phase transformations observed 

in the dynamic experiments. King and Ahrens[1976] 
observed that single-crystal ilmenite shocked to 
70 GPa was most compressible along the trigonal 
axis, in agreement with static compression data 
of Liu et al. [1 974] for a magnesian ilmenite. 
Additionally, shock-compression data for single- 
crystal sodium chloride [Fritz et al., 1971] in- 
dicate that the pressure at which the B1-B2 dis- 
placive transition occurs under shock varies with 
shook propagation direction. We note that in cal- 
cite and ilmenite, directional dependence occurs 
throughout the whole pressure range of the exper- 
iments, while the forsterlte data of Syono et al. 
[1 981a] show no marked dependence on shook propa- 
gation direction from the Hugoniot elastic limit 
to the start of the mixed-phase region around 40 
GPa and even beyond. 

The present ollvine observations represent the 
highest pressures at which directional dependence 
of shook properties has been found. At pressures 
so far above the elastic limit of olivine• 6-13 
GPa [Syono et al., 1981a], the hydrostatic ap- 
proximatlon should be well satisfied and direc- 
tional dependence w•uld not be expected. One pos- 
sible explaration could be sluggish reaction ki- 
netics along the a and c axes compared to the b 
axis, although again the high pressures make this 
rather unlikely, and our a- and c-axis data show 
no evidence for compression approaching the b-ax- 
is values, even at 160 GPa. Additional recovery 
studies similar to that of SYono et al. [1981b] 
may indicate whether or not the amount of trans- 
formation products at a given pressure is direc- 
tion depend ent. 

The partial release paths for the a-axis shots 
(not plotted in Figure 2 for clarity) are steep, 
and similar to those found by Jackson and Abrens 
for the b axis, implying persistence of the high- 
pressure phase as the samples unload. The c-axis 
release paths, on the other hand, are much shal- 
lower than for the other axes, suggesting more 
rapid reversion of the high-pressure phase as the 
samples begin to unload. Thus it seems that there 
is different behavior upon release from similar 
Hugoniot states, depending cn the axis involved. 

We now compare our high-pressure Hugoniot data 
for olivine with theoretical Hugoniots for mixed- 

oxide and MgO + MgSiOB(pv) assemblages calculated 
from ultrasonic, static compression, and Brillou- 
in scattering data. Table 2 lists the equation of 

state data used for MgO, Si02(stishovite), and 
MgSiO•(pv) and the combined values for oxide and 
perovgkite assemblages. The K and •K/•P data for 
MgO are the values of Spetzl•r [1970] as well as 
recent shock wave and ultrasonic •ork of Vassi- 

liou and Ahrens [1981] and Jackson and Niesler 
[1 982]. The zero-pressure Graneisen parameter, 

7o' is that of Anderson and Andreatch [1966]. We 
assume that the Graneisen parameter varies with 
volume as 7/y_ = (p /p)n and take n=l .5, with a 

o 
large uncertain•y (see Davies [1974] for typical 
values of n for close-packed oxides). The K val- 
ue for stishovite is the average of the te•rago- 
nal polycrystalline Hashin-Shtrikman bounds [Watt 
and Peselnick, 1980] calculated from the Brillou- 
in scattering single-crystal elasticity data of 
Weidner et al. [1 982]. Weldher et al. concluded 
that their Brillouin data, combined with isother- 
mal hydrostatic compression results, suggest that 
•K/•P for st ishovite is lower than for other ru- 
tlie-structure oxides. Ultrasonic values of •K/•P 
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TABLE 2. Forsteritc Equation of State Parameters for 
Theoretical High-Pressure Phase Hugoniots 

sic_ sio.) (stis•.) (percy +SiO 2 +•gSiO 3 

, g/am 3 
KPøo, GPa 
•K/•P, 

dimensionles s 

•ø• imensionl es s 
n, 

dimensionles s 

Etr, kJ/g 

3.584 4.29 4.10 3.86 3.94 
163. 316. 260. 21 1 . 224. 
(+1 .) (+1 .) (+20.) (+12.) (+12.) 

