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Shock properties of H,O ice
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[11 To understand the mechanics and thermodynamics of impacts on, and collisions
between, icy planetary bodies, we measured the dynamic strength and shock states in
H,O ice. Here, we expand upon previous analyses and present a complete description of
the phases, temperature, entropy, and sound velocity along the ice shock Hugoniot.
Derived from shock wave measurements centered at initial temperatures (7,) of 100 K and
263 K, the Hugoniot is composed of five regions: (1) elastic shocks in ice Ih, (2) ice Th
deformation shocks, and shock transformation to (3) ice VI, (4) ice VII, and (5) liquid
water. In each region, data obtained at different initial temperatures are described by a
single Us — Au, shock equation of state. The dynamic strength of ice Ih is strongly
dependent on initial temperature, and the Hugoniot Elastic Limit varies from 0.05 to
0.62 GPa, as a function of temperature and peak shock stress. We present new bulk sound
velocity measurements and release profiles from shock pressures between 0.4 and

1.2 GPa. We report revised values for the shock pressures required to induce incipient
melting (0.6 = 0.05, 1.6 £ 0.3 GPa) and complete melting (2.5 £ 0.1, 4.1 = 0.3 GPa) upon
isentropic release from the shock state (for 7, = 263, 100 K). On account of the >40%
density increase upon transformation from ice Th to ices VI and VII, the critical shock
pressures required for melting are factors of 2 to 10 lower than earlier predicted.
Consequently, hypervelocity impact cratering on planetary surfaces and mutual collisions
between porous cometesimals will result in abundant shock-induced melting throughout

the solar system.

Citation: Stewart, S. T., and T. J. Ahrens (2005), Shock properties of H,O ice, J. Geophys. Res., 110, E03005,

doi:10.1029/2004JE002305.

1. Introduction

[2] The response of rocks and minerals to shock com-
pression governs the outcome of collisions between plan-
etary bodies. The mechanical and thermodynamic work
from an impact event may be derived from a material’s
shock Hugoniot, which describes the dynamic strength and
possible shock-compressed states, as well as the existence
and properties of high-pressure phases. The H,O ice
Hugoniot is needed to model collisions onto and between
the ice-rich planets and cometesimals in the outer solar
system and to interpret a wide range of impact processes,
including shock-induced melting and vaporization, crater-
ing mechanics, and mass transfer via accretion, erosion, or
catastrophic disruption.

[3] Previous studies of the shock Hugoniot of nonporous
ice (Table 1), primarily focused on terrestrial applications
and conducted around 263 K [A4nderson, 1968; Gaffney,
1973; Larson et al., 1973; Bakanova et al., 1976; Gaffney
and Ahrens, 1980; Larson, 1984; Gaffney and Smith, 1994;
Davies and Smith, 1994], have had difficulty identifying the
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onset of shock-induced transformations to high-pressure
phases and yielded conflicting explanations of the dynamic
yield mechanism [Larson, 1984; Gaffney, 1985]. Although
the high-pressure region of the ice Hugoniot (>8 GPa) has
been well characterized, the low-pressure region has been
difficult to interpret [Gaffney, 1985]. In addition, observa-
tion of shock-induced transformation to high-pressure
phases under terrestrial conditions has led to questions
about the possibility and significance of impact production
of ice polymorphs on planetary surfaces [Gaffney and
Matson, 1980].

[4] Because ices on the surfaces of icy bodies in the outer
solar system exist at temperatures much below 263 K (e.g.,
around 200 K on Mars to around 40 K on Pluto), we
measured the shock properties of the most common low-
pressure phase, ice Ih, at an initial temperature of 100 K to
derive a new ice Hugoniot that is applicable throughout
most of the solar system. Using previously published shock
and static data [Stewart and Ahrens, 2003], we present the
derivation of the complete shock Hugoniot for H,O ice and
the temperature dependence of the dynamic strength of H,O
ice. The original experiment data records are provided in the
auxiliary material'. Here, we present new calculations for
the temperature and entropy along the Hugoniot, including

'Auxiliary material is available at ftp:/ftp.agu.org/apend/je/
2004JE002305.
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Table 1. H,O Ice Shock Data
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Symbol Source P GPa Note”
Elastic Shock Waves
| | this work 0.35-0.62 P
& Larson [1984]° 0.15-0.30 P
A Larson [1984]° 0.16-0.19 S
> Gaffney and Smith [1994] 0.05-0.11 P
N Davies and Smith [1994] 0.05-0.23 P
Deformation Shock Waves

