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Shock-Induced Temperatures of CaMgSi20o 

Bon SVENDSEN AND THOMAS J. AHRENS 

Seismological Laboratory, California Institute o.f Technology, Pasadena, California 

Optical radiation from CaMgSi206 crystal (diopside) shock-compressed to 145-170 GPa yields 
shock-induced temperatures of 3500-4800 K, while that from CaMgSi206 glass, with a density 86% 
that of CaMgSi206 crystal, shock-compressed to 96-98 GPa, yields shock-induced temperatures 
of 3700-3900 K. The observed radiation histories of of the targets containing CaMgSi206 crystal 
and glass imply that the shock-compressed states of both are highly absorptive, with effective ab- 
sorption coefficients of •_ 500-1000 m -1 . Calculated shock-compressed states for both CaMgSi9. O6 
crystal and glass, when compared to experimental results, imply the presence of a high-pressure 
phase (HPP) along both Hugoniots over the respective pressure ranges. The CaMgSi206 crys- 
tal experimental results are consistent with a standard temperature and pressure (STP) HPP 
mass density of 41004-100 kg/m 3, a STP HPP bulk modulus of 2504-50 GPa, and a difference in 
specific internal energy (SIE) between (metastable) HPP and the CaMgSi206 crystal states at 
STP ("energy of transition")of 2.2:[:0.5 MJ/kg. The CaMgSi206 glass results are "best-fit" by 
the same (median) values of all three parameters; except for the STP SIE difference between the 
CaMgSi206 glass and HPP states, however, they are less sensitive to parameter variations than 
the crystal results because they are at lower pressure. All these model constraints are insensitive 
to the range of values (1-2) assumed for the STP HPP G 'nineisen's parameter. The relatively high 
value of the STP SIE difference between HPP and CaMgSi206 crystal or glass most likely implies 
that CaMgSi206 glass and crystal experience both solid-solid and solid-liquid phase transforma- 
tions along their respective Hugoniots below 96 and 144 GPa, respectively. The HPP CaMgSi206 
Hugoniot constrained by the crystal experimental results lies between 2500-3000 K in the pressure 
range (110-135 GPa) of the lowermost mantle (D"); our results imply that CaMgSi206 is at least 
partly molten at these pressures and temperatures. Seismically constrained compositional models 
for this region of Earth's lower mantle suggest that it could contain a significant amount of Ca 
(25-30 wt % CaO). If so, our results imply that the temperature of the D" region must be below 
•3000 K, since the finite S-wave velocity of the D" region implies that it must be (at least at 
seismic frequencies) predominantly solid. 

INTRODUCTION 

Mg-Fe oxides and]or silicates are currently believed to 
compose most of Earth's mantle, but other cations, such 
as Ca and A1, may also be important in the upper mantle 
and D". If so, CaMgSi206 (diopside) represents one of the 
end-member pyroxenes potentially relevant to the compo- 
sition of the mantle; it is the only pyroxene that forms rel- 
atively large, transparent single crystals suitable for shock 
temperature investigations. The possibility that Earth ac- 
creted inhomogeneously [e.g., Turekian and Clark, 1969], or 
differentiated during core formation [e.g., Stevenson, 1981], 
implies that certain regions of the mantle, such as D", may 
contain significant amounts of (Ca, A1)-bearing (i.e., more 
refractory) oxides and]or silicates. Equilibrium condensa- 
tion calculations imply that CaMgSi206 (Di) is likely to 

EXPERIMENTAL METHODS 

We performed the experiments on a two-stage, light-gas 
gun [e.g., Jeanloz and Ahrens, 1980a] (Figure 1). In these 
experiments, a lexan-encased tantalum (Ta) flyer plate, ac- 
celerated to velocities between 4.7 and 6.1 km/s (Table 4), 
impacted a 1.5-mm-thick Ta driver plate in contact with 
an •2-mm-thick transparent Di crystal sample or a 4-mm- 
thick transparent Di glass sample (Table 4). We covered 
the free surface of the samples with an aluminum ring to 
block out radiation from the target's edge and so restrict 
observed radiation to that coming from the center of the 
target. Radiation from the target reflects from a mirror, 
propagates through an objective lens, and is directed by 
(dichroic) pellicle, and and two half-silvered, beam splitters 
into four detectors filtered at nominal wavelengths of 450, 

have been one of the earliest phases to condense out of the 600, 750, and 900 nm. We recorded the signal from each 
solar nebula [Grossman and Latimer, 1974]. A number of detector with a Tektronix 485 single-sweep oscilloscope and 
previous static and dynamic experimental efforts [e.g., Liu, a LeCroy (model 8081) 100-MHz transient recorder. 
1978, 1979a, 1987; Svendsen and Ahrens, 1983; Boslough et 
al., 1984, 1986] and modeling efforts [e.g., Ruff and Ander- 
son, 1980] have directly or indirectly addressed this issue. 
In this paper, we use the shock-induced radiation from Di 
to constrain the temperature (T) of its shock-compressed 
(Hugoniot) states. Combining these constraints with pre- 
vious work on the pressure (P)-density (•) Hugoniot of Di, 
we place constraints on the high-pressure phase relations in 
the CaMgSi2 O6 system, and then compare these to existing 
mantle TP models. 
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The measured densities of Di crystal samples (Table 4) 
agree well with the crystal value of 3277 kg/m 3 given by 
Robie et al. [1978]. Also, the microprobe analyses of our 
samples (Table 1) indicate that they each have a nearly 
ideal composition. The Di glass samples are 13.7% less 
dense than the crystal samples; this is consistent with other 
measured Di glass densities [Binsted et al., 1985]. 

As in previous studies [e.g., Lyzenga, 1980; Boslough et 
al., 1984], we vapor-deposited 500-1000 nm of silver (Ag) 
on the sample, and then placed the Ag film in mechani- 
cal contact with the Ta driver plate to minimize localized 
dissipation and reshocking at the driver plate-sample inter- 
face. In principle, the Ag film should absorb any radiation 
from the Ta-Ag interface, and heat up much less than a 
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Fig. 1. Geometry of the light-gas gun radiation experiment aL 
ter Boslough [1984]. The projectile, shot through the barrel, 
impacts the sample at velocities between 4.6 and 6.1 km/s. Ra- 
di&tion from the sample is turned 90 o by the mirror, travels 
through the objective lens, and is split by three beam split- 
ters amongst the four channels of the pyrometer. The resulting 
signals from the photodiode in each channel are monitored by 
oscilloscopes and LeCroy transient digital recorders. 

mechanical Ta-Di interface [ Urtiew and Grover, 1974]. Us- 
ing a vacuum-formed interface is also advantageous because 
the mechanically formed interface could contain trapped 
gas that might contribute to observable radiation from the 
driver plate-sample interface [Bosiough, 1984]. 