4.1 4. 4. 4.1 4.0 

(+o.2) (+l .) (+1 .) (+o.5) (+o.7) 
1.54 1.5 t .0 1.0 1.0 

(+o.•) (+o.5) (+o.5) (+o.5) 
1.5 1.5 1.5 1.5 1.5 

(+0.5) (+o.5) 
- - - 1.0 1.0 

(+0.5) (+o.5) 
__ 

for SnO_, GeO_ and TiO_ are 5.13, 6 15 and 6.80, 
•especti•ly [•hang andZGraham, 1975i. According- 
ly, we rodopt stishovite •K/•. • as 4 + 1 (see also 
Bass et al [1981 ]). The values of p , K , and 
•K/•P for MgSiO•(pv) are those due to Y•gi eøt al. 
[1979a, hi. We dalculate zero-.Pressure properties 
for oxide and perovskite assemblages from the 
values for the separate components. The elastic 
toodull are averaged using the Voigt-Reuss-Hill 
two-phase average; Hashin-Shtrikman bounds cannot 
be used because they require the shear moduli of 
the phases. The oxide and perovskite zero-pres- 
sure GrRneisen parameter is found from shock-wave 
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Fig. 3. Calculated Hugoniots for forsterite com- 
pared with observed data. In the high-pressure 
regime, dashed curves are for mixed oxides, solid 
curves are for a perovskite-structure assemblage. 
Heavy curves were calculated using the preferred 
values in Table 2; light curves include combined 
uncertainties in the equation of state parame- 
ters. The "average" curve was calculated using 
equation (1) ß 

measurements on slightly porous forsteritc (R. G. 
McQueen, personal communication, 1981) to which 
we assign a large uncertainty. We use the esti- 
mate of Jackson and Ahrens [1979 ] for the transi- 

tion energy, E r' We use 'third-order finite •rain theory and 
relate isentropes and Hugoniots through the Gr•- 
neisen parameter; the complete equations appear 
in Jackson and Ahrens [1979 ]. The calculated Hu- 
goniots are shown in Figure 3. The dotted ½]rve 
at low pressures is the theoretical Hugoniot de- 
rived from the ultrasonic forsterite data of Gra- 

ham and Barsch [1 969] and Kumazawa and Anderson 
[1969], collected in Table 3 of Jackson and Ahr- 
ens [1 979 ]. In the high-pressure regime, the 
dashed curves are theoretical Hugoniots for mixed 

oxides; the solid curves are for an MgO + MgSiO 3 (pv) assemblage. The heavy curves were calcula- 
ted from the preferred equation of state parame- 
ters in Table 2; the light curves include com- 
bined uncertainties in all the parameters. 

Both the mixed-oxide and the perovskite assem- 
blage preferred high-pressure H•goniots match the 
b-axis data of Jackson and Ahrens. In their arml- 

ysis, Jackson and Ahrens concluded that a mixed- 
oxide Hugoniot did not lead to sufficiently high 
densities to account for their data. This was a 

result of the high values of stishovite 
(=6) and % (=1.5) used in their amlysis. 

Jacksonøand Ahrens treated t•o possible values 
for MgSiO•(pv) K : an estimate of Liehermann et 
al. [1977]•of 250o+30 GPa based on elasticity sys- 
tematics and a preliminary static compression 
value of Yagi et al. [1 978] of 286+30 GPa. These 
data led to values of K for MgO + MgSiO_(pv) of 
219 and 239+20 GPa respeeøtively, compareditc the 
value of 224+12 GPa used here from the refined 

determination of Yagi et al. [1979b]. The present 
pv assemblage parameters (Table 2), with lower 

•K/•P and • than used by Jackson and Ahre• lead to a preøferred hpp Hugoniot about 0.1 g/am 
denser than the Jackson and Ahrens Nugoniot with 

of 219 GPa and about 0 05 a pv•assemblage K ø . 
g/am • denser than our mixed-oxide Hugoniot. 

The spread tn hpp Hugoniot values when all the 
uncertainties in the equation of state parameters 
are included is large, even with recent reFine- 
ments in stishovite and MgSiO:(pv) data. War a 
given Mugoniot pressure, 50 td 75% of the overall 
density spread is attributable to the uncertain- 



Watt and Ahrens: Shock Compression of Forsterite 9505 

ties in K and •K/•P. Obviously, further refine- 
ment of thøese parameters, especially K/ P, is of 
great interest for more rigorously comparing our 
hpp shock-wave data with extrapolations of static 
compression, ultrasonic, and Brillouin scattering 
data. 