* this work 0.37-5.32 P
\V4 Anderson [1968] 3.55-30.10 P
© Anderson [1968] 18.00—-27.40 S
X Gaffney [1973] 0.46-0.85 P
O Bakanova et al. [1976] 3.43-50.30 P
® Gaffney and Ahrens [1980] 1.91 P
¢ Larson [1984]° 0.42-3.56 P
A Larson [1984]° 0.26-0.31 S
| 2 Gaffney and Smith [1994] 0.68—2.92 P
< Davies and Smith [1994] 0.36-4.45 P
“Elastic shock amplitudes are principal stress; deformation shock amplitudes are pressure.
P, polycrystalline ice sample; S, single crystal ice sample.
“Includes revised analysis of data from Larson et al. [1973].

a detailed examination of the formation and survivability

of high-pressure phases. Release from the shock state is

divided into three regions on the basis of sound velocity

measurements and release profiles, including new measure-

1 P
ments a.t shock.pressur.es between 0.4 and 1.2 GPa. Elnally, ;,Ir:;ggt Particle velocity gauges & discs of ice  Field Lines
we derive revised criteria for shock-induced melting of \ £ /

H,0 at 100 K and 263 K and discuss the implications of
this work for impact cratering processes in the solar
system.

2. Experiments and Data Analysis
2.1. Experiment Description

[s] Shock wave profiles in ice were directly measured
using the embedded electromagnetic particle velocity
gauge technique [Dremin and Shvedov, 1964; Dremin
and Adadurov, 1964; Petersen et al., 1970]. Each target
(Figure 1), composed of three or four gauges centered
between ice discs held together by a polycarbonate frame,
was hung in the presence of a magnetic field perpendicular to
the long axis of the 40-mm single stage propellant gun in the
Lindhurst Laboratory of Experimental Geophysics. When
subject to an impact, the particle motion from the shock
wave induces a voltage, E, across the gauges, given by

E(1) = HLuy (1), (1)

which was recorded by 500 MHz digital storage oscillo-
scopes. Here, H is the magnetic field strength in Tesla, L is
the gauge length (0.009 m), and u,(¢) is the Lagrangian
particle velocity in m s~ as a function of time .

[6] Ice targets were prepared in the Caltech Cold Labo-
ratory at or below —8°C. The particle velocity gauges
(Dynasen Inc., Goleta, CA) were composed of a loop of
0.5-mil (12.7-pm) thick copper film (9 mm length, 4 mm
width, and 0.5 mm wide leads) between two 1-mil layers
of polyimide. The ice discs were typically 3 mm thick,
50 mm in diameter, and cored perpendicular to the ice Th
c-axis from a block of transparent solid ice (Carving Ice,
Anaheim, CA). Each disc was polished parallel within
0.1 mm. In most experiments, a gauge was placed on the

Projectile

CGun Muzzle

. gt
- N, Catch Pan

Figure 1. (a) Experiment schematic for particle velocity
gauge technique [from Stewart and Ahrens, 2003]. Electro-
magnetic particle velocity gauges are embedded between ice
discs. Motion due to impact is perpendicular to magnetic
field lines. (b) Target is cooled with liquid nitrogen spray
prior to impact.
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face of the first ice disc and held in place by a 0.7-mm
thick polycarbonate disc, which formed the impact surface.
On the basis of the longitudinal sound speed in polyimide
(2.72 km s~ [Marsh, 1980]), the 2.5-mil (63.5-um) thick
gauges equilibrate with the surrounding ice within about
20 ns, an order of magnitude longer than the time
resolution of the oscilloscopes. Hence the resolution of
the shock profile is limited by the gauge thickness.
Because the rise times of the measured shock fronts were
greater than 20 ns, the gauges reacted minimally with the
ice shock, avoiding experimental difficulties related to
impedance mismatch between the gauge and ice encoun-
tered in previous work [e.g., Gaffney, 1973; Gaffney and
Smith, 1994; Davies and Smith, 1994].

