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Accurate models of planetary formation and evolution rely on equation-of-state (EOS) models for their
constituent materials across wide ranges of pressure, temperature, and density. Currently, estimates of ther-
moelastic properties along Earth-like pressure and temperature adiabats (the geotherm) require extrapolation of
laboratory data, which confounds clear interpretation of the physical and chemical states of planetary interiors.
We designed experiments on the Z Machine at Sandia National Laboratories to directly measure the EOS and
sound speeds in dense oxides along quasi-isentropes close to the geotherm using shock-ramp compression. Here
we demonstrate the method on magnesium oxide, representing the major nonsilicate mineral in the mantle,
to pressures exceeding Earth’s core. Our observations up to 400 GPa are confirmed by independent density
functional theory and quantum Monte Carlo predictions and indicate the experimental compression path is
close to a 1900 K geotherm. The results show excellent agreement with the preliminary reference Earth model
(PREM), suggesting the technique can produce highly accurate thermoelastic data useful for interpreting the

internal structure of terrestrial planets.

DOI: 10.1103/x7x6-16¢s

I. INTRODUCTION

The internal structure and thermal evolution of planets
are governed by the thermoelastic properties of their con-
stituent materials [1,2]. On Earth, seismic measurements of
acoustic waves provide constraints on the density, pressure,
and physical state (solid or liquid) of the mantle and core
[3]. Converting these data to a more detailed model of the
physical and chemical structure of the Earth’s interior is, how-
ever, much more difficult because it requires equation-of-state
(EOS) data for all constituent materials [4,5]. Confounding
this effort is the fact that laboratory measurements of sound
velocity in minerals along planetary geotherm temperature
profiles at pressures exceeding 100 GPa have not previously
been attained by any method. When applied to Earth’s lower
mantle or to larger Super-Earth type planets, interior structure
models rely on significant extrapolations of existing EOS and
thermoelastic data [2]. Thus, an accurate understanding of
the internal structure of the Earth and other planets is lim-
ited by the relatively large uncertainties in the thermoelastic
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properties of relevant materials at simultaneous high pressures
and temperatures where executing experiments is challenging.

Periclase (MgO) is an endmember of ferropericlase
(Mg,Fe)O, the most abundant nonsilicate oxide in Earth’s
mantle, as well as a primary standard material for develop-
ing new methods in high pressure science [6,7]. Previous
experimental measurements of elastic properties such as the
bulk sound speed have focused on static isothermal com-
pression using diamond anvil cells and large volume presses,
or conventional shock wave compression techniques [8—14].
Although these approaches can yield very precise measure-
ments, interpretation of Earth’s internal structure using these
data can be complicated because the geotherm is approxi-
mately isentropic in the lower mantle [15].

The ‘geotherm’ is the set of adiabatic pressure-density-
temperature states in Earth’s mantle and is close to an
isentrope away from thermal boundary layers [1]. Shock com-
pression techniques probe a unique set of thermodynamic
states known as a Hugoniot, which, while adiabatic, are
not isentropic [16]. Thus, these conventional dynamic com-
pression experiments in general do not probe geothermlike
states [8,9,13,17]. More recently developed off-Hugoniot
ramp compression techniques enable measurement of material
properties along a nearly isentropic path, called a “quasi-
isentrope” [18-28]. Previous ramp experiments on MgO have
reported the pressure-density response and Lagrangian sound
velocity along the principal isentrope [25,26], and more re-
cent shock experiments have measured the sound speed in
the liquid at elevated temperature [13,14], however the sound
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FIG. 1. (a) Hardware rendering for shot Z3809 target assembly. Red arrows show the current (J) path, after [39]. (b) Schematic of the
sample assembly and probe setup. A photograph of the cathode panel is shown in Fig. S2 along with a description of the target hardware.

speed along a geothermlike path has not yet been measured
[25,26].

In this study, we measured the sound speed of poly-
crystalline MgO along an approximate geotherm up to 400
GPa by means of shock-ramp dynamic compression exper-
iments on the Z Machine at Sandia National Laboratories.
The experimental results show excellent agreement with inde-
pendent density functional theory and quantum Monte Carlo
predictions and indicate that the experimental compression
path is close to a 1900 K geotherm. We demonstrate that
these techniques can produce highly accurate, absolute EOS
data useful for interpreting the internal structure of terrestrial
planets.