Given uncertainties in the EOS data, we con- 

elude that, at present, the two computed forster- 
ite Hugoniots are essentially identical, as noted 
earlier by Anderson [1 977] and Yagi et al. 
[1 978 ]. The preferred curves are in excellent 
agreement with the b-axis data of Jackson and 
Ahrens. Th• present a- and c-axis data are 0.1 5- 
0.20 g/cm • less dense than the theoretical Hugo- 
niots, but still within the range of uncertainty, 
so neither mixed-oxide nor perovskite-structure 
assemblages can be excluded as explamtions for 

ß Jackson & Ahrens(1979) - Fo(b axis) 
ß Present Results - Fo(a,c axes) 
B McQueen et a1.(1967) - Fo88 

8 ' õ'.B ' 5'.6 ' 6'.0 ' 6'.4 ' 6.8 
•.NS•T¾ (•/•) the new data. We note that there is qo need to 

invoke phase changes to forms denser than the Fig. 4. Summary of shock compression data for 
perovskite structure to explain the forsterite olivines. Fo88 curve is a linear interpolation 
data. This conclusion is supported by shock-wave between the "average" Fo1R 0 curve and Fa. Data 

. for Fo_ and Fa are from McQueen and Marsh[1 966], work on enstatite [J.P. Watt and T.J. Ahrens, 49 
manuscript in preparation, 1983 ]. McQueen et al. [1 967 ], and Marsh [1 980 ]. Also 

We have f.%tted Hugoniots through the a- and shown is a theoretical Hugoniot for FoR8 calcula- 
c-axis data and data at pressures above 90 GPa of ted from third-order Finite strain and-Qltrasonic 
Syono et al.[1981a], McQueen [1 968], Marsh [1 980] and static compression equation of state parame- 
and Jackson and Ahrens [1979 ], excluding the four ters. The Parametric Reference Earth Model (PREM) 
highest b-axis data, to estimate K and •E/•P is given to the core-mantle boundary (CMB). The o 

values required by these lower compressibility line labelled Ap represents the densixty increase 
for a reduction in temperature of 2000 K from the data. With •o' n, and E fixed at the preferred values in Table 2, we f•b•d that K and •K/•P are CMB Hugoniot to lower mantle temperatures. 

207 GPa •and 5.2, resoectively, •o, oxides (p^= 
3.86 g/cm ø) and 253 GPa and 4.•, respectively, 
for a pv assemblage(Pc=3.94 g/cm J) for the 10 da- where p(x) is the Hugoniot density of the x axis. 
ta points used in the fit. These values are by no We plot our calculated <p> in Figure 3 and con- 
means unreasonable. On the other hand, assuming elude that polycrystalline forsterite should, on 
that all the high-pressure phase equation of average, shock load to densities lower than those 
state parameters, except zero-pressure density, of the preferred theoretical Hugoniots. Note that 
for the a- and c-axis samples are the same as the the dense polycrystal data of McQueen [1968] and 
preferred values for a perovskite-structure as- Marsh [1980] at pressures around 100 GPa are con- 
semblage (Table 2), we can find .Pc of the high- sistent with this conclusion, thus giving confi- 
pressure phase needed to satisfy the a- a• c- dence in Hugoniot data obtained from dense poly- 
axis data. We calculate a Pc 9f 3.77 g/cm•com- crystals. We emphasize that this averaging method 
pared to the value of 3.94 g/cm • needed to satis- is simplistic, but given the errors in the exper- 
fy the b axis data and calculated from static imental data, more rigorous averaging treatments 
compression results. Thus the "average" zero- are not warranted. 
pressure density of the high-pressure phase of We estimate the bulk modulus and its pressure 
shock-loaded forsterite is between 3.80 and 3.90 derivative of the high-pressure phase of forster- 
g/cm • and is less than one would expect for an ite by combining our "average" polycrystalline 
MgO + MgSiOR(pv) assemblage. The uncertainties in Hugoniot with dense polycrystal data of McQueen 
the equatiorf of state parameters, however, do not [1968] and Marsh[1980] at pressures above 90 GPa. 
necessarily require such a lowered density. Keeping n, 7 , and E t fixed at their values in 

