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Shock equation of state of basalt
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Detailed wave profiles for Kinosaki basalt at pressures up to 25 GPa are measured using a laser velocity
interferometer in order to determine the dynamic properties. The results indicate a Hugoniot elastic limit of
∼2 GPa and a relationship between shock velocity (Us) and particle velocity (Up) approximated by Us (km/s) =
3.5 + 1.3Up (km/s) in the low-pressure plastic region (Up below ∼4 km/s). These data are compared with the
known data for rocks with basaltic compositions, and tensile strength of the basaltic rocks was found to be about
one tenth of that of compression strength.
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1. Introduction
Basalt is one of the most typical rocks on the Earth. Com-

prehensive studies on basalts are available in the book by
the Basaltic Volcanism Study Project (1981). Basalts are
known to be distributed widely, not only on the Earth but
also on the surfaces of Moon and other terrestrial planets,
and to be a major component of some of the stony mete-
orites. Basalts have also been used experimentally as an
analog for planetesimals. In the current standard model of
the early solar system, collisions among planetesimals oc-
cur repeatedly, and planetesimals grow into planetary bod-
ies. In order to understand the impact process on planetary
bodies and the growth mechanism of planetesimals in the
early solar system, we need to know the basic properties of
rocks at the time of impact.

There are several sets of Hugoniot data available for
rocks with basaltic compositions. Ahrens and Gregson
(1964), based on the inclined mirror method, measured the
Hugoniot of Vacavill basalt in relatively low-pressure re-
gion and gave a Huginot elastic limit (HEL) of 4–5 GPa.
Jones et al. (1968) measured the Hugoniot of the Vacavill
basalt up to ∼200 GPa. The composition (by wt%) is SiO2,
50.3; TiO2, 2.4; Al2O3, 13.8; Fe2O3, 3.5; FeO, 9.1; MnO,
0.24; MgO, 4.4; CaO, 7.7; Na2O, 3.3; K2O, 1.6; P2O5, 1.2;
H2O, 2.5; CO2, 0.05; with a total of 100.1 (van Thiel, 1977).
Nakazawa et al. (1997) employed piezoresistive manganin
gauges sandwiched between Kinosaki basalt disks to mea-
sure pressure and shock velocity simultaneously and sub-
sequently calculated the particle velocity by the Rankine-
Hugoniot equations. According to their data, the shock
velocity-particle velocity relation up to about 50 GPa is ap-
proximated separately by three linear equations as a func-
tion of particle velocity, and they estimated a HEL of 5 GPa
for Kinosaki basalt. Although there seems to be a good
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agreement in the high-pressure region (>20 GPa) for the
Hugoniot of rocks with basaltic compositions, the data in
the lower pressure region are still quite divergent. This is
partially because basalts have pores to some degree (∼5%)
and slightly differ in density and sound velocity. It is im-
portant to understand the dynamic behavior of basalt in the
low-pressure region in order to estimate the basic proper-
ties, such as strength parameters, that are required for ap-
plications of laboratory results to planetary collision events
and cratering processes. Hugoniot elastic limit is closely
related to the shear strength, and it is not well determined
in basaltic rocks. This paper reports the detailed wave pro-
files to determine the HEL and Hugoniot at relatively low-
pressure regions.

2. Experimental Procedure
We used the same Kinosaki basalt as Nakazawa et al.

(1997). The chemical composition (by wt%) is SiO2,
49.49; TiO2, 2.17; Al2O3, 17.12; Fe2O3, 1.05; FeO, 8.54;
MnO, 0.15; MgO, 6.64; CaO, 8.43; Na2O, 3.63; K2O,
1.73; P2O5, 0.71; with a total of 99.56 (Genbudo Re-
search Group, 1991). The basalt consists of ∼5 vol% phe-
nocrysts of olivine and plagioclase and ∼95 vol% ground-
mass. This composition is quite similar to that of Vacav-
ill basalt. The sound velocity data of Kinosaki basalt in-
dicate a range of 4.10–4.64 km/s (Nakazawa et al., 1997)
and 4.15–5.15 km/s (Nakazawa et al., 2002) for longitudi-
nal wave (Cl) and 2.60–2.92 km/s (Nakazawa et al., 1997)
and 2.25–3.00 km/s (Nakazawa et al., 2002) for shear wave
(Cs). Disks (∼30 mm in diameter and ∼3 mm thick) were
cut and set on driver plates (stainless steel 304, 40 mm in
diameter and ∼1 mm thick). The initial density of each disk
was measured to be 2.70±0.04 g/cm3. Figure 1 illustrates
the target and experimental setup.