II. SHOCK-RAMP EXPERIMENTS

The Z Machine (Z) is a pulse-power facility capable of
storing ~25 MJ of stored electrical energy and delivers
~2 MJ of that energy to a cm-scale target in a submicrosecond
time scale [29]. Shock-ramp experiments make use of a planar
stripline target (Figs. 1 and S2) and a double-ramp pulse shape
(Fig. S2) [18,19,30]. A combination of 1-D and 2-D magneto-
hydrodynamic codes and a transmission-line circuit model of
Z were used to determine both the electrical-current pulse
shape required to generate the shock-ramp compressions of
samples and the appropriate Z Machine configuration needed
to produce that pulse shape [29]. In the present work, the
first ramp accelerated an Al flyer across a gap, impacting the
sample to generate a shocked state on its Hugoniot curve at
~110 or ~140 GPa (shots Z3809 and Z3866, respectively).
Then the remaining energy in the second ramp further ramp-
compressed the sample to at least 400 GPa.

The Hugoniot curve of single-crystal MgO (pp =
3.58 g/cm?) intersects pressures relevant to Earth’s mantle
at temperatures well below the geotherm. For example, cur-
rent estimates, poorly constrained, put the temperature at
Earth’s CMB (135 GPa) at approximately 2600 K [31-33],
whereas at 135 GPa the Hugoniot curve of single-crystal
MgO is at a temperature of ~1900 K [34]. Polycrystalline
samples with porosity and lower density, however, have
higher Hugoniot temperatures than single-crystal (fully dense)
MgO at the same pressures, allowing a shock directly to the
geotherm at lower-mantle pressures. We found that polycrys-
talline MgO with ~7% porosity (oo = 3.33 g/cm?) shocked
to approximately 110 GPa followed by subsequent ramp com-
pression probes a quasi-isentrope close to a 1900 K geotherm

[4,15,35], motivating the synthesis of high-quality polycrys-
talline MgO samples.

Magnesium oxide powder was hot-pressed in Ar to 20 MPa
and 1000 °C at American Isostatic Presses Inc. After HP-HT
treatment, individual samples for experiments were prepared
by cutting and polishing samples to size, approximately
7 x 8 mm across and of variable thickness (0.8—1.2 mm). Den-
sity of individual samples was measured by the Archimedes
method and found to range from 3.31-3.41 g/cm?. Further de-
tails of sample preparation and characterization are provided
in the Supplemental Material (Table S1, Fig. S1) [36].

The experimental configuration consisted of measuring
particle velocities in a pair of samples with different thick-
nesses positioned at the same height on the two electrode
panels of a stripline [Fig. 1(a)]. Different sample thicknesses
allow us to measure the time difference for the compression
wave to propagate through the sample, thereby providing
a direct measure of the sound speed. Polycrystalline MgO
samples were backed by 2.5-mm thick single crystal [100]
lithium fluoride (LiF) windows and tacked onto a shelf 0.785
mm (Z3809) or 0.970 mm (Z3866) above the 2.3-mm thick
electrode floor, setting the flight gap [Fig. 1(b)]. LiF windows
were coated at the sample-window interface with 2500 A
of aluminum over a 3-mm diameter central spot to provide
a specular reflector for laser-based velocimetry measure-
ments. Both a velocity interferometer system for any reflector
(VISAR) [37] and a photon Doppler velocimetry (PDV) sys-
tem [38] were used to measure particle velocities, u,,, at each
sample-LiF interface as a function of time.