[7] The target was hung such that the gauges embedded
within the ice sample remained within a 2 X 2 x 2 cm
volume, nearly uniform magnetic field, for the duration of
the experiment. The field was produced by four 0.122 Tesla
NdFeB permanent magnets (size 2 x 2 x 1/2 in., Magnet
Sales & Mfg. Inc., Culver City, CA), assembled in pairs
within a U-shaped steel mount (Figure 1). The target and
magnetic field are aligned perpendicular to the barrel axis
by reflecting the light from a barrel-aligned laser back to the
source, over a 20 m path, producing an alignment within
1 milliradians. Before each experiment, the magnetic field
strength was measured using a transverse Hall probe
(Magnetic Instrumentation Inc.). The field variation and
the scatter in the field measurements, both typically
<0.5 milliTesla, resulted in less than a 1% uncertainty in
particle velocity.

[8] The target was cooled by liquid nitrogen spray within
a thermally insulating enclosure (1.27-cm thick PVC foam).
Because the ice was not confined by the target assembly, it
did not fracture upon cooling. Ice temperature was measured
with two embedded Omega chromel-alumel thermocouples.
Once the ice was cooled to 100 K or below, the target tank
was evacuated to pressures between 25 and 55 Pa prior to
impact. The target temperature for each experiment, in the
range 90—100 K, is included in the auxiliary material.

[s] The velocity of the polycarbonate projectiles (40-mm
diameter cylinders, normally >40 mm long) were measured
within 1% by the time interval between extinction of three
He-Ne laser beams in the projectile path and from a double
X-ray exposure of the projectile at a measured time sepa-
ration [cf. Miller et al., 1991].

2.2. Lagrangian Data Analysis

[10] Lagrangian analysis of the gauge records yields the
shock loading and unloading stress-volume paths when the
conditions of uniaxial strain are satisfied [Cowperthwaite
and Williams, 1971; Fowles and Williams, 1970]. The
voltage record was converted to particle velocity by
equation (1) and the measured magnitude of the magnetic
field. On the basis of conservation of mass and linear
momentum,

)4 Vo
(0”17) h_ - afp 7 (22)
Jdo C,
ooy _ & 2
(aup)h Vo 20)
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where V is the specific volume, V) is the initial specific
volume, 4 is the Lagrangian coordinate corresponding to the
initial position of the gauge, and o is the principal stress
under one-dimensional strain. In a steady shock wave, the
phase velocities, Cup and C,, are equal (Cup = C,), where

G, = (Oh/n),, (3a)

C, = (9h/on),. (3b)

Because shock fronts in ice have multiple-wave structures,
however, the phase velocities are not independent of stress
[Larson, 1984].

[11] The rise time of the wave at the impact plane is non-
zero, so the phase velocity is calculated as a continuous
function of u,, using the Lagrangian distance, 4, and travel
time, A#(u,),, from the impact plane to each embedded
gauge, ,. At each gauge, the phase velocity, C(u,), is given
by hg/At(u,),. Now equations (2a) and (2b) may be inte-
grated to calculate the stress and specific volume as a
function of time for each embedded gauge, as shown in
Figure 2. The initial specific volume, V,, is taken from the
crystal density of ice at the initial temperature [Hobbs,
1974], and the initial pressure is considered negligible.

[12] For each wave in the shock front, subscripted ;, the
Lagrangian shock velocity, Ué,,-, is equal to the phase
velocity in that wave front, C(u,);. In Lagrangian coordi-
nates, each wave in the shock front travels the same
distance, h,. In Eulerian coordinates (the lab frame of
reference), the second (and third) wave travels through a
pre-compressed medium such that the Eulerian wave ve-
locity is reduced by the compression ratio, Us,; = (Vi/Vy) Uéw,-,
where V; is the specific volume of shock state in the ith
wave and Vj is the initial specific volume. Similarly, the
second and third wave travels through a material in motion,
and the Lagrangian wave velocity is larger than the Eulerian
wave velocity by the particle velocity in the previous wave,
i1, such that Uéy,— = Us; + u,;_ (Figure 2b). We calculate
the Eulerian shock velocity and increase in particle velocity
for each wave in the shock front (e.g., Figure 2a).