DATA ANALYSIS 

Our data set consists of six experiments: four on diopside 
single crystals (140, 141, 169, and 170, Table 4), and two 
on CaMgSi206 glass (196 and 197, Table 4). We record the 
radiation intensity from the target as a function of time at 
the wavelengths stated above. Figures 2a and 2b, display- 
ing examples of these data at 750 nm, are representative 
of the radiation history observed in all Di glass and crys- 
tal experiments, respectively (Table 4), and at all other 
recorded wavelengths (e.g., 450, 600 and 900 nm). With 

the known radiation intensity of a standard lamp at the 
observed wavelengths [Boslough, 1984], we transformed the 
raw data displayed in Figures 2a and 2b into experimen- 
tal spectral radiation intensities (i.e., spectral radiance) as 
a function of time. The data for all experiments, in this 
(reduced) spectral radiance form, are listed in Table 2. 

Both the interpretation of the observed radiation histo- 
ries, and the quantitative results that follow, depend upon 
the following model for radiative transport in the experi- 
mental targets [Boslough, 1985; Svendsen et ai., 1989]. As- 
suming that the target may be represented optically as a set 
of plane-parallel layers in contact at optically smooth inter- 
faces, we interpret the observed spectral radiation intensity 
Ixe=p(•, t) in the context of a model intensity Ix,,od()•, t) as 
a function of radiation wavelength • and time after the on- 
set of radiation from the target t: 

= + 

In this last relation, 

C1 

= _ 
is the Planck function, with C• = 1.19088x10 -16 Wm 2 and 
C2 = 1.4488 x 10 -2 mK, Ts is the shock-compressed (Hugo- 
niot) sample (i.e., Di crystal or glass) temperature, which 
is assumed homogeneous, uniform, and constant, T•(t) is 
the temperature of Ag at the Ag-sample interface, which 
may be time dependent [Grovcr and Urtiew, 1974], 

is the effective normal spectral emissivity of Ag at the Ag- 
Di interface, and 

•xs(t) = •l•(t)[1 + rxzr, s(t)][1 -- rxs(t)] (4) 

is that of shocked Di, with 

= - - (5) 

The parameters rx•,s, rs•, and rx½ in (3) and (4) are the ef- 
fective normal spectral reflectivities of the unshocked sam- 
ple free surface, shock front, and Ag-sample interface, re- 
spectively. Further, 

= - (a) 

TABLE 1. Microprobe Analyses of Starting Materials 
, 

Oxide Shots 140, 141' Shots 169, 170 b Shots 196, 197 c 

N&20 0.38 d 0.48 0.39 
MgO 17.40 17.63 17.59 
A12 03 0.36 0.22 0.36 
SiO2 55.74 55.32 56.08 
C&O 25.15 24.78 25.30 

TiO2 0.02 0.11 0.02 
Cr2 03 0.07 0.48 0.02 
MnO 0.08 0.04 0.06 
FeO 0.82 0.96 0.81 

Total 99.97 99.68 100.63 

En 48.4 49.0 48.4 
Wo 50.3 49.5 50.3 
Fs 1.4 1.5 1.4 

Diopside from DeKalb, NY, supplied by S. Huebner, U.S. Geological Survey, Reston, Virginia. 
Russian diopside, supplied by Gem Obsessions, San Diego, California. 

C Diopside glass, supplied by G. Miller, Caltech, and G. Fine, Corning Glass Co. 
a Weight %. 
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Fig. 2. Radiation intensity versus time record (a) for shot 197 
on Di glass, a•d (b) for shot 141 on Di single crystal, both at 750 
nrn. The duration of the radiation intensity from the shocked 
crystal is much shorter than that from the glass because the 
crystal sample is much thinner (Table 4). 

is the effective normal spectral transmissivity of the un- 
shocked sample layer, and 

(7) 

is that of the shocked sample layer. The quantities alps 
and a xs are nondimensional forms of the effective normal 
spectral absorption coefficients axvs and axs , respectively, 
of the unshocked and shocked sample layers, respectively, 
defined by 

(s) 
and 

axs = axs Us t•xp (9) 

The parameter t•xp ---- d/us is the experimental time scale 
(i.e., rs-to, Figure 2a or 2b), Us is the velocity of the shock 
front through the sample, v•s is the material velocity of the 
shocked sample material (i.e., Di crystal or glass), and d is 
the initial thickness of the sample layer in the target. Note 
that we have set the material velocity of the unshocked 
sample material equal to zero in writing (8) and (9) to 
be consistent with our experiments. Bearing in mind that 
all optical properties in the expressions above are spectral 
quantities, as designated by the subscript ),, we drop this 
subscript in the following development to simplify notation. 
So, unless otherwise noted, all model optical properties are 
spectral. 

As stated above, the target consists of a Ta driver plate, 
Ag film layer, and sample layer. In principle, radiation from 
the target is first observed when the shock wave compresses 
the Ag film at the Ag-sample interface (to, Figure 2a or 2b). 
As shown most clearly in Figure 2a, the radiation intensity 
in all Di experiments rises sharply to a peak value, and 
then, as the shock wave propagates into the sample, the in- 
tensity decays almost as quickly to an approximately time 
independent value. This occurs over 100-110 ns (Figure 2a) 
to the radiation intensity from Di glass targets, and over 
20-30 ns (Figure 2b) to the radiation intensity from Di crys- 
tal targets. From the model relations (1)-(4), we see that 
T• (t), rs(t), and rvs(t) are, in general, time dependent. Of 
these, only T•(t) and rs(t) may decrease with time; rvs(t) 
increases with time (for * > 0) as can be seen from •U$ __ , 

(6). Although the time dependence of I,•,(•, t) can be ex- 
pla,ined by T•(•), as shown by thermal conduction models 
[Groper and Urtiew, 1974; Spendsen et al., 1989] for the 
experimental targets, conduction model calculations imply 
that the temperatures we infer from I•(•, t) via the model 
below (relation (14)) are imvlausibly low to represent T• (t). 
These models imply that the Ag-Di interface temperature, 
T•(t), is bounded below by its value for t --. pc, given by 