The averaged particle velocity of the transmitted waveform
in the window for both thick and thin samples measured
by velocimetry are shown in Fig. 2. It is important to note
that the shock states from which the thin and thick samples
are ramp compressed are slightly different. In both experi-
ments (Z3809 and Z3866), the incident shock pressure in the
thicker samples is slightly higher than in the thinner sam-
ples, which we attribute to shock growth. The difference in
shock pressure was less than 3.5%, so we averaged the shock
pressure between the thick and thin samples for subsequent
analysis. The Lagrangian wave velocity, ¢y, as a function
of compression velocity, u™ (defined as the velocity attained
under compression by a simple, unidirectional noninteracting
wave), was obtained through inverse Lagrangian analysis of
u, measured at the interface, as discussed in previous works
[18,22,39-41]; particularities specific to the present work are
discussed in Sec. IV.
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FIG. 2. Averaged PDV velocimetry from Z3866 (blue) and av-
eraged PDV and VISAR velocimetry from Z3809 (red). The ‘thin’
samples (dashed lines) and ‘thick’ samples (solid lines) are posi-
tioned on opposite sides of the stripline at the same elevation (Fig. 1).
The difference in the measured times when the thick and thin sam-
ples have reached the same particle velocity gives an estimate of
the Lagrangian sound velocity, from which thermoelastic response
and bulk sound speed are obtained. Note that the shock growth is
apparent with the transmitted-shock particle velocities of the thick
samples being slightly higher than the corresponding thin samples.

III. AB INITIO CALCULATIONS

To provide a point of comparison to the unique loading
path of the experiments, we carried out complementary ab
initio equation-of-state calculations. Density functional the-
ory based molecular dynamics (DFTMD) calculations were
performed using VASP (version 6.3.2), an implementation of
Kohn-Sham density functional theory with periodic boundary
conditions and a plane wave basis [42—44]. The exchange
and correlation energies were obtained from the general-
ized gradient approximation of Perdew, Burke, and Ernzerhof
(PBE) [45]. All VASP calculations employed a 216-atom su-
percell of B1 MgO and used PAW pseudopotentials with a
800-eV plane-wave energy cutoff and 2s22p%3s? and 2s22p*
valences for Mg and O, respectively [46—48]. The Brillouin
zone was sampled at k = (%4, %, %) and the Mermin func-
tional was used to set electronic occupations [49]. Typical
simulations were run for 10 000 1-fs timesteps and from which
the average energy and pressure were calculated on a grid of
densities spanning 3.2-7.0 g/cm? with a 0.2 g/cm® spacing
and temperatures of 300, 500, 1000, 2000, 3000, and 4000 K.
We also computed the equation of state of the static lattice
(cold curve) using the same computational parameters on the
same density grid that was used in the MD calculations. As
expected, the PBE bulk modulus is lower than, and the refer-
ence volume is higher than, the estimated values extrapolated
down to 0 K from experimental measurements, as shown in
Table I.

To improve the static equation of state, we carried out
real-space diffusion Monte Carlo calculations on the same
density grid using the QMCPACK code (version 3.17.1) [51,52].
These calculations require as input a set of DFT orbitals

TABLE 1. Comparison of Vinet equation-of-state parameters
obtained from our DFT and DMC calculations and previous exper-
imental measurements [50]. Details of extrapolated estimates of the
experimental EOS parameters to O K are given in the Supplemental
Material [36].

B,/ GPa B, Vo / Bohr?*/f.u.
Expt. (Fei 1999300 K) ~ 160(2)  4.15 (Fixed)  126.18
Expt. (Fei 1999 0 K) 169(3)  4.15 (Fixed)  124.99(5)
DFT/ PBE (300 K) 141.03)  4.58(1) 130.18(3)
DFT/PBE (0K) 148 (1)  4.48(3) 129.45(9)
DMC (300 K) 168.1(3)  4.46 (1) 123.77(2)
DMC (0 K) 174 (1) 4.373) 123.31(9)