We can estimate a high-pressure phase Hugoniot Table 2, weøfind th•a• varying the zero-pressure 
of polycrystalline forsterite from the a-, b-, density 3of the high-pressure phase from 3 6 to and c-axis data by using the following simple ap- 3.8 g/cm , the bulk modulus increases from •41 to 
proach. If we consider polycrystalline forsterite 217 GPa, and its first pressure derivative de- 
as a random mixture of single crystals with the creases from 4.9 to 4.0. 
three axes represented in statistically equal We now compare the forsteritc single-crystal 
amounts, the average Hugoniot of the mixture can results with P-p values for the lower mantle de- 
be computed from the mass fraction weighted Hugo- rived From inversion of normal mode and seismic 
niot densities of the three "components" [Ahrens travel time data. In •igure 4, we plot the Hugo- 
et al., 1977]. This method has been shown to re- niot data for single-crystal forsterite, Fo, for 
produce the Hugoniots of rocks whose mineral corn- the three orthorhombic axes. We also include data 
ponents have been well characterized under shook, of MoQueen and Marsh [1966] and Marsh [1980] for 
for example, Westerly granite. Since the a- and fayalite, Fa, (Rockport, Massachusetts, p= 4.28, 
c-axis Hugoniot densities are virtually equal, we compared to 4.38 for stoichiometric fayalite), 
can write an "average" polycrystalline density Fo 4 (dunitc, Mooihoek Mine, Transvaal [McQueen et 
<p> at a given pressure as al. 5 , 1967]), and Fa.•(dunite, Twin Sisters Weaks, Washington [McQueeln z et al., 1967]). Note that 

<p> = 3[2/p(a,c) + 1/p(b)] -1 (1) Jackson and Ahrens [1979] incorrectly take Twin 
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Sisters dunitc composition as FOA 2 rather than account, we find that PR• and our interpolated 
Fo88 [Birch, 1960]. We plot pressur• va. density Fo88 density curves are compatible. In fact, oli- 
for the Preliminary Reference Earth Model (PREM) vi•e compositions of as low as FOB0 are permitted [Dziewonski and Anderson, 1981] in the lower man- by the a-and c-axis Hugoniot data, assuming rain- 
tie to the core-mantle boundary (CMB). imum values for olivine shock temperatures, and 

We calculate •ugoniots for Fo by linear in- compositions as high as FoRa, from the b-axis da- terpolation between the Fo a•8Fa data in Fig- ta and maximum shock temperatures. These values 
ure 4 to compare with bo1• Twin Sisters dunire are lower than Liu's [1977], Watt and O'Connell's 
and the lower mantle. For FO.AA, we use our "av- [1978], and Watt and Ahrens' [1982] •Mg mole frac ] u - 

erage" Fo10 a Hugoniot. The •riking linearity of ticns of 0.90-0.95 in perovskite-structure oli- 
shock properSics of olivines with iron content is vine and pyroxene lower mantles. These studies 
apparent from the fact that interpolation between were based on static compression data for pv and, 
the forsterite single-crystal data and the Fo.45 as can be seen in Figure 4, lead to higher calcu- 
data yields virtually the same Fo•8 Hugoniot (•6 lated lower mantle densities and thus higher WE 
within 0.01 g/ca •) as does interpo•ation between mole .fractions than observed in the shock-wave 
Fo and Fa. The interpolated FoR8 Hugoniot is in experiments. If we use the preferred theoretical 
excellent agreement with the Twi6•Sisters dunire Fo curve and the measured Fo•_ and Fa data• we 
data. If the a- and c-axis Fo1• data and the b- finS• need a compositi6n D between Fo• 1 and that we 

axis Fo• data are used separately, the interpc- Fo96, depending on the size of the temperature 
lated F6• curves closely bracket the Twin Sis- correction, to match PR• densities. 
ters dunitc data. Note that interpolation using Thus, results of shook-wave compression exper- 
only the b-axis data overestimates Twin Sisters iments on olivines suggest that the lower mantle 
densities. The Twin Sisters dunite data have pre- has an iron content similar to the upper mantle, 
viously not been well fit by "systematics" [see where WE mole fractions range from 0.85 to 0.90, 
Jackson and Ahrens, 1979]. or the lower mantle may be enriched in iron by up 