1 

T•(t) > T• (oo) = (1 + o') (Tr + •Ts) (10) 
In this relation, Tr is the temperature of the release state of 
the Ag film, at the same pressure as the shock-compressed 
Di crystal or glass, 

ksOscrs } •/• (11) 

is the "thermal inertial" mismatch between the released 
Ag film and shock-compressed Di crystal or glass; kr, 8r, 
and c•.• are the thermal conductivity, density and specific 
heat at constant pressure, respectively, of the released Ag 
film, and ks, 8s, and crs are the analogous properties of 
the shock-compressed Di crystal or glass. In the relevant 
pressure range (150-170 GPa), calculations for this kind 
of target suggest that Tr • 104 K [Spendsen and Ahrens, 
1987], and Hugoniot calculations presented below for Di 
suggest Ts ,,, 4000 K; in this case, we need a • 10 to have 
T•(oa) • Ts. However, estimates of the parameters com- 
posing a [Svendsenand Ahrens, 1987] for Ag and Di suggest 
that Orc•,r • OsCrs and kr • 10Sks, such that • • 0.03. 
On this basis, it is highly unlikely that T•(t) will decrease 
much below T• on the time scale of the experiments. There- 
fore, we conclude that the strong decay of the initial radi- 
ation intensity is controlled by as --* rs(t) and its effect on 
is(t) via (4), and reflects an increase in the optical absorp- 
tion of Di upon shock compression (as >> avs: [Boslough, 
1985]). With the likely exception of A12Os [Bass et al., 
1987], all initially transparent materials studied so far (for 
example, LiF [Kormer, 1968] and CaA12Si2Os [Boslough et 
al., 1986]) lose some transparency during shock compres- 
sion. In the present case, we conclude that the radiation 
from Ag at the Ag-Di interface is strongly absorbed by the 
shocked Di such that, as the shocked Di sample layer grows, 
the interface contribution to the observed radiation inten- 

sity is quickly reduced below that of the shocked sample, 
which, being constant in time, results in a time indepen- 
dent observed radiation history. Hence we observe the fast 
decay of the initial high intensity and subsequent, nearly 
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TABLE 2. Radiation Data and Fits. 

Spectral Radiance (kW/m: sr nm) Fits 

Shot 450 nm 600 nm 750 nm 900 nm Parameter( /r , ns) Wien GS a LM b GS(•s -- 1) 

140 3.15 3.09 2.87 •s (140) 0.65 0.59 0.56 
(0.59) (0.45) (0.81) (0.3'7) (0.3'7) (0.23) 

Ts(140) 4152 4215 4270 3803 
(351) (364) (356) (293) 

X 2 0.14 0.06 0.06 0.05 

141 6.14 5.38 6.06 5.71 gs(145) 0.71 0.65 0.75 
(1.21) (1.00) (0.??) (0.93) (0.34) (0.34) (0.11) 

Ts (145 ) 4737 4 782 4643 4372 
(346) (356) (153) (297) 

X 2 3.44 3.13 3.05 3.55 

169 5.11 6.58 6.53 5.49 gs (198) 0.91 0.86 0.86 
(0.18) (0.31) (0.33) (0.31) (0.27) (0.27) (0.18) 

Ts (198) 4522 4552 4555 4428 
(263) (268) (178) (251) 

X 2 0.30 0.21 0.21 0.48 

170 0.82 1.56 2.34 2.29 is (170) 1.01 1.04 1.06 
(0.13) (0.17') (0.26) (0.26) (0.25) (0.25) (0.17') 

Ts (170) 3539 3508 3498 3539 
(143) (141) (90) (143) 

X 2 1.61 1.43 1.42 1.52 

196 1.35 2.14 2.96 3.24 •s (485) 1.09 1.23 1.63 
(0.48) (0.33) (0.42) (0.51) (0.44) (0.44) (0.26) 

Ts (485) 3695 3585 3422 3711 
(243) (231) (100) (247) 

X 2 1.99 1.20 1.03 1.72 

197 1.37 3.18 3.46 3.74 •s (475) 1.51 1.51 1.38 
(0.41) (0.39) (0.50) (0.56) (0.39) (0.39) (0.22) 

Ts (4 75) 3610 3610 3663 3866 
(208) (208) (98) (239) 

X 2 0.50 0.50 0.46 1.23 

Numbers in parentheses under measured or calculated values represent uncertainties. 
*Golden Section Search Fit: quoted uncertainties represent propagated measurement uncertainties, and this fit is unweighted. 
• Levenberg-Marquardt Fit: quoted uncertainties represent standard deviations of fits, and this fit is weighted. 

time independent, radiation intensity displayed in Figures 
23 and 2b. 

For the shocked sample to be strongly absorptive, we 
must have a; > 1, or as > 1/(d-Vr•stc•p) from (S). Under 
this condition, (7) implies that rs(t) ~ O, and with this, 
•,(t) ~ 0 from (3), and 

•s(t) ~ T(t) ---- [1 -- rrs]rvs(t)[1 - rsr] (12) 

from (4) and (5). From absorbance analyses of the Di glass 
and crystal samples, we also note that avs ~ O, and so 
rvs(t) ~ 1 via (6). Placing this into (12), we have 

•s(t) ' •s: [1 -- rrs][1 -- rsr] (13) 

which is also the upper bound to gs(t), as given by (4) with 
rs(t) ~ O. Under these circumstances, we conclude that •s 
for Di crystal and glass is approximately independent of 
time. The minimum values of as required by the condition 
as > 1/(d - v•s reap) may be calculated from the experi- 
mental parameters listed in Table 4. The results of this cal- 
culation, also listed in Table 4, imply that as • 650-1100 
m -• and 420 m -• for Di crystal and glass, respectively. 

Substituting the conditions g,(t)= 0 and (13) into (1), 
we obtain 

t) = (14) 

which represents a constant radiation intensity at a given 
wavelength, just as we observe in the latter part of the 
radiation histories (Figures 23 and 2b). Within the context 
of our interpretation of the observed radiation histories, 
(14) represents a model for the radiation from the shocked 
Di sample layer. Further, in view of (1), equation (14) as 
such a model is most likely valid at t •, te•,. Consequently, 
we use I•,(•, t,•,) to constrain Ts via a model based on 
(14). In doing this, we also eliminate any influence of avs, 
and so of rxvs(t), on the value of Ts so constrained, since 
from (6) we see that rvs(t) --• 1 as t --. text, for any finite 
value of avs. 