which were obtained using QUANTUM ESPRESSO (version 7.3)
[53,54]. The exchange and correlation energies were obtained
from PBE [45]. For both DFT and QMC calculations, we
used “correlation consistent” effective core potentials specifi-
cally constructed to enable highly accurate QMC calculations
[55,56]. Following previous work [51,52], the calculations
assumed a Slater-Jastrow trial wave function with optimized
one-, two-, and three-body Jastrow factors. Twist-averaged
estimates of the total energies were obtained from fixed-
node DMC calculations on 216 atom supercells sampled with
four k-points on the same density grid that was used for
the DFTMD EOS calculations. We used the size-consistent
‘T-moves’ scheme of Casula et al. to ensure variational sam-
pling of the nonlocal pseudopotential term [57]. The DMC
algorithm relies on a Trotter decomposition of the imaginary
time evolution operator and therefore suffers from a time step
error. Our DMC calculations were performed with timesteps
of 0.064, 0.016, 0.008, 0.004, and 0.002Ha~! from which
zero timestep estimates were obtained from a least-squares
fit to a quadratic polynomial. The resulting static equation of
state obtained from a fit of the DMC total energy to a Vinet
equation of state shows a substantial improvement over the
DFT/PBE results, as shown in Table 1.

To correct the DFTMD data at finite temperatures we note
that the total energy, E, and pressure, P, can be expressed as a
sum of two terms:

EPF™MP(y Ty = EPFT(V) 4+ EXF™MP(Vv, T) (1)
PPFIMD(y ) — pDFT(y) 4 pDFTMD(y Ty (2)

where V is the volume, T temperature, the subscript O in-
dicates the ‘cold curve’, and the subscript ‘th’ indicates the
thermal contribution due to the motion of the atoms and
electronic excitations. With these expressions in mind, we
corrected the finite temperature DFTMD results with the
static DMC equation of state (referred to hereafter as the
“QMC-corrected” equation of state) according to

ECOIT(V, T) — EDFTMD(V, T) + E(]))MC(V) _ E(]))FT(V)
=EMCWV) + ERTTMP(V, T). 3)
In both DFT and DMC the cold-curve energy and pressure

were obtained from Vinet EOS fits to the energy. The pressure
was obtained self-consistently from the fit of the energy EOS
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FIG. 3. Predicted quasi-isentropes corresponding to Z3809 (red)
and Z3866 (blue) obtained from DFTMD (circles) and QMC-
corrected (squares) EOS models. Hugoniot curves for various initial
densities shown in gray, with DFT (QMC-corrected) predictions
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In DFTMD and QMC, one obtains only a statistical es-
timate of the energy. Our QMC-corrected equation of state
includes the statistical uncertainties in both energy and pres-
sure obtained from DFTMD as well as those from the DMC
calculations. Thus, the QMC-corrected EOS has strictly larger
statistical uncertainties than those of the original DFTMD
EOS. The uncertainty in the DMC estimate of the energy is
straightforwardly estimated from the calculations but uncer-
tainties in the DMC pressures were obtained from a bootstrap
resampling procedure in which the energies were varied ac-
cording to their uncertainties and then fit to a Vinet equation
of state 1000 times from which average and standard deviation
were calculated.

The principal Hugoniot states were computed in the usual
way following previous work [24,58-61] and are shown in
Fig. 3. The ramp states were estimated by the following
procedure: Taking as an initial state the incident-shock state
corresponding to the measured particle velocity from the ex-
periments, we then compute the shock state using the closest
density grid points (above and below the shock state). Then
the reference point is updated to be this state and the process
is repeated, moving up and down in density to obtain the rest
of the isentrope. This ‘sequence of shocks’ approximation
is exact in the limit of infinitesimal density change, but in
practice necessarily results in a small (systematic) error in
the isentrope thus obtained. We found that a density step size
of 0.2 g/lcm® provided converged estimates of the pressure,
temperature, energy, and sound speed along the approximate
isentrope for the states considered here (Fig. S9).

By design, these calculations capture only the equilibrium
response of the material and therefore do not account for ma-

terial strength or other strain rate dependent effects. Overall,
we find that the incorporation of QMC corrections to the EOS
modifies the density and compressibility under both static
(0 K) and finite temperature conditions. This effect is clearly
observed in both the Hugoniot curve and isentrope calcu-
lations, shown in Fig. 3. Matching to the experimentally
observed incident-shock state in the sample, QMC-corrected
calculations result in incident-shock states with lower pres-
sure, less density, and lower temperature than DFTMD
calculations, and are closer to the experimental result (Ta-
ble II). These differences are also reflected in the isentrope
calculations, which show that the QMC-corrected EOS model
tends to predict lower temperatures than the DFTMD EOS
model at high pressures. Interestingly, the QMC-corrected
EOS suggests that the experimental loading paths for Z3809
and Z3866 are very close to 1900 and 2100 K geotherms,
respectively [15]. The DFTMD data, DMC corrections, prin-
cipal Hugoniot states, and shock-ramp states are given in the
Supplemental Material [36].