[13] For each shock state, the peak particle velocity,
stress, and compressed volume is determined by averaging
the top of the wave profile (via equations (2a) and (2b))
and the Eulerian velocity is determined by the time of
arrival of the foot of the wave. In some cases, the particle
velocity at the peak of the intermediate wave continues to
rise slowly until the arrival of the main shock and peak
values for the precursor state are averaged over this time
period. The results are given in Table 2. The tabulated error
associated with each measurement is the larger of the
scatter in the top of the wave or the formal error propa-
gated throughout the Lagrangian analysis [Bevington and
Robinson, 1992]. The measured final state particle veloc-
ities were within 2% of the standard impedance-match
solution [Ahrens, 1987] derived from the polycarbonate
Hugoniot [Marsh, 1980]. Wave profiles and integrated
stress-volume paths from each experiment are included in
the online auxiliary materials.'

[14] For each wave in the shock front, the initial state,
subscripted (, and final state, subscripted , are related
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Figure 2. Lagrangian analysis method. (a) Particle velocity traces for all 4 gauges in shot 1043.
(b) Lagrangian wave velocity (solid line) and Eulerian wave velocity (dashed line) versus time between
gauges 1 and 3 (located at 2 = 7.50 mm). (c) Stress versus time from equation (2b). (d) Volume versus

time from equation (2a).

through the Rankine-Hugoniot (RH) mass, momentum and
energy conservation equations [Rice et al., 1958],

Vi
Upi Upo = US(I - *)7 (43)
Vo
U.
P —Py= 7S (upl up,0)7 (4b)
0
1
EliEO_i(Pl+P0)(V07 V,)7 (40)

where u, is the particle velocity, Uy is the Eulerian shock
velocity, P is pressure, and E is the specific internal energy.
The tabulated Eulerian shock wave velocity, Us, a material
property and independent of the motion of the material, is
used in the derivation of the Hugoniot.

3. Results and Interpretation
3.1. Ug = Au, Shock Equation of State

[15] The dynamic response of ice lh is temperature
dependent, and multiple-wave shock fronts, which include
phase transformation shocks, develop when the peak
pressure is less than ~6 GPa. Above ~6 GPa, shocks in
ice propagate as a single wave shock front. To separate the
effects of temperature and phase transformations, we
consider each wave independently. Figure 3 compares
two idealized multiple-wave shock profiles and their
corresponding stress-volume loading paths, based on this

work and Larson [1984], at different initial temperatures
with peak shock stress near 1.6 GPa. The final wave in
both shock fronts is a transformation shock to the ice VI
structure (see section 3.7.1), but the amplitude of the
leading elastic shock, o, is much larger at 7, = 100 K,
with oz = 0.55 GPa (shot 1047, gauge 2), than at 263 K,
when oz = 0.17 GPa (Larson experiment with 1.62 GPa
peak shock state). In addition, a steady 3-wave shock
front develops at 100 K, with an intermediate shock in the
ice Th structure, but there is no intermediate shock in the
263 K data. Although the final particle velocity, ¥u,, and
stress are similar in these two experiments, the loading
path and shock front depend significantly on the initial
temperature.

[16] Previously, Us — Xu, data from different studies
were combined to derive the shock Hugoniot [e.g., Gaffney,
1985], but the temperature and rate dependent response of
ice Ih complicates direct comparison of Xu, with the new
data. A rigorous comparison between data sets is made by
considering Ug and Au,, for each wave in the shock front. In
this manner, each wave is described by the RH equations
(equation (4)) centered in the previous state. For the 7T =
100 K data in Figure 3, the ice VI transformation shock to
the final shock state is centered in the ice Th shock state;
however, for Tp = 263 K, the ice VI shock to the final state
is centered in the elastic shock state.