Since we have no model for the wavelength, pressure or 
temperature dependence of rrs and rsr (and so •s), we 
assume they are independent of these variables. In this 
case, (14) represents a "greybody" radiator, such that 
becomes an independent parameter (to be constrained by 
the fit). Under this assumption, we fit (14) to 
over A via a X 2 statistic [e.g., Press et al., 1986, chapter 
14]: 

4 

= 
n----1 

where i =I/d. and •n are the experimental uncertainties 
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in the radiation intensity at each wavelength. As written, 
the values of g s and Ts constrained by the minimization 
of (15) are, in general, dependent on iexp, and so on its 
uncertainty. However, in our particular case, the radiation 
histories around iexp (Figures 2a and 2b) are sufficiently 
time independent to make this /exp plus uncertainty de- 
pendence negligible. 

Since l,,od is a nonlinear function of Ts, we find its min- 
imum numerically using (1) Golden Section (GS) Search 
and (2) the method of Levenberg as formulated by Mar- 
quardt (LM: see [Press et al., 1986] for details on each of 
these methods). We use two completely different numeri- 
cal methods because we are working with a nonlinear fit. 
In addition, the use of two independent methods provides 
some assurance that our results are not dependent on the 
numerical technique used to obtain them. Anticipating the 
fit results, we note that they each give, to within experi- 
mental and/or fit uncertainty, the same values of Ts and is 
(Table 2). To obtain starting values of gs and Ts for the 
nonlinear fit, we use Wien's approximation to IN(A, T): 

lw,(;•, T) = C• exp{-C2/)•T} (16) 

in X e as follows. Replacing IN(A, Ts) with lw.()•, Ts) in 
imo• and taking the natural logarithm of the result, we 
obtain 

ln{i.•od} = ln{a•aX•$Ca } + ln{•s} C2 I (17) Ts •, 

The data for this model is ln{i.xr(A., t•xp)}. Replacing 
and i.•od by their natural logarithms in (15), we obtain 

where 

y(A,, t•p) -- ln{C• -• ;•, I•p()•,, 
a = In{is}, and b = -C•/Ts. Since x2(a,b) is linear in a 
and b the values of these parameters (and so of is and Ts) 
that minimize X 2 may be found explicitly via linear least 
squares. 

We present the results of these fits for the six experiments 
in Table 2, and we plot the radiation data and fits for shots 
140, 169, and 197 in Figures 3a, 3b, and 3c, respectively. 
The fits labeled "Wien" in Table 2 come from (18), while 
the remainder come from the different numerical solutions 

of (15). Note that, with three or four data points and two 
parameters in each of these fits, a X 2 value of roughly 2 
is representative of a "good" fit. This value is quite sen- 
sitive to measurement uncertainties, as can be seen from 
(15). In this case, the values of X 2 in Table 2 imply that 
we may have overestimated measurement uncertainties. In 
Table 2, the uncertainties quoted with the GS fits repre- 
sent measurement uncertainties mapped into uncertainties 
for is and 7•. In contrast, the uncertainty quoted with 
each LM fit is the standard deviation of that fit. Note that 
the GS and LM fits for shot 196, and the Wien, GS, and 
LM fits for shots 197, give is values well above 1, an un- 
physical result. As noted by Boslough et al. [1986], this is 
not unexpected; in general, •s is much more sensitive to 
data scatter than Ts in the fit, given the functional form of 
I,•od, especially when this scatter is away from the Planck 
wavelength dependence [Svendsen and Ahrens, 1987]. All 
other fit and model parameters are much less sensitive to 
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Fig. 3. Spectral radiance data versus wavelength and greybody 
fits for is and Ts. The size of the rectangles representing the 
data represents experimental uncertainty. The data for (a) shot 
140, (b) shot 169, and (c) shot 197 data, are shown. 

this scatter; for example, note that Ts (via (2) and (15)) 
and a• (via (4) and (7) in (15), if we were fitting for it) are 
only logarithmically sensitive to variations in 1/Iexp and 
is, respectively. Data scatter may be due to uncorrected 
A dependences in the data or experimental measurement 
errors. As can be seen from the corresponding GS fits in 
which is is set equal to 1, the variable g s fits for shots 196 
and 197 may underestimate the value of Ts by ,-,200 K. 
Also note that the value of is for all experiments and all 
fits is •0.1, which implies that we observe relatively ho- 
mogeneous radiation from both Di glass and Di crystal, as 
opposed to the localized, "shear band" radiation seen from 
many shock-compressed oxides and silicates at lower ((70 
GPa) pressures [e.g., Kondo and Ahrens, 1983; Schmitt et 
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TABLE 3. CaMgSi206 STP Equation of State Parameters. 

Property Symbol CrystM Glass Units 

Density 
Intercept 
Slope 

Density 
Intercept 
Slope 
Bulk Modulus 

Griineisen's Parameter g 

Specific Heat • 
HPP-LPP SIE difference 

u - vK Relation 

Ot' 3277 • 
at' 5260 ½ 
bt' 1.27 c 

High-Pressure Phase 

2828 s kg/m 3 
4150 • m/s 

1.37 • 

•0i 4100 c 4100 • kg/m 3 
ai 7826' 7826' m/s 
bi 1.221 1.221 

Ksi 250 • 250 • GPa 
K•i 3.9 • 3.9 c 
•'i 1.5 • 1.5 • 

Cv 1152 1152 J/kg 
Ae• -a 2.2 i 2.2 i MJ/kg 

ß Robie et al. [1978]. 
STable 4. 

•$ve•dse• a•d Ahrens [1983]. 
• See text and appendix. 

= + 
g•,•0=constant used in all cMculations. 
a Dulong-Petit vMue, used in all cMculations. 
i From model estimates in text. 

al., 1986]. Although the constraint is very poor, we note 
that, from the association (1- rFs)(1- rsF) • •s, as dis- 
cussed above, rs• ~ 0.2-0.3, with r•s ~ 0.1, for shots 140 
and 141, at least. A vMue of rs• different than zero implies 
a change in the index of refraction of Di across the shock 
front, and we tentatively conclude that this represents an 
increase in the index of refraction in Di upon shock com- 
pression. 

HUGONIOT CALCULATIONS AND COMPARISON 
WITH EXPERIMENTAL RESULTS 

Via the bMance of mass and momentum between target 
components and and across the shock front, we cMculate 
the materiM velocity v• of shocked target component c• 
(i.e., Ta driver, Ag film, Di crystM or glass sample) us- 
ing the standard impedance match assumption [Rice et al., 
1958] that the velocity uo of the shock front through c• is 
a linear function of v•' 

u• = at' + bt' v• (19) 

Note that vt', the materiM velocity of uncompressed or, 
is set to zero in writing (19), consistent with experimental 
conditions. Obtaining v• and uo in this manner, the mass 
and momentum bMances across the shock front give us the 
Hugoniot density 0•, and pressure P•, respectively; via 
the linear uo-v•, assumption, these are related by 

2 

= g + _ (20) 
[McQueen et al., 1967], i.e., the s•cMled shock wave equa- 
tion of state. 