We used a laser velocity interferometer (VISAR) to de-
tect the detailed wave profiles, which give time-resolved
shock wave structures (Barker and Hollenbach, 1972;
Barker, 1998). At the low-pressure region, a two-wave
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Table 1. Summary of Us-Up relations used in the present study.

Materiala Density (g/cm3) Us (km/s)=C+SUp (km/s)b Ref.

C S

FQz 2.23 5.264 −0.114 Marsh (1980)

LiF 2.638 5.15 1.35 Marsh (1980)

PMMA 1.186 2.6 1.51 Marsh (1980)

SP-30 0.11 −0.1 1.16 Holmes and See (1992)

Nikolaev et al. (2000)

Basalt 2.70 3.5 1.3 Present study

Stainless steel 304 7.89 4.58 1.49 Marsh (1980)

Tungsten 19.2 4.04 1.23 Marsh (1980)

aFQz, Fused quartz; LiF, lithium fluoride; SP-30, silica aerogel; PMMA, polymethylmethacrylate. bUs, Shock velocity; Up, particle velocity.

Fig. 1. Schematic illustration of experimental setup. A projectile is
accelerated by a 30-mm-bore propellant gun. Driver plate is stainless
steel 304.

structure consisting of elastic and plastic waves can be
generated by a plane impact, and the VISAR signal will
show their arrival times as a function of the sample thick-
ness. These two shock waves travel at different velocities
of longitudinal and bulk sound waves, respectively. The
corresponding particle velocities in the basalt sample were
measured through a window material. A thin aluminum
foil (∼10 μm) was put as a reflector between basalt and
window. Polymethylmethacrylate (PMMA), fused quartz
(FQz), lithium fluoride (LiF), and silica aerogel (SP-30)
with a density of 0.11 g/cm3 were used as windows. Their
Hugoniots are available and summarized in Table 1. The
silica aerogel was provided from the Matsushita Electric In-
dustry Ltd., and its transparency is about 90% for a thick-
ness of 10 mm at a wavelength of 532 nm. The shock
impedance of Al is a little higher than that of LiF, and basalt
has an intermediate shock impedance between LiF and FQz.

3. Results
We observed nine VISAR profiles at impact velocities of

0.6–1.9 km/s and at pressures of 4–25 GPa. Table 2 lists the
experimental conditions and results. Figure 2 illustrates six
profiles observed at impact velocities of up to 1.22 km/s.
These profiles indicate two-wave structures, although the
observed first precursor wave is very weak. The precursor
wave displays a slow rising-time and does not seem to come
from the reflection by the aluminum because the expected
travel time is about 2 ns, and repeated back and forward
times will sum at most 10 ns. The precursors can be as-
signed as the HEL of either Al or stainless steel from the

Fig. 2. Observed VISAR profiles for Kinosaki basalt at impact velocities
up to 1.22 km/s. (a) For shot 1385, (b) for shot 1354, (c) for shot 1357,
(d) for shot 1353, (e) for shot 1384, (f) for shot 1452. Arrows indicate
the elastic wave arrival, and the broken lines are the trace for estimation
of the plastic wave arrival. Some of these profiles need correction for
fringe loss to determine the final velocity (see Table 2).

weakness (∼0.5–1 GPa), as inferred from their HEL values
(Meyers, 1994). The precursor wave is too weak for the
HEL of the basalt, and we take the fast rising wave as the
HEL for the basalt. The elastic waves in the VISAR pro-
files show fast rising relatively and the plastic waves with
various risings. The arrival time for the plastic wave is
taken as a crossing of the rising line and peak particle ve-
locity on a VISAR profile, as illustrated by dashed lines in
Fig. 2. The obtained time difference between the elastic
wave and the plastic wave is listed in Table 2. Here, the first
shock velocity is assumed to travel as the longitudinal wave
(4.6±0.5 km/s from Nakazawa et al., 1997, 2002) because
there is little pressure effect, and the second shock wave
runs at a bulk sound velocity. The average time normal-
ized to sample thickness is 0.030 (μs/mm), and the second
shock velocity is calculated to be 4.1±0.4 km/s based on a
range of longitudinal wave velocity of the Kinosaki basalt
(Nakazawa et al., 1997, 2002). The observed particle veloc-
ity of the first shock is 0.11–0.22 km/s (Table 2). These re-
sults indicate that a HEL is fixed at ∼2 GPa and 2.80 g/cm3.
After taking the HEL state into account, the final shock state
for the experiments displaying the two-wave structures is
calculated and listed in Table 2. Based on the results of the
lowest pressure experiments (#1353 and #1357), the final
shock states are at 4.1±0.4 km/s for Us and 0.35–0.37 km/s
for Up (assuming the same impedance as that of FQz). This
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Table 2. Summary of experimental results on Kinosaki basalt. Initial density is 2.70±0.04 g/cm3.