[17] The new data are combined with previous data to
derive the shock Hugoniot, for pressures up to 51 GPa. In
the multiple-wave region <6 GPa, we include only data that
(1) resolve each wave in the shock front to account for the
variations in the magnitude of the elastic precursor wave
and (2) record steady shock waves in order to derive
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Table 2. One Hundred Kelvin Ice Hugoniot Data
Exp. Shock Feature® Uy, M 5! U;, m 5! p, kg m P, GPa and MPa
144° LP. 127.6 (5.7) . ... ...
Avg., | 100.7 (0.6) 3868 (29) 958 (1.0) 0.357 (28)
G2, 1 105.2 (0.9) 3767 (48) 960 (1.8) 0.367 (55)
G2, 2° 124.8 (3.3) 2369 (20) 970 (3.7) 0.401 (55)
G3,1 96.3 (0.9) 3969 (32) 956 (0.9) 0.347 (11)
G3,2° 118.5 (2.9) 2920 (24) 965 (1.6) 0.401 (11)
G4, 1° 78.2 (0.9) 4146 (38) 951 (0.9) 0.289 (11)
G4,2° 102.5 (1.6) 3125 (25) 959 (0.9) 0.359 (11)
145 I.P. 154.9 (5.0) . ... ..
Avg., 1 1153 (1.4) 3408 (25) 963 (1.0) 0.380 (7)
G2, 1 115.3 (1.4) 3408 (25) 963 (1.0) 0.380 (7)
G2,2° 151.3 (3.2) 2098 (60) 981 (1.4) 0.453 (7)
G3,1° 75.8 (0.7) 3591 (29) 952 (6.2) 0.255 (72)
G3,2° 135.7 (0.7) 2580 (240) 974 (6.5) 0.407 (72)
G4, 1° 91.9 (1.4) 3230 (23) 959 (2.0) 0.276 (20)
G4,2° 131.5 (0.9) 2477 (76) 975 (2.1) 0.369 (20)
1046 LP. 365.8 (2.6) . . "
Avg, 1 114.4 (1.7) 3828 (21) 961 (0.7) 0.408 (7)
Avg., 2 267.4 (1.0) 2991 (17) 1011 (0.8) 0.860 (7)
G2, 1 120.9 (2.3) 3827 (30) 962 (1.0) 0.431 (9)
G2,2 276.2 (1.6) 3014 (24) 1015 (1.1) 0.886 (9)
G3,1 107.9 (2.5) 3830 (30) 959 (1.0) 0.384 (10)
G3,2 258.5 (1.2) 2968 (23) 1008 (1.1) 0.834 (11)
1047 LP. 701.0 (2.7) o . S
Avg., 1 155.1 (1.9) 3653 (30) 973 (6.6) 0.530 (96)
Avg., 2 370.9 (2.0) 3219 (30) 1051 (7.7) 1.148 (96)
Avg., 3 695.9 (8.6) 1196 (22) 1449 (20.0) 1.550 (130)
G2, 1 164.2 (2.7) 3597 (43) 977 (9.0) 0.550 (130)
G2,2 378.7 (2.7) 3188 (39) 1057 (11.0) 1.150 (130)
G2,3 695.9 (8.6) 1196 (22) 1449 (20.0) 1.550 (130)
G3,1 146.1 (2.7) 3708 (42) 969 (9.4) 0.510 (140)
G3,2 363.2 (3.0) 3251 (46) 1046 (11.0) 1.150 (140)
1043 L.P. 911.2 (4.8)
Avg., 1 145.6 (2.2) 3855 (17) 968 (2.2) 0.525 (32)
Avg., 2 359.4 (1.9) 3361 (15) 1041 (2.5) 1.163 (32)
Avg., 3 882.7 (4.2) 1757 (10) 1475 (7.8) 2.131 (48)
G2, 1 166.5 (4.8) 3754 (29) 975 (1.7) 0.589 (23)
G2,2 356.1 (3.3) 3330 (26) 1041 (2.0) 1.142 (23)
G23 873.6 (4.5) 1811 (14) 1462 (6.4) 2.114 (23)
G3,1 134.6 (3.3) 3900 (30) 965 (6.2) 0.491 (92)
G3,2 359.4 (3.3) 3361 (27) 1041 (7.2) 1.160 (92)
G3,3 891.9 (7.1) 1703 (15) 1489 (15.0) 2.148 (92)
G4, 1 135.6 (3.3) 3911 (29) 965 (1.6) 0.496 (20)
G4,2 362.7 (3.3) 3391 (26) 1041 (1.8) 1.186 (20)
G4,3° 833.0 (11.0) 1604 (12) 1422 (14.0) 2.051 (20)
1045 LP. 1606.0 (16.0) . .. ...
Avg., | 157.9 (4.8) 3700 (46) 972 (7.6) 0.560 (93)
Avg., 2 1597.0 (11.0) 3275 (34) 1727 (24.0) 5.178 (93)
G2,1¢ 112.2 (7.8) 3500 (1000) 960 (300.0) 0.400 (3000)
G2,2° 1581.0 (6.9) 3130 (950) 1690 (920.0) 5.100 (3000)
G3,1 171.7 (6.8) 3619 (35) 976 (8.1) 0.605 (92)
G3,2 1588.0 (18.0) 3235 (50) 1716 (25.0) 5.154 (92)
G4, 1 144.0 (6.8) 3781 (85) 969 (13.0) 0.520 (160)
G4,2 1607.0 (13.0) 3315 (46) 1739 (42.0) 5.200 (160)

“Tmpact plane (I.P.) entry records peak particle velocity at ice-polycarbonate buffer interface. G #, # denotes gauge, numbered 1, 2, etc., from impact
plane and wave number in shock front, respectively. Average values recommended for denoted wave feature by combining all reliable gauge records.