We include in Figure 4 a theoretical •ugoniot to 0.1 •g mole fraction. This is in contrast to 
for Fo•8 calculated from the preferred EOS para- the conclusion of similar, or depleted, lower 
meters for a perovskite-structure assemblage. The mantle iron contents reached from consideration 
error bars include the combined uncertainties in of static compression data on olivines and pyrox- 
• and •/•P. The theoretical Hugoniot yields enes. Obviously, better precision high-pressure 
h•her densities than are found experimentally, studies, especially ones that address thermal 
although the observed data are marginally compa- properties, of olivines are necessary to resolve 
tible with the range of theoretical densities. this discrepancy. 
More static compression studies of perovskite- Table 3 presents the results of the Hugoniot 
structure silicates, particularly investigations elastic limit experiments. To calculate the elas- 
of K and •K/•P, are needed to determine whether tic state, we use the free-surface approximation, 
the a•parent discrepancy between computed and oh- u -- u_ /2, where uf_ is the sample free surface served olivine Hugoniots is real. v•1oci[• determined •rom reflections from the in- 

The present results do not suggest a need for c lined mirror on top of the sample [Rice et al., 
"post-perovskite- phases of olivines as proposed 1958]. We ignore interactions among the various 
by Jeanloz and Ahrens [1977] and Jackson and Ahr- waves in the samples; the error in so doing is 
ens [1979]. Indeed, they offer only marginal evi- small [Raikes and Ahrens, 1979]. We also include 
dence for formation of perovskite-structure high- for comparison the c-axis datum of Raikes and 
pressure products. Ahrens [1979] and su•artes of the data of •yono 

Finally, we compare experimental results for et al. [1981a]. In the latter case, we give aver- 
shook-compressed olivines with the lower mantle ages .for elastic velocities and elastic states 
density of seismic earth model PRFM. We note that with the number of measurements averaged indica- 
temperatures reached in shock-wave experiments at ted. In this case, the stated uncertainty is the 
pressures comparable to lower mantle pressures largest deviation of the individual data points 
are higher than estimated lower mantle tempera- from the calculated average. 
tures. For example•_$tacey [1977] calculated a The present results are in good agreement with 
temperature of 3157UK at the core-mantle boundary the data of Syono et al. We do not compare alefor- 
(? = 135 GPa). Brown and Shankland [ 1981] found a mational states, since these depend on projectile 
value of 2449øK for an adiabatic mantle; a_ super- velocity. Elastic states should, however, be corn- 
adiabatic contribution estimated at 200øK would parable. The Hugoniot elastic limits increase for 
raise the CMB temperature to 2650øK. Lyzenga and loading along the a, e and b axes, in that order. 
Ahrens [1980] measured shock temperature in three Elastic (compressional) velocities determined 
forsteritc single crystals shocked between 150 from the shock wave experiments agree with those 
and 180 GPa and combining their data and the for- measured ultrasonically [Graham and Barsoh, 1969; 
aterite Hugoniot temperature calculations of Ahr- Kumazawa and Anderson, 1969]. Ultrasonic veloci- 
enset al. [1969], found shock temperatures of ties are 10.10, 7.88, and 8.55 km/sec for propa- 
3800_+750øK at 135 GPa. Thus shock temperatures at gation along the a, b, and c axes, respectively. 
135 GPa (the base of the mantle) are 400-1900øK We find more complex behavior at low pressures 
higher than those estimated in the Earth. The than has been previously reported for shock load- 
shock densities are consequently lower than would ing along the a axis. Our b-axis streak record is 
occur in the Earth. Correcting Hugoniot densities very similar to that observed by Raikes and Ahr- 
fo- this tempe.-ature effect would increase 3 the ens [1979 ] for loading along the c axis, an elas- 
measured densities b• no more than 0.10 g/ca for tic shook followed by a single deformational 
a difference of 2000 K. shook wave. Figure 5 shows static and streak rec- 

Taking this maximum density correction into orals for loading along the a axis (shot 515). The 
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inclined mirror image cannot be explained by an 
elastic shock followed by a single deformational 
shock; instead, we require three distinct shocks 
to accommodate the two breaks in the inclined 

mirror image. Moreover, three shock fronts are 
clearly discernible on the two flat arrival mir- 
rots on the upper specimen surface. A similar 
complex structure was observed when the a-ax•os 
experiment was repeated (shot 530). Both shock 
states are included in Table 3. The elastic shock 

state, of amplitude 5.9+0.7 GPa, is followed by a 
second shock of 9.2+0.4 GPa amplitude. The third 
shock amplitude was 17.1 +1 .1 GPa. Syono et al. do 
not describe such a structure in their four a- 

axis experiments, possibly because their measure- 
ments were made at higher projectile velocities 
(2.0-3.8 km/sec) than the 1.6-1.8 km/s range of 
the present experiments. Figure 1 of Syono et al. 
[1981a], a streak record for an a-axis experiment 
appears to exhibit some curvature in the region 
between labels t. and t_, ..and thus may be similar 
to that in Figure ] 20 of ZAhrens and Gregson [1 964] 
for Solenhofen limestone and attributed by them 
to nonequilibrium states between the HEL and the 
final, stable shock state. 