The subscript i in (19) and (20) designates a property of 
the initiM, or uncompressed, state of each target materiM; 
with this notation, •, •, s•, 0• and v• = 0 are the ini- 
tim temperature, pressure, specific entropy, m•s density, 
•d materiM velocity, respectively, of materiM a. For the 
experiments, • and • are standard temperature (273 K) 

and pressure (0.1 MPa). We use 0t' = 16,675 kg/m •, at, = 
3290 m/s and bt' = 1.31 for the Ta driver plate [Mitchell 
and Nellis, 1984], and 0t' = 10,501 kg/m •, at' = 3270 m/s 
and bt' --- 1.55 for the Ag film [Marsh, 1980]. We assume 
that the Uc-Vm relation for Di crystM, which is experimen- 
tMly constrained to 100 GPa [Svendsen and Ahrens, 1983], 
is vMid to 170 GPa (Table 3). Since, to our knowledge, 
there are no available Di glass ug-vKg data, we need to es- 
timate the coefficients a• and b• of the Di glass 
relation, which is required, as discussed above, for cMcula- 
tion of the Di glass Hugoniot states achieved in the experi- 
ments. We propose to do this via a relation connecting the 
Di glass and crystM Hugoniots that is based on a combina- 
tion of (1) an energy bMance across an adiabatic shock front 
separating two ideM fluids (i.e., the Rankine-Hugoniot rela- 
tion) and (2) equilibrium thermodynamic paths equivMent 
to this energy bMance. Leaving the details to the appendix, 
we obtain ((A7) in the appendix) the following relation be- 
tween crystM and glass Hugoniot states at the same Hugo- 
niot density 0K, occupying the same high-pressure phase 
(HPP): 

1 

Ps• = (1 - •b)[/)cPm -4- 7K(0•Ae• -c -4- •b/•)] (21) 
In this relation, PK• and Pm are the pressures of the glass 
and crystM Hugoniot states at 0K,/)o = [1- (1 + 
r/• = 1 - 0•]0K is the relative compression of the glass, 
r/½ = 1 - 0•/0K is that of the crystM, and d = 1- 
Also, Ae• -½ = e(o•, s•)-e(o=, s=) is th• difference in spe- 
dtic internM energy between the glass and crystM states 
at • and /•, having densities • and •:, respectively, and 
specific entropies s• and s•:, respectively, and 7K = 
where 7 is the equilibrium thermodynamic Grfineisen's pa- 
rameter of the HPP, assumed to be a function of density 
Mone. 

Equation (21) relates the pressures PK• and Pm along 
the Di glass and crystM Hugoniots, respectively, at a given 
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density 0-. Via (20), we also have P.• (or P,•) as a func- 
tion of O,g (or 0•:) for given vMues of/•, O•,a•, and b• 
(or/•, 0/c, a/c, and b/c). If we did have independent exper- 
imental constraints on a• and b•, we could then use the 
forms given for P• and Pm by (20) in (21) to constrain, 
for example, 7- (see appendix). This is, of course, not 
the case. Instead, we constrain values of a• and b• by 
using (21) to generate a Hugoniot for Di glass and then 
fitting (20) to this calculated Hugoniot between 45 and 
200 GPa via the LM method used above for the experi- 
mental fits. This Hugoniot, the fit to it and consequently 
the values of a• and b• so obtained, will then in turn de- 
pend on the values of the parameters appearing in (21), 
i.e.,/•, Ae• -c, 0W, 0/C, a/c, b/c, 0i and 7i. Leaving the details 
to the appendix, we use the estimates of a• and b• so ob- 
tained (Table 3) to calculate the impedance match for the 
experimental targets containing Di glass as the sample ma- 
terial, thereby obtaining an estimate of the Di glass P•-O.g 
Hugoniot state. 

Via the same kind of energy balance-equilibrium ther- 
modynamic path relation used to obtain (21), we may es- 
timate the temperature T.a of a material shocked from 
some initial state {•,/•,sia, 0i.,via = 0} to a HP state 
{T.a P•t, s•, 0•, v• } and phase fi [e.g. McQueen et al., , , ' 

1967; Ahrvns et al., 1969; Jeanloz and Ahrens, 1980b; Svend- 
sen et al., 1989]: 

T,• = T•, + c,0•) •(P• +/•) - Aea (22) 
with Ae• ---- Aeo• + Ae• -•. In this relation, c•o,•) is the 
specific heat of the HPP fi at constant volume, assumed in- 
dependent of temperature, Aef -a is the difference in spe- 
cific internal energy between fi and cr at • and /•, Aeo• is 
the change in specific internal energy (SIE) of fi when com- 
pressed from its density at • and /•, 0i, to 0•, and T• is 
the temperature achieved by • when compressed from 
to 0• •ong its isentrope centered at si = s•(•, •). We 
c•culate •e• = •e•(0,•; Oi, K•, K•) • a function of 
the HPP STP isentropic bulk modulus K,•, and its pre• 
sure derivative K t via third-order Eulerian finite strain, 

and • = T • (0sa; Oi, 7i) via 7 and the relation 

[1_ 
with 7• = 7(•), under the •sumption that 7 is constant, 
which we •sume in • model cMculations. With vMues for 

•, •, a• •d b• experimentMly-constr•ned, and a• and 
b• estimated via the procedure discuss• above and in the 
appendix, we cMculate the pressure and density of the Di 
crystM and gl•s Hugoniot states via the impedance match 
between target components. With these, we then cMculate 
the temperatures of the Di crystM and gl•s Hugoniot states 
via (22) written for e•h, given estimates of Oi, 7i, and 
c,(o•) for •, • well • estimates of Ae• -• for Di crystM 
•d Ae• -• for Di gl•s. 

The relation (22) implies that the slope of Tn• • a func- 
tion of pressure or density is predominantly controlled by 
the dependence of Tna on c,(o•), while the • "inter- 
cept • of Tna is determined m•nly by Oa and •e• -a. Note 
that Tna • given by (22) depends linearly on cvo•) and 

satioa (21), imply that 
ences Tn• only indirectly. The HPP par•eters K,• and 
KJ• influence Tsa through •e,•; in particular, note that the 
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Fig. 4. Experimental results for Di crystal and glass, and model 
Hugoniots calculated for a range of values for the STP HPP 
density Oi (a), the STP HPP bulk modulus K•i (b), and the 
difference in specific internal energy between the HPP and initial 
states at STP Ae½ -a (c). 

third-order Eulerian finite strain expression for Aeo• de- 
pends linearly on both Ko• and K;•. The STP HPP mass 
density 0i affects T,a (nonlinearly) through T• and Aeon. 