Shot# Thickness Impact �tb �t/L 1st Up Final Up Us P Density

L (mm) velocitya (km/s) (ns) (μs/mm) (km/s) (km/s) (km/s) (GPa) (g/cm3)

1353 2.90(0.01) (0.6) 80 0.028 0.22 0.34 (FQz) 5.23 3.96

0.35 (B) 3.96 4.08 2.96

1357 2.97(0.01) 0.614 80 0.027 0.14 0.37 (FQz) 5.22 4.31

0.38 (B) 4.00 4.42 2.98

1384 3.10(0.01) 0.679 110 0.035 0.15 0.72 (PMMA) 3.68 3.13

0.51 (B) 4.16 5.93 3.08

1452 3.13(0.01) 0.680 90 0.029 0.11 0.45 (LiF) 5.76 6.84

0.52 (B) 4.18 6.08 3.08

1354 2.85(0.02) 0.722 90 0.031 0.13 0.58 (FQz) 5.20 6.73

0.58 (B) 4.26 6.88 3.13

1385 2.93(0.02) 1.22 90 0.031 0.15 1.86 (SP) 2.06 0.42

0.95 (B) 4.74 12.2 3.38

1381 2.79(0.03) 1.28 Not observed 1.05 (FQz) 5.14 12.0

1.00 (B) 4.79 12.9 3.41

1382 2.96(0.03) 1.78 Not observed 1.35 (FQz) 5.11 15.4

1.25 (B) 5.12 17.3 3.57

1386 3.03(0.01) 1.89(W) Not observed 1.45 (LiF) 7.11 27.2

1.60 (B) 5.58 24.1 3.79

aImpact velocity was measured in each shot, except for #1353 in which it was estimated based on the amount of propellant. b�t was measured as the
arrival time difference between elastic and plastic waves. For the two-wave structure profiles, the final particle velocity (Up) for basalt (B) was calculated
based on the impedance match method using the measured Up and the Us-Up relations given in Table 1. The first shock state (HEL) is fixed at 2 GPa
and 2.80 g/cm3 using a value of 0.15 km/s for Up.
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Fig. 3. Hugoniot for Kinosaki basalt. (a) Us-Up relations and (b) pres-
sure-density relation. Circles from Nakazawa et al. (1997); triangles
from the present study.

point is closely located on a linear relationship of Us (km/s)
= 3.5 + 1.3Up (km/s), and we used the relationship to cal-
culate Us from the observed Up in each shot (Table 2). The
typical zero-pressure bulk modulus of the Kinosaki basalt
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Fig. 4. Pressure-volume relation measured by VISAR for Kinosaki basalt,
including the release and recompression states from the primary Hugo-
niot states. Arrows connect the points of Hugoniot and partial release
(or recompressed) states, but do not indicate the actual paths.

(35±10 GPa, Nakazawa et al., 2002) is also consistent with
the new Us-Up relation, but not with the equation Us (km/s)
= 3 + 1.5Up (km/s) given by Nakazawa et al. (1997). The
Up values measured for the final states were checked against
those calculated by the impedance match method using the
measured impact velocity because some fringes may have
lost during the VISAR recording. If necessary, numbers
were added to correct the final velocity, as listed in Table 2.

For shots at impact velocities of 1.28–1.89 km/s, they
displayed single wave structures and fast risings in shots
#1381, 1382 and 1386, although some fringes were obvi-
ously lost and added to correct the velocity by the help of
the impedance match calculation. This etalon setting with
a low fringe per velocity constant was inevitable in order to
observe the HEL. A rarefaction wave arrives 0.4–0.5 μs af-
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ter the compression wave. Figure 3 shows the relationships
between Us and Up and between pressure and density for
Kinosaki basalt, compared with the data from Nakazawa et
al. (1997). The Hugoniot for Kinosaki basalt can be de-
scribed by Us = 3.5 + 1.3Up in the low-pressure plastic re-
gion, and the pressure-density curve does not indicate any
discontinuity that appeared in the data by Nakazawa et al.
(1997).