IV. RESULTS

From the measured window-interface velocity histories
we determined the Lagrangian sound velocity c; along the
postshock compression ramp using an inverse Lagrangian
analysis (ILA) method [28]. In contrast to ramp-only com-
pression where the ambient state is accurately known, in our
shock-ramp experiments the take-off state, or incident-shock
state, for the ramp is initially unknown, although it must
lie on the principal Hugoniot. Building on previous work
[9,16,28,50], we generalized our ILA method to handle an
initial guess of an EOS from which we then iteratively solve
for a compression curve that starts from a state on the principal
Hugoniot and is consistent with the measured velocities. The
incident-shock states in experiments were determined from
assumed shock Hugoniots. We used experimental data from
the LASL handbook for MgO with py = 3.34 g/cm? to deter-
mine the incident-shock state for Z3809 (py = 3.33 g/cm?).
For this experiment, the QMC-corrected pressure and den-
sity agree to within 3 GPa and 0.03 g/cm?, respectively,
at the incident-shock state, as shown in Table II. Given the
agreement observed between experiment and QMC-corrected
theory along the Hugoniot, and due to the lack of experi-
mental principal Hugoniot data available for MgO with py =
3.40 g/cm?, we used our QMC-corrected principal Hugoniot
to determine the incident-shock state u, for Z3866 (po =
3.40 g/cm?). For Z3866, because the known incident-shock
state was assumed from QMC, the incident-shock state for the
ramp was the same for both experiment and calculations.

The ILA results for Lagrangian sound velocity as a func-
tion of compression velocity are shown as dots in Fig. 4, with
the shaded region indicating statistical uncertainty obtained
from a bootstrap analysis of the velocimetry data. We attribute
the initial decrease of measured c; at the beginning of the
ramp to a transition from elastic to inelastic deformation, sug-
gesting that when the ramp compression arrives, the postshock
stress state in the solid is no longer at a compressive elas-
tic limit (e.g., yield-stress surface); the initially longitudinal
sound speed falls to a bulk sound speed after the transition
[22,39]. The deviatoric stress increment given by integrating
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TABLE II. Incident-shock states at the start of ramps for shots Z3809 and Z3866.

P/GPa po/ g/em? T/K

Shot Z3809: p, = 3.33g/cm?, u,= 3.268 km/s

Experiment 110.8(6) 4.909(11) -

QMC-corrected 108.1(3) 4.897 2342(8)

DFTMD 117.0(1) 4.874 2475(10)
Shot Z3866: py=3.4g/cm?, u,= 3.763km/s

Experiment and QMC-corrected 139.14) 5.141 2903(9)

DFTMD 148.1(1) 5.121 2978(10)

the difference between measured ¢, and extrapolated bulk La-
grangian sound speed across this transition is approximately
6 GPa, which compares favorably with previous measure-
ments made at 40 GPa that found a yield strength of ~4
GPa [17,62]. Unlike previous works using ILA to analyze
data from ramp or shock-ramp experiments, we replace each
¢ (u*) curve with a linear fit to the data, excluding the elastic-
inelastic transition region; these are shown by thick lines in
Fig. 4, with dotted lines showing extrapolation down to the
incident-shock state. Setting ¢, to be linear in u* effectively
assumes pressure is second order in strain. This approach in-
troduces a model-based constraint to our experimental result,
but insofar as the material’s real behavior across the probed
range of compression can be described by a low-order com-
pression curve, it also serves to remove the effects of nonideal
phenomena like the elastic-plastic transition described above.
Best-fit parameter values for the linear ¢, (u*) model are re-
ported in Table III.

w
(=]

r—— 73809, 3.33 g/cm?, 110 GPa Shock

| —— 73866, 3.40 g/cm?, 140 GPa Shock E
i Theory 3.33 g/cm?
@i Theory 3.40 g/cm?