Another explanation could be that the second, 
intermediate shock front represents the forster- 
itc •-• or 7 transition that has not been previ- 
ously observed under shock loading. Calculation 
of temperature on the forsteritc Hugoniot at 10 
GPa using a GrRneisen parameter of 1.13 [Graham 
and Barsch, 1969; Kumazawa and Anderson, 1969] 
gives a value of no more than 50øC. Extrapolation 
of the static comp_ression •phase boundary of 
Suito [1977] to 50øC yields a transition pressure 
of 11 GPa, while the phase boundary of Ito et 
al.[1971 ] extrapolates to 6 GPa. Extrapol_ation of 
Suito' s [1 977] •-•7 phas e boundary to 50 C pro- 
duces a transition pressure of 11.8 GPa. These 
estimates compare to a pressure of 9-10 GPa found 
for the second shock in our experiments. Thus the 
observed pressure is compatible -with that expect- 
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515 upon shock •mp•esst• • 16 GPa alm• •he a 
axis of singl•erystal forsterite. (a) Static im- 
age • seen thro•h streak •mera. (b) Streak im- 
age sho•ng three-wave •ruct•e record• by in- 
clined mirror and flat arrival mir•rs. 
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Fig. 6. •perimental •oniot data For sin•l• 
orystal florsterile for press•es up to • GPa and 
eomput• H•oniots for the •, •, and 7 phases of 
Fo½ster&te and for a pe•vskite-strueture high- 
press•e assemblage. The pressure range at •hioh 
the •or 7 tra•fo•ation could occur at static 
eonditims (extrapolated • 50-100øC) is sho•. 
HEL denotes the H•oniot el•tic limit. 

ed for the •-•or 7 transformation occurring at 
low temperatures. 

In Figure 6 we plot the present data for the 
a- and b-axis shots, the c-axis data of Raikes 
and Ahrens [1 979 ], and that of Syono et al. 
[1 981a] at Hugoniot pressures below 40 GPa. We 
include typical errors for the Syono et al. data. 
Also shown are theoretical Hugoniots calculated 
for •, •, and ¾ phases of forsteritc from the 
equation of state data collected by Jeanloz and 
Thompson [1983]. The data of Syono et al. and the 
b and c axis data are in excellent agreement with 
the Fo(•) Hugoniot for pressures to 30 GPa; for 
higher pressures, the measured points are dis- 
placed to higher densities. The Syono et al. da- 
tum at 15 GPa, below the theoreticaI Hugoniot, 
was calculated using the free-surface approxima- 
tion; the dashed line joins this point to the 
corresponding point at 21 GPa computed by the im- 
pedance matching method. Thus the reliability of 
the free-surface approximation point is ques- 
tionable. In all other cases where Syono et al. 
[1981a] analyzed their data by using both tech- 
niques, the calculated Hugoniot pressures below 
40 GPa agreed within 1.5 GPa or less. Our a-axis 
Hug oniot data between 9 and 10 GPa are shifted to 
higher densities relative to the Fo(•) theore- 
tical Hugoniot, as are the data at 16 and 18 GPa 
arising from the third shock. Thus the mixed- 
phase region for loading along the a axis begins 
at pressures 10-15 GPa lower than for the b and c 
axes. This strongly suggests that a phase tran- 
sition is occurring in the forsteritc samples 