®Initial temperature 69 K.

“Indicates that this datum should be considered unreliable (usually shock front is partially attenuated). Refer to auxiliary material for each shot.

Hugoniot states. Hence data were not included from experi-
ments that recorded only the first shock arrival [Anderson,
1968; Bakanova et al., 1976; Gaffney and Ahrens, 1980] or
recorded unsupported shock waves, where the peak shock
stress decayed between gauges [Gaffney, 1973; Larson et
al., 1973; Larson, 1984; Gaffney and Smith, 1994; Davies
and Smith, 1994]. We include all published data >6 GPa.
Data symbols, corresponding to the source study, are
defined in Table 1.

[18] By combining 100 K (low-temperature) and 263 K
(temperate) Us — Au,, data, we define five regions on the ice
Hugoniot that correspond to different shock processes
(Figure 4): (1) elastic shocks, (2) deformation shocks in
the initial ice Th structure, and transformation shocks to
(3)ice VI, (4) ice VIl and (5) liquid water Stewart and Ahrens
[2003]. The coefficients for the shock equation of state
(EOS), least squares linear fits to each segment, are given
in Table 3. Linear Ug — Au,, fits are justified by the negligible
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corresponding to shock profiles in Figure 3a.
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water [from Stewart and Ahrens, 2003]. Symbols correspond to different data sources (Table 1); inset
shows all previous ice data.

6 of 23



E03005 STEWART AND AHRENS: SHOCK PROPERTIES OF H,0 ICE E03005

Table 3. Us — Au, Shock Equation of State, Us = ¢ + sAu,, Used to Calculate Solid Ice Hugoniot®

—1
Au, Range, m s

Hugoniot Region c,ms S, ... min max
1. Elastic 3610 (+61) 0.92 (+.63) 0 175
2. Ice Ih° 3000 (...) 1.00 (+.80) 0 230
3. Ice VI 388 (+78) 2.61 (+£.14) 100 850
4. Ice VII 1200 (+140) 1.46 (£.11) 600 1540
5. Liquid 1700 (£130) 1.440 (£.035) 1590

*After Stewart and Ahrens [2003]. 10 uncertainties given in parentheses.

bSteady shock waves do not develop unless overdriven at low

effect of the second derivative of the bulk modulus over this
pressure range [Ruoff, 1967; Jeanloz, 1979].

[19] The response of ice Th to shock is strongly depen-
dent on the initial temperature. First, the mean amplitude
of all the elastic shocks (region 1) in low-temperature ice
(0.47 £ 0.09 GPa) is 2.5 times larger than in temperate ice
(0.19 £ 0.05 GPa). Second, in low-temperature ice, steady
ice Th deformation shocks (region 2) develop as an
intermediate state in the shock front between the elastic
wave and the transformation wave to ice VI (e.g., Figure 3).
In temperate ice, however, no intermediate steady ice Th
shocks were observed, and Larson [1984] reported two-
wave shock fronts in all 263 K experiments, with peak shock
stress spanning 0.26—3.56 GPa.

[20] The Us — Au, EOS for shock-induced solid-solid
phase transformations (regions 3 and 4), however, are
independent of initial temperature over the range 100—
263 K. By considering Au,, instead of >u,, the temperature
dependent response of the initial ice Th phase is removed
from these regions of the shock EOS. At pressures above
6 GPa (Xu, > 1590 m s~!, region 5), the shock
velocities are greater than the longitudinal wave speed,

Density

1.2

temperatures. Fixed bulk sound speed for ice Th.

and the elastic precursor is overdriven, forming a single-
wave shock front.