[N [ S
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T T
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5] [
(=1 8]

3.0 35 4.0 4.5 5.0 55 6.0 6.5 7.0 7.5

Compression Velocity, u* (km/s)

FIG. 4. Lagrangian sound velocity obtained from ILA along the
ramp from initial shock states of 110 and 140 GPa for shots Z3809
(red) and Z3866 (blue), respectively. Velocities obtained from ILA
are shown as points, shaded areas represent experimental uncertainty
[39], and thick lines show the linear fits from Table III. For clarity,
the data density shown as points is reduced but the complete c,-u*
dataset is available in the Supplemental Material [36]. Linear fits are
fitted to data within the compression velocity range of the thick lines.
The linear fits are extrapolated back to the Hugoniot state and are
represented by dotted lines. Red and blue open squares denote QMC-
corrected predictions.

Corresponding stress-density states along each quasi-
isentrope were obtained from the linear fits via Egs. (6) and
(7) (compare with Eqgs. (4) and (5) from Ref. [39] which
use different integration limits), where uj; is the compression
velocity at the incident shock state and o, is longitudinal
stress:

*

0x = po / du cp(u) (6)

*
H

. —1
u du
o= ,00|:1 _/u;; CL(M)} . (7

We have assumed that ¢;, is equal to the Lagrangian bulk
sound velocity, neglecting thermal pressure due to entropy-
generating mechanisms (e.g., inelastic deformation) and
elastic-limit hardening. Detailed accounting for all strength
effects would require a pressure, temperature, and strain-rate
dependent strength model which at present does not exist
for MgO, and the development thereof would constitute a
significant undertaking well outside the scope of the present
work [63]. We therefore proceed under the assumption that
o, ~ P in Eq. (6).

The pressure-density states obtained from our shock-ramp
experiments are shown in Fig. 5. Because the starting density
of our MgO samples was substantially lower than that of a
fully dense single crystal (3.33 or 3.40 g/cm? vs 3.58 g/cm?),
we have normalized the densities shown in Fig. 5 by their re-
spective starting density. This more clearly shows the change
in compressibility due to differences in the initial state and
loading path. For comparison, pressure-density states where
density is not normalized are shown in Fig. S3. Due to the
unique loading paths of our experiments, the pressure-density
states obtained are significantly different from previous dy-
namic compression studies. The data from Root et al. [34],
Vassiliou and Ahrens [64], and the LASL Handbook [65]
lie along the principal Hugoniot obtained from fully dense
samples, whereas the data from Coppari et al. [25] correspond
to the principal quasi-isentrope [34,64,65].

TABLEIIIL. Best fit parameters for the ¢ -u* ramp measurements.
cr(u*) = mu* + b.

73809 73866
m 3.546(6) 3.19(2)
b 3.35(3) 5.20(9)
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FIG. 5. Comparison of pressure-density states along various
loading paths. Shaded areas represent experimental uncertainty. The
data from Root et al. [34], the LASL handbook (Marsh [65]), and
Vassiliou and Ahrens [64] lie along a common shock Hugoniot curve
while the data from Coppari et al. [25] follow along the principal
quasi-isentrope of the fully dense crystal [25,34,64,65]. Additionally,
data from the LASL handbook includes a separate shock Hugoniot
curve from porous samples with a density of 3.34 g/cm?. The data
from Fat’yanov and Asimow [14] lie along a shock Hugoniot curve
from samples preheated to ~2300 K and correspond to the liquid
state [14]. Red and blue points denote QMC-corrected DFTMD
predictions of the experimental ramp.

As expected, principal Hugoniot data show a lower com-
pressibility than either the experimental ramp data of Coppari
et al. [25] or our experimental shock-ramp data. For example,
Root et al. [34] show a compression ratio 12% lower than the
compression ratio reached on shock-ramp path to a pressure
of 270 GPa. Our QMC-corrected EOS model shows excellent
agreement with the experimentally measured pressure-density
states for Z3809. Near 363 GPa, the experimental den-
sity is 6.65 g/cm® while the DFTMD predicted density is
6.45 g/cm3. The QMC-corrected density is 6.60 g/cm?; much
improved over the DFT estimate and within 1% of the exper-
imental value. The excellent agreement between experiment
and theory suggests that strength effects are likely small in
the experiments.