Watt and Ahrens: Shock Compression of Forsterite 9509 

shocked along the a axis. It is unlikely that 

this represents the onset of the •O + MgSiO•(pv) 
transition that occurs at about 27 GPa •nder 

static conditions, extrapolated to 50øC from data 
of Itc and Yamada [1982], and we conclude that 
our a-axis data may represent the •-• or ¾ tran- 
sition in forsteritc. The density increase at 9 
GPa is 1-2% compared to the 6-8% increase needed 
for complete transformation to the • or 7 form. 
We note that because of the very similar • and T 
Hugoniots, it will likely not be possible to dis- 
t in•uish between the two phases in shock experi- 
ments if our a-axis observation is confirmed to 

represent a phase transformation. 
Two possible problems with this explanation 

are the question of whether the transition kine- 
tics are such as to allow the transformation to 

occur over the short duration of shock loading 
and the fact that many transformations that have 
been observed under shock require considerable 

Brillouin scattering data. We find that the high- 
pressure Hugoniots of mixed-oxide and percyskits- 
structure assemblages are nearly indistinguish- 
able and are in excellent agreement with the data 
of Jackson and Ahre• [1 979 ] for the b axis. Thus 
we do not require transformation to structures 
denser than oxides or perovskites to explain the 
shock-wave data. The a- and c- axis data are less 

dens• than the calculated Hugoniots by 0.1 5-0.20 
g/cm , but lie within the range of Hugoniots pro- 
duced by the combined uncertainties in the equa- 
tion of state data. From 50 to 70% of the overall 
uncertainty is caused by the uncertainty in K 
and •K/•P, so that refinement of these values is ø 
of great interest, especially for MgSiO3(PV). 

Least squares f•ts to the data for the a and c 
axes with p• fixed at values appropriate for 
mixed-oxide •nd perovskite assemblages yield K 
and •K/•P values of 207 GPa and 5.2, respective ø 
ly, for oxides and 253 GPa and 4.6 respectively, 

pressure overdriving compared to static experi- for a pv assemblage. We have estimated a zero- 
ments. Moreover, the hypothesis that the onset of pressure density of the high-pressure phase of 
a shock-induced phase change occurs at about 9 the •- and c-axis shock-loaded forsterit.e of 3.77 
GPa implies that the Hugoniot represents an equi- g/cm •, assuming the preferred values of the other 
librium phase assemblage more closely than has 
heretofore been assumed. Poirier [1981] modelled 
the •-• transition in terms of propagating par- 
tial dislocations, and his results would seem to 
indicate that the transition could not occur at 
the conditions of the shock experiments. Obvious- 
ly, this new observation of what appears to be a 
transition shock wave in forsterite compressed 
along the a axis merits further investigation. 

C on cl usi on s 

We report dynamic compression results for sin- 
gle-crystal forsteritc shocked along the a and 
c axes ß for comparison with b-axis data of Jackson 
and Ahrens [1 979 ]. Our a- and c-axis results are 
displaced to lower particle velocity in u-u 
space relative to the data for the b axis. ThSe a -p 
and c-axis data form a single •straight line par- 
allel to the straight line for the b-axis values. 

In P-p space, the a- and'c-axis velocity offset 
leeds to a displacement of the Hugoniot to lower 
densities compared to the b-axis Hugoniot indica- 
ting that single-crystal forsteritc is most com- 
pressible along the b axis. This o•servation dis- 
agrees with the prediction of maximum compression 
along the a axis from the crystallographically- 
based model of JeenIoz [1 980] that does not in- 

yoke phase transitions to account fo r the high- 
pressure dynamic behavior of forsteritc. 

These data represent the highest pressures for 
which directional dependence of dynamic• behavior 
has been found. Directional dependence has been 
reported previously for much lower pressures for 
single-crystal calcite, ilmenite and sodium chlo- 
ride. The extensive single-crystal results of Sy- 
OhO etal. [1 981a] to pressures of 92 GPa exhibit 
slightly higher densities for compression of the 
b axis in agreement with the present results, 
although estimated errors in the lower pressure 
data do not allow an unambiguous conclusion to be 
reached when the data are examined independently 
of the present data. 

We have compared our Hugoniot data with theo- 
retical Hugoniots for mixed-oxide and percyskits- 
structure assemblages of forsteritc constructed 
using recent static compression, ultrasonic, and 

equation of state parameters for a perrovskite• 
structure assemblage, compared With 3.94 g/cm • 
calculated from static compression •ata. The lat- 
ter value is consistent with the b-axis data. 

A simple averaging calculation (mass fraction 
weighted addition of individual axis Hugoniots) 

give• •n "average" forsteritc •ugoniot about 0.13 
g/cm' less dense than the preferred'theoretical 
Hugoniots, in agreement with data• on dense poly- 
crystalline forsteritc to 100 GPa. 