In Figures 4a, 4b, and 4c, we display calculated Hugo- 
niots for Di glass and crystal that are consistent with the 
shock temperatures constrained by the experimental results 
discussed in the last section. We present a range of these 
Hugoniots generated from a corresponding range of values 
for 0• (3900-4300 kg/m 3, Figure 4a), Ko, (200-300 GPa, 
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Figure 4b), and ae2 -ø (1.7-2.7 MJ/kg for both Di crys- 
tal and glass, Figure 4c), for fixed values of all parameters 
but the one varied, to demonstrate the relative sensitivity of 
T,o to these unknowns. In all these calculations, we assume 
for simplicity that c•,(0•) is given by its classical lattice 
value, 3vR/M (Table 3), where R is Ryberg's constant, 
and M is the molecular weight (0.216553 kg/mol for Di). 
VMues of MI fixed parameters used in these cMculations 
are given in Table 3. Note that Ts•(P•) varies linearly 
with •e2 -• and K•, and nonlinearly with ei, • discussed 
above. The variation of Ts•(P•) with K' (not plotted) si 

is similar to that with K•. A comparison of the trend in 
the Di crystM experimentM results with the slope of the 
Di crystM Hugoniots cMculated in this f•hion (Figures 4• 
4c) suggests that the experimentM trend may be slightly 
steeper than a 3•R/M trend (i.e., c•(•m) < 3•R/M for 
Di crystM), and so perhaps slightly pressure or temper- 
ature dependent [e.g., Lgzenga et al., 1983; Boslough et 
al., 1986]. However, there are insufficient experiment• TP 
Hugoniot points to further constroh this possibility. The 
range of v•ues used for 0i in Figure 4a K,• in Figure 4b are 
b•ed on (ide•-mi•ng) model o•de (CaO+MgO+SiO•) 
and perovsMte (CaSiOs+MgSiOs) •lid HP •semblages 
for Di constr•ned previously from work on the P-0 Hug• 
niot of Di [Ah•ns et al., 1966; Svendsen and Ah•ns, 1983]. 
From the point of view of the experiment• results, how- 
ever, we note that 0• K,• K' and •e• -• tr•off in such 
a way that a model consisting of a lower 0• (3900 kg/m3), 
K• (180 GPa), and K' (3.0), a higher •e• -• (2.4 MJ/kg) 

This model •so h• a slightly steeper slope than that above, 
m•nly because of the lower o•-K•-K• combination. 

If we •sume that the experiment•ly-constr•ned Di gl• 
and cryst• high pressure states represent equilibrium ther- 
modynamic states of the same HPP, then the relation •e• -c 
= + 0.a 

the "best-fit" values Ae• -c = Ae• -g = 2.2 MJ/kg. Per- 
haps the simplest explanation of this apparent discrepancy 
would be that the crystal Hugoniot states are not as com- 
pletely transformed as the Di glass states. Note that the 
t?i = 3900 kg/m 3 model just mentioned does however imply 

Comparing the calculations displayed in each of these 
figures, we see that T,c is most sensitive to t?i, followed by 
Ae• -c, and then Ks•, and T•g appears to be slightly more 
sensitive to Ae• -g than t?i, over the range of parameter 
values shown. The magnitude of plausible Ae• -ø (1.7-2.7 
MJ/kg, Figure 4c) values for both Di glass and crystal is 
of the same order as those estimated for other silicate and 
oxide dynamic phase transformations involving both solid- 
solid and solid-liquid transitions (e.g., 0.82 MJ/kg, a-SiO2 
to stishovite, 1.6 MJ/kg, stishovite to liquid, [Lgzenga et 
al., 1983]). Values of Ae• -ø • 1 M J/kg for silicates and ox- 
ides are usually thought to imply partial or complete melt- 
ing [e.g., Lgzenga et al., 1983; Boslough et al., 1986]. These 
considerations, plus the magnitude of the experimentally- 
constrained Ae• -c and Ae• -g values, would suggest that 
both Di glass and crystal experience solid-solid and solid- 
liquid transitions along their respective Hugoniots below 
95 and 144 GPa, respectively. The solid-solid transition is 
likely to represent one from Di crystal or glass to a solid HP 
assemblage of oxides and/or perovskites. We could slightly 
favor a perovskite assemblage or single component on the 
basis of low-pressure static studies of Di [e.g., Liu, 1979b, 
1987], which imply that Di may either disproportion into 
CaSiO3 and MgSiO• perovskite phases, or possibly trans- 
form into a single cubic perovskite phase [Liu, 1987], above 
approximately 20 GPa and 730 K. 

DISCUSSION 

In Table 4, we list the greybody fit and uncertainties, 
along with the calculated shock wave velocities, shock tran- 

(i.e., the enthalpy of fusion of Di crystal at standard pres- sit times, pressure and temperature, for each experiment. 
sure: [Robie et al., 1978]) would imply that Ae•-C--Ae• -g • The values of is and Ts in Table 4 for shots 140, 141, 169, 
0.36 MJ/kg. This possibility is clearly contained within and 170 are those for the GS fit with variable is and Ts; 
the range of values of Ae• -• and Ae• -g constrained by we choose this fit as representative of the other estimates, 
the 0i = 4100 kg/m s model, although not represented by within experimental uncertainty. As discussed above, •s for 

TABLE 4. Experimental Results and Model Estimates. 

Experimental Results Model Estimates 

Oia d Vim 
Shot kg/m 3 mm m/s K m/s m/s m -1 ns GPa 

140 3282 1.868 5983 0.57 4215 10920 4460 880 170 160 4230 
(6) (0.010) (60) (0.23) (364) 

141 3283 1.566 6143 0.09 4782 11060 4570 1060 140 167 4520 
(6) (0.010) (50) (0.20) (356) 

169 3290 2.424 6048 0.97 4555 11000 4500 680 220 163 4340 
(5) (0.010) (50) (0.24) (268) 

170 3289 1.970 5593 0.85 3508 10550 4170 820 185 144 3600 
(7) (0.010) (50) (0.14) (141) 

196 2829 4.008 4673 1.00 3711 9185 3675 415 435 96 3760 
(1) (0.004) (30) (0.44) (231) 

197 2827 3.966 4729 1.00 3866 9245 3715 420 430 98 3865 
(1) (0.001) (30) (0.39) (208) 

Measurement uncertainty is indicated by values in parentheses. Variable definitions are as follows: 0/a, STP bulk density; d, 
sample thickness; vim, impact velocity; is, experimentally constrained greybody effective emissivity; Ts, experimentally constrained 
greybody absolute temperature; u shock wave velocity through sample; v•, shocked sample material ("particle") velocity; 
lower bound to greybody effective absorption coefficient; tst, transit time of shock wave through sample; P•, Hugoniot pressure; T•, 
Hugoniot temperature. 
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shots 196 and 197 are significantly greater than unity, and 
so we list the GS fit with gs set to 1 as the "experimental 
results" for each of these shots in Table 4. 