The partial release state from a Hugoniot state can be de-
termined using the measured particle velocity in a window
material. The volume change along the release isentrope
can be obtained from the release path in the P-Up plane
(Zel’dovich and Raizer, 2002), known as the Riemann in-
tegral. In our measurements, only one intermediate release
point was determined, corresponding to the state of win-
dow material. Figure 4 shows the Hugoniot of the Kinosaki
basalt and the release or recompression state reflected by
the window for the experiments that did not use a fused
quartz window. The release and recompression states are
closely on the Hugoniot, and it is clear from this result that
the Hugoniot state is almost same as the isentropic state at
these low shock pressures.

4. Discussion
There are two known examples of VISAR profiles for

basalt at relatively weak pressures. Grady (2000) used
Dresser basalt (density of 2.980 g/cm3, Cl of 6.05 km/s,
Cs of 3.51 km/s) and determined spall properties below the
HEL. He suggested a HEL below several GPa for the basalt.
Stewart et al. (2006) used Columbia River basalt (density
of 2.83 g/cm3, Cl of 5.73 km/s, Cs of 3.46 km/s) and mea-
sured the free surface velocity and thermal emission at 2,
28.9, and 32 GPa. Their VISAR did not use a window and
did not determine the HEL. Ahrens and Gregson (1964) de-
termined a HEL of 4–5 GPa for Vacavill basalt (density of
2.82 g/cm3) by the inclined mirror method and noted that
elastic wave amplitudes decay with propagation distance.
Nakazawa et al. (1997) determined the HEL for Kinosaki
basalt according to their observed Us-Up relation. Their
method was indirect and may not distinguish between the
elastic and plastic waves. In addition, there seems to have
been an effect from the HEL originating from the metal
flyer, resulting in unreliable estimation of the shock wave
velocity. Our present VISAR study reveals the effect of
HEL of metal, even if it is not high. We detected directly
the two waves in the VISAR profiles and two-wave struc-
tures were observed at pressures below 12 GPa for Kinosaki
basalt. Kinosaki basalt has a relatively low density, and it
is reasonable that the HEL for Kinosaki basalt is the lowest
among the measured basalts.

The equation of state for rocks with basaltic compositions
is summarized in Fig. 5. The Us-Up relation for plastic
wave at low pressures can be expressed by a linear relation
of Us = 3.5 + 1.3Up for a range of Up between ∼0.3 and
∼4 km/s. Trunin et al. (1988) gave a relation of Us = 3.35
+ 1.46Up for a gabbro with 2.89 g/cm3 at Up from 1.8 to
4 km/s, which indicates a slightly higher shock velocity. All
these data for the basaltic compositions indicate that there
is no high pressure phase transition below ∼100 GPa (a Up

up to ∼4 km/s). Taking into account the data by Jones
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Nakazawa et al. (1997) (circles with initial density of 2.87 g/cm3). A
bold line expressed by Us = 3.5 + 1.3Up is given to represent the best
approximation for the low pressure region. The Hugoniot elastic limits
for basalts are estimated to be about 2–5 GPa. A broken line indicates
the Us-Up relation for Vacavill basalt in the high-pressure region.

et al. (1968), there seems to be a phase transition above
∼100 GPa.

In the relatively low-pressure region of basalt, the Us-
Up relations are complicated, because the material strength
greatly influences the regime. The spall strength of a basalt
has generally been measured to be about 130 MPa, corre-
sponding to an impact velocity of 60 m/s (Grady, 2000).
Dynamic tensile strength of a basalt was also determined to
be 157–179 MPa by a flat plate impact experiment (Cohn
and Ahrens, 1981). Ultrasonic measurements of post-
impact gabbro indicated a tensile stress (∼150 MPa) for the
onset of tensile failure (Ai and Ahrens, 2004). The yield
strength of Kinosaki basalt at HEL can be calculated to be
∼1.5 GPa from the determined HEL (Meyers, 1994), and
it is about tenfold greater than the tensile stress. A similar
conclusion was drawn from the laser shock experimental
results on Peats Ridge basalt, NSW in Australia (density of
2.9 g/cm3, bulk sound velocity of 5.68 km/s) (Bolger et al.,
1999). These researchers showed an unconfined compres-
sion strength of 300 MPa and a tensile strength of 30 MPa.
These stress levels can be taken into account to model col-
lision and fracture of basaltic bodies at the time of impact
events, when we have to apply a proper scaling rule (e.g.
Mizutani et al., 1990).
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