Partial release paths for the a-axis experi- 
ments are very steep and are comparable to those 
reported by Jackson and Ahrens [1979] along the b 
axis. The c-axis release paths are much shallower 
suggesting that the samples ..•evert to their low- 
pressure form rapidly upon unloading. The fact 
that shock compression of the a and c axes pro- 
duces similar Hugoniot states, but markedly dif- 
ferent release states is further evidence for a 

complex shock process in Single-crystal forster- 
•te. 

We have compared shock-wave data for single- 
crystal forsteritc with the PREM density profile 
in the lower mantle. Interpolated Hugoniots for 

Fo88 based on the Fo•nn single-crystal data and 
pregious •ata of McQd•n e• al. [1967] and Marsh 
[1980] for Foa• and Fa bracket the Hugoniot data 
of McQueen e•-al. [1967] for Twin Sisters dunitc 

(Fo88) , suggesting a highly linear variation of 
oliV•ne Hugoniots with iron content. Considering 
differences between shook temperatures and lower 
mantle temperature estimates, we conclude that an 
olivine stoichiometr y lower mantle with Mg mole 
fraction between 0.80 and 0.89 is compatible with 
PREM densities. These values are lower than the 

Mg mole fraction estimates of 0.90 to 0.95 of Liu 
[1977], Watt and O'Connell [1978], and Watt and 
Ahrens [1982], from extrapolation of static cOm- 
pression results for perovskite-structure olivine 
and pyroxene. This disagreement demonstrates the 
importance of further research on the .•properties 
of olivine and pyroxene stoichiometrieS at lower 
mantle conditions. 

In three a- and b-axis experiments at impact 
ß 

velocities lower than have been previously used 
on single-crystal forsteritc, we have observed a 
two-wave (elastic and deformational) structure 
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for the b axis very similar to that of Raikes and Anderson, D. L., C. Sails, and T. Jordan, Compo- 
Ahrens [1 979 ] for the c axis; however, for the a sition and evolution of the mantle and core, 
axis, we find a three-wave (elastic and t•o de- Science, 171, 1103-1112, 1971ß 
formational) structureß The Hugoniot elastic lim- Anderson, O. L., and P. Andreatch, Pressure deri- 
its we determine are in excellent agreement with vatives of elastic constants of single-crystal 
the results of Syono et al.[1981a]; however, they MgO at 23 ø and -195.8øC, J. Am. Ceram. Soc., 
did not observe the complex wave structure .round 49, 404-409, 1966ß 
here, perhaps because their experiments were made Bass, J. D., R. C. Liebermann, D. J. Weidner, and 
at somewhat higher œmpact velocities. The pres- S.J. Finch, Elastic properties from acoustic 
sure at which the first shock wave is observed is and volume compression experiments, phys. Earth 
about 9 GPa, in approximate agreement with the Planet. Inter., 25, 140-158, 1981. 
Pressure at which the forsteritc •->•or • transi- Birch, F., Elasticity and constitution of the 
tion occurs under static conditions. This shock Earth's interior, J. Geophys. Res., 57, 227- 
state and that determined from the second shock 286, 1952. 
wave at 16-18 GPa are displaced to densities Birch, F., The velocity of compressional waves in 
higher than those_for the computed Fo(•) Hugoniot rocks to 10 kilobars, 1, J. Geophys. Res., 65, 
by 0.05-0.1 5 g/cm j. Thus, the mixed-phase region 1083-1102, 1960. ' -- 
begins at lower pressure for the a axis than for Brown, J. M., and T. J. Shankland, Thermodynamic 
the b and c axes. The Hugoniot temperature is on- parameters in the Earth as determined from 
ly about 350øK, which may indicate that the tran- seismic profiles, Geophys. J. R. Astron. Soc., 
sition is not thermally activated and occurs on 66, 579-596, 1981. 
the short time scale of shock experiments based Burdick, L., and D. L. Anderson, Interpretation 
on a dislocation mode]. for the transition [Poiri- o.r velocity profiles of the mantle, J. Geophys. 
er, 1981 ]. More detailed study of this apparent Res., 80, 1070-1074, 1975. 
phase transition front is warranted. Butler, R., and D. L. Anderson, Equation of state 

fits to the lower mantle, Phys. Earth Planet. 
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