We display the TP Hugoniot for Di crystal that trisects 
the ranges of gi, Ae• -c, and K0• shown in Figures 4a-4c in 
Figure 5 (continuous curve) along with other experimental 
results inferred from radiation data for SiO2 [Lyzenga et al., 
1983], CaO [Boslough et al., 1986], and MgO [Svendsen and 
Ahrens, 1987]. The HPP Di results fall between the CaO 
and MgO results, and well below those for stishovite and 
liquid SiO2. To first order, this is apparently due to the dif- 
ferences in the STP densities and compressibilities between 
these materiMs. MgO, which apparently does not experi- 
ence any phase transitions below 200 GPa [Vassiliou and 
Ahrens, 1981; Svendsen and Ahrens, 1987] has an STP den- 
sity of 3583 kg/m a, B2-CaO has an STP density of about 
3800-4000 kg/m a [Jeanloz and Ahrens, 1980a; Boslough et 
al., 1984], solid HPP Di is likely to have a slightly larger 
Oi (•4100 kg/m a, as discussed above) than B2-CaO, and 
stishovite has an STP density of •4300 kg/m a. This is also 
true because the likely values of Ae• -• for each materiM 
are approximately the same. Since B2-CaO and HPP Di 
apparently have very similar Oi values, other factors, such 
as compressibility, become more important. For example, 
B2-CaO apparently has a lower bulk modulus than solid 
HPP Di [Jeanloz and Ahrens, 1980a; Boslough et al., 1984; 
$vendsen and Ahrens, 1983]. From (22), we see that the 
shock-induced temperature B2-CaO should then rise more 
quickly than that of HPP Di because it is more compress- 
ible; this is what we observe in Figure 5. 

Also shown in Figure 5 are the (bentropic) mantle tem- 
perature profiles of Brown and Shankland[1980], and Stacey 
[1977]. These two models represent the range of models 
currently considered plausible. Note that, in placing the 
mantle TP curves on the same figure with the TP Hugo- 
niots, we do not assume that these are related. Rather, the 
purpose here is to compare plausible mantle TP regimes 
with the experimentally constrained TP Hugoniot and the 
inferred distribution of thermodynamic phases along it. On 
this basis, we note that both the CaO and Di crystal Hugo- 

niots cross the range of the model mantle geotherms in the 
lowermost mantle. This is the region of D", which has long 
been known to possess distinct properties from the mantle 
above and core below. The possibility that D" contains 
significant amounts of more refractory oxides and silicates 
(CaO, AbO3, CaSiO3, etc.) is supported by various com- 
positional models of D" constructed to be consistent with 
the seismic view of this region. For example, the "refrac- 
tory" model of Ruff and Anderson [1980] contains 33 wt % 
CaO. From a different point of view, the work of Svend- 
sen and Ahrens [1983] suggests that the P-g Hugoniot of 
CaMg0.sFe0.aSiaO6 essentially overlaps the lower mantle 
Preliminary Reference Earth Model P-g profile. Both of 
these viewpoints suggest that the D" region could contain 
a significantly larger amount of Ca than that (•3 wt %) 
expected from a chondritic viewpoint. If so, our interpre- 
tation of the Di crystal experimental results is consistent 
with the idea that the CaMgSbO6 component of such a 
lower mantle assemblage (i.e., a mixed-oxide and/or per- 
ovskite assemblage, or possibly a single Ca,Mg-perovskite) 
is at least partly molten over the pressure range of the low- 
ermost mantle. Since the finite S-wave velocity of the D" 
region implies that it must be (at least at seismic frequen- 
cies) predominantly solid, our results further imply that 
such a D" assemblage would have to be at a temperature 
below •3000 K. 

SUMMARY 

We performed four experiments (140, 141, 169 and 170, 
Table 4), on CaMgSi20• (Di) single crystal, an end-member 
pyroxene relevant to investigations into the composition of 
Earth's mantle, and two experiments on Di glass (196 and 
197, Table 4) with a density 86% that of Di crystal. The 
targets consisted of a Ta driver plate, Ag film layer, and 
sample layer. We recorded the intensity of radiation from 
the target as a function of time at 450-, 600-, 750-, and 900- 
nm wavelengths. This radiation is first observed when the 
shock wave compresses the Ag film at the Ag-sample inter- 
face (to, Figure 2a or 2b). In all experiments, the observed 
radiation intensity rises sharply to a peak value, and then, 
as the shock wave propagates into the sample, it decays 
almost as quickly to an approximately time independent 
value. This occurs over 100-110 ns (Figure 2a) to the radi- 
ation intensity from Di glass targets and over 20-30 ns (Fig- 
ure 2b) to the radiation intensity from Di crystal targets. 
We conclude that the strong decay of the initial radiation 
intensity is controlled by rs(t) and reflects an increase in 
the optical absorption of Di upon shock compression (as _> 
500-1000 m -• >> arts). 

Greybody fits to the radiation intensity of shocked Di 
crystal (diopside) constrain shock induced temperatures for 
this starting materiM of 3500-4800 K in the 145-170 GPa 
range. Similar fits to the radiation intensity of shocked Di 
glass imply that it achieves shock induced temperatures of 
3600-3800 K in the 96-98 GPa pressure range. 

Using linear u-vn relations for Ta, Ag, and Di crystal, 
we calculate Hugoniot states for Di crystal and compare 
them, for a range of parameter values, to the experimental 
results. Having no experimentally constrained ug-vng rela- 
tion for Di glass, we calculate one from the STP densities 
of Di glass and crystal, the experimentally constrained 
vm relation of Di crystal, the difference in specific internal 
energy between the glass and crystal states at STP, and the 
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STP properties of the HPP, via a relation between the glass 
and crystal Hugoniots at a given density, as discussed in the 
text. These calculations suggest that the temperature of 
the shock-compressed state for Di crystal is most sensitive 
to 0i, followed by Ae• -c, and then Ks•. The shock-induced 
temperatures of Di glass appear to be more sensitive to 
Ae/fl-ø than 0i in the respective parameter ranges of inter- 
est. Comparison of the experimentally constrained TP Di 
crystal Hugoniot with those of its constituent oxides (SiO2, 
CaO and MgO) demonstrates the primary influence of the 
STP density and compressibility of these materials on the 
temperature of their shock-compressed states. The exper- 
imentally constrained HPP Di TP Hugoniot falls between 
those of CaO and MgO, and well below those for stishovite 
and liquid SiO2. 