To obtain experimental sound speeds, the Eulerian sound
velocity, cg, is obtained via Eq. (8), where p is the density
along the ramp, and the subscript 0 denotes the value in
the uncompressed initial state. Uncertainty was propagated in
quadrature.

@:q%. @)

Figure 6 shows sound speeds as a function of pres-
sure. For a solid undergoing uniaxial deformation with
fully inelastic deviatoric component (and ignoring thermal
pressure from dissipation), the longitudinal Eulerian wave
speed is equivalent to the bulk sound speed, cg = /Ks/p,
geophysically relevant because cg can be obtained in the
deep Earth from observed teleseismic travel times and normal
modes of oscillation [3]. Because the bulk sound speed is rel-
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FIG. 6. Measured Eulerian sound speed on quasi-isentropes
compared to previous measurements and PREM [3]. Shaded areas
represent associated experimental uncertainty. Note that the points
obtained by Fat’yanov and Asimow [14] correspond to liquid MgO
[14]. The experiments by Duffy and Ahrens [17], Davies and Ahrens
[66], and Zha et al. [70] measured longitudinal wave speed (Vp). Red
and blue points denote QMC-corrected DFTMD predictions.

atively insensitive to temperature in these regimes, we found
that the Eulerian velocities obtained from Z3809 and Z3866
are nearly indistinguishable, despite the difference in ramp
take-off points. The predicted bulk sound speed obtained
from the QMC-corrected EOS model lies within error of
our measurements. Generally, we find excellent agreement
with previous measurements obtained from both static and
dynamic compression experiments where available.

The data from Fat’yanov and Asimow [14] are from
gas-gun experiments on preheated samples and thus probed
high-temperature liquid states. The experiments by Davies
and Ahrens [66] measured longitudinal acoustic wave velocity
and the transition from elastic to inelastic deformation around
50 GPa, which resulted in a marked reduction in the velocity
[66].

The quasi-isentropes corresponding to Z3809 and Z3866
are close to lower mantle geotherms and therefore provide
a direct measurement of the elastic properties of solid MgO
in real lower mantle pressure and temperature conditions.
We find that the bulk sound speed is essentially indistin-
guishable from the predicted Preliminary Reference Earth
Model (PREM) value, which is surprising and potentially
coincidental because the PREM values are representative of a
chemically complex multicomponent assemblage [3]. While
not intended to make any direct implication about Earth’s
mantle mineralogy or temperature, we compared our sound
velocity measurements of MgO along 1900 K and 2100 K
adiabats to PREM only as a way to visualize that the new
methodology produces results consistent with what is ex-
pected for a planetary interior.

V. CONCLUSIONS

Obtaining high precision equation-of-state measurements
at pressure and temperature regimes relevant for planetary
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interiors remains a significant challenge. We performed ex-
periments on MgO that follow isentropes close to Earth’s
geotherm by designing dual-sample stripline loads and pre-
dictively pulse-shaping the current on Z to ramp compress
the samples from a shocked state using magnetic pressure.
Complementary ab initio modeling, including highly accurate
quantum Monte Carlo corrections to the static equation of
state, show excellent agreement with the experimental data
and demonstrate the importance of similar methods for related
problems.

Although the temperature was not directly measured,
the remarkable agreement between the experimental and
predicted shock-ramp states suggests both that entropy con-
tributions due to irreversible processes such as changes in
microstructure and inelastic deformations in general are not
significant in our experiments and that the measured ramp
states are close to geotherm temperatures in Earth’s lower
mantle. Although Z3809 and Z3866 probe distinct thermo-
dynamic states, we find the bulk sound speed is relatively
insensitive to the shock state from which the ramp proceeds
due to the competing effects of pressure and temperature. Our
results represent the first measurements of bulk sound speed
of a geomaterial along realistic lower mantle adiabats and
the experimental techniques and results presented here will
be useful for future studies of the B1-B2 phase transition at
high temperatures and for improving models of the interior
structure of the Earth and terrestrial exoplanets.
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