Calculated shock-compressed states for these materials, 
when compared to the experimental results, imply that Di 
crystal high-pressure states in the 145-170 GPa range rep- 
resent the liquid state with an STP density of 41004-100 
kg/m a, STP bulk modulus of 2504-50 GPa and STP HPP- 
initial phase specific internal energy difference of 2.24-0.5 
MJ/kg. These results are consistent with the density of 
CaO-MgO-SiO2 oxide, CaSiOa-MgSiOa perovskite assem- 
blages, or possibly CaMgSi:O6 perovskite [Liu, 1987]. Di 
glass Hugoniot states in the range 96-98 GPa are consis- 
tent with the same "best-fit"HPP STP properties, imply- 
ing that it as well is at least partially, if not completely, 
melted at these pressures along its Hugoniot. 

The Di crystal Hugoniot constrained by the experimen- 
tal results lies in the range 2500-3000 K between 110 and 
135 GPa, within the plausible range of lowermost mantle 
temperature profiles. The possibility of a significant Ca 
oxide or silicate component in the lower mantle, combined 
with our interpretation of the Di crystal experimental re- 
suits, implies that such a D" region would have to be at a 
temperature below •..3000 K. 

APPENDIX 

dynamic equilibrium, we may follow McQueen et al. [1967], 
and Ahrens et al. [1969], in constructing an equivalent ther- 
modynamic path to (A1) for either initial state: 

e(s•, •n•) - e(s•, •) = Aei •-• + Aes, + Aeom ' (A2) 
with Aeon ø = e(s•, O•)--e(s,, 0•). Combining (A1) and 
(A2), we obtain 

aft -ø + 
for a = 1, 2. Now, if we shock both initial states into the 
same high-pressure phase (/3) at the same density 0H = 
COH• = COH2, we may combine (A3) written for initial state 
1 with (A3) written for initial state 2 by eliminating 
between Ae4• and Aei2. Doing this, we obtain 

r/2Pt•2 = (1 -•)•P•- • + 20i2(•e• -• - •d -•) (A4) 
with • = I - 0,2/0,1, ae• -1 = e(si2, 0,•) - e(sii, 0,,), and 

a4 = 0. - 
Assuming that 7, the equilibrium thermodynamic Grfineisen's 
parameter of/3, is a function of density alone, the relation 

gives us 

,7 = I (A5) 
p 

2-• 1 
= _ 

with 7-= 7(0-. Substituting this into (A5) and rearrang- 
ing, we obtain 

pn• = (1 - •b)[1)x Pm+ 7. k] (A7) 
• 7,)r/• (c• = 1, 2), and with/)• = 1 -(1 + [ 

With initial state 1 as Di crystal, and initial state 2 as 
Di glass, (A7) corresponds to (21)in the text. To our 

In this appendix, we establish (21), the relation between knowledge, the particular use to which we put (A7) in the 
the crystal and porous/glass Hugoniots, and then detail text is novel; perhaps the most common use of (A7), or 
the cMculations for a• and b• developed via (20) written relations like it, is to estimate 7n from porous and crystM 

shock compression data: for Di glass and crystal, and (21). Relation (21)is actu- 

ally a special case of a more general relation which is valid 2(1 - f/2)[Pn2 -- Pn•] (A8) for any two distinct initial (P = /•) forms, or states, of 
the same materiM shock-compressed into the same high- 
pressure phase (/•). Let 2q•, si•, and • be the temper- when P•a(at•) and P•x(•t•) are independently constrained; 
ature, specific entropy, and mass density, respectively, of usually, the approximation Ae,2. -1 = 0 is used [e.g., Jeanloz, 
the first initiM state, and •., so, and 0o. the anMogous 1979]. 
quantities for the second initial state. These two states 
may be, for example, different phases at the same pressure 
(e.g., solid and liquid), or a porous material and its crystal 
counterpart at the same pressure. We assume that each ini- 
tial state shock compresses adiabatically to a high-pressure 
state in thermodynamic equilibrium. Further, we assume 
that both the initial and shocked states are ideal fluids. 

Under these assumptions, the change in specific internal 
energy, e(s, •), of either initial state upon shock compres- 
sion is given by the Rankine-Hugoniot relation [e.g., Rice 
et al., 1958]: 

1 

- = + 
with a = 1, 2, and r/• = 1-•/0•, as used in the text. As- 
suming that shock compression separates states in thermo- 

Having established (20), we are now in a position to cal- 
culate a• and b•. The basic idea here is that we require 
(21), and (20) written for Di glass, to be consistent descrip- 
tions of Di glass P,0-O• relations. We do this numerically 
by generating a Di glass Hugoniot using (21) and then fit- 
ting (20) written for Di glass to this calculated Hugoniot via 
the LM method discussed in the text to find the minimum 

of the X •' statistic 

= -- 
As just explained, P,•oa(0•); a•, b•) is given by (20) writ- 
ten for Di glass, while P•do,(0?)is given by (21). Via this 
latter dependence, the calculated Di glass Hugoniot, and 
so the fit, then depends on the set 

{t•, Ae i , Oil, Oic, aic, be, Oi, 7i} (A10) 
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of parameters which remain fixed during the fit. All of these 
except /• = 0.1 MPa and Ae•-C = 0.36 MJ/kg (i.e., the 
enthalpy of fusion of Di crystal at standard pressure: [Robie 
½t al., 1978]) appear in Table 3, all except gi and 7i are well- 
constrained, and the dependence of the fit on these last 
two over the ranges of interest was negligible. We carried 
out the fit for densities between gi (•45 GPa) and 5500 
kg/m 3 (•200 GPa). The fit was basically insensitive to the 
number of calculated Di glass Hugoniot points used, and 

of - in 
the range 45-200 GPa was 3 GPa, which occured at 200 
GPa, and which we used as an uncertainty when plotting 
the data in Figures 4a-4c. The growth of the deviation 
between the calculated Di glass Hugoniot and model with 
increasing density reflects both a worsening of the fit and 
the linear shock velocity-material velocity approximation 

for Di = ae). 
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