[21] For comparison to the new Us — Au, EOS, all the
published ice Hugoniot data are plotted as Us — Yu,, in the
Figure 4 inset (elastic shocks are omitted). Note the consid-
erable scatter in the <6 GPa data (Xu, < 1590 m s
compared to the >6 GPa data. We attribute the scatter to the
inclusion of decaying shock waves and variation in the
amplitude of the elastic shock precursor. In the range 150 <
Xu, < 2000 m s~! (inset, regions 3 and 4), the shock
velocities in the 100 K data (%) are systematically slower
than the 263 K data because the large-amplitude elastic
shocks and intermediate ice Th shocks reduce the amplitude
(and the corresponding shock velocity) of the final phase
transformation shock wave compared to the temperate ice
data.

3.2. P — V Hugoniot

[22] The shock data may be transformed from U, — Au,
to stress-volume (o0 — V) using the RH equations
(equation (4)). In Figure 5, the 100 K (solid line) and
263 K (dashed line) Hugoniots are constructed in segments

(g cm™?)

T N T '{ T
50 1
5: Liquid water 1 A
40+ region on solid 1
E ice Hugoniot B
~—~~ 2
o v 30 T 4
A ]
@) @ 7
~ g 20 9
%) & ]
2]
) _ 4
- 10 S 9
- i
)
0 L I 7
2+ \ 0.40 0.50 0.60 0.7Q|
3: Ice VI Specific Volume (cm3 g-1)
r 2: Ice Th Avg. Elastic
[ Ice Hugoniots Precursor
T,=100K ———
F Tuzzss K o _ 1: Elastic -
Ol v v v v v v e e N
100 K 263 K
0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

Specific Volume (cm3 g~1)
Figure 5. H,O ice Hugoniots centered at 7, = 100 (solid lines) and 263 K (dashed lines) [from Stewart
and Ahrens, 2003]. Dotted lines connect Hugoniot segments derived from Ug — Au, shock equation of
state (Table 3). Two possible loci (A and B) are shown on the 100 K Hugoniot.
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(equation (5)).

corresponding to each type of shock wave: elastic shock, ice
Ih shock, and transformation shocks to ice VI, VII, and
liquid. The Hugoniots are centered V, = 1.089 and
1.073 em® g~ ' at 263 and 100 K, respectively [Hobbs, 1974;
Rdéttger et al., 1994]. The locus of elastic shocks, region 1, is
calculated using the elastic Us — Au,, EOS (Table 3) and V%,

[23] On the 100 K Hugoniot, the next region, ice Th
deformation shocks, is obtained with the ice Th Us — Au,
EOS using the 100 K mean elastic precursor shock
(1.03 cm® g~' and 0.47 GPa, M in Figure 5) as the
initial state. The maximum ice Th shock has an amplitude
of 1.16 GPa. Impact stresses reaching the next region, ice
VI, produce three-wave shock fronts, and in our experi-
ments, the amplitude of the intermediate ice Th shock
varies with the peak shock stress (see section 3.7.1).
Hence the initial state for the ice VI region is variable
(shown as the segments labeled A and B in Figure 5).
The ice VII region begins above 2.2 GPa, where the
mean elastic precursor is used as the initial state, forming
two-wave shock fronts.

[24] At low temperatures, steady ice Ih deformation
shocks develop only as part of three-wave shock fronts.
At both initial temperatures, impacts resulting in peak
stresses below 0.6 GPa drives a shock that separates into
a two-wave profile, composed of the elastic precursor and a
decaying plastic wave (not plotted). Note that there are no
263 K steady shock data points in the ice Th region of
Figures 4 and 5.

[25] On the 263 K Hugoniot, the ice VI region begins
at 0.6 GPa and the ice VII region begins above 2.2 GPa.
Both segments use the 263 K mean elastic precursor
(1.07 cm® g=!, 0.18 GPa, in Figure 5), as the initial state
for application of the Us — Au,, EOS. Note that the same
Us — Au, EOS (Table 3) is used to calculated the ice VI
region on both the 100 K and 263 K Hugoniots in Figure 5.
The offset between the Hugoniots in this region arises from
the different initial state used in application of equation (4).

[26] On both the low-temperature and temperate Hugo-
niots, shocks to the liquid water region (>6 GPa) overdrive
the elastic shock precursor. This region on the Hugoniot
(Figure 5, inset) is calculated with the liquid water Us — Au,
EOS using the zero-pressure volume as the initial state (off
scale of inset). The experimental technique used in this
study did not reach shock pressures above 6 GPa, and no
other low-temperature data in this pressure range are
available. The 100 K Hugoniot is derived assuming that
the liquid water Us — Au, EOS is independent of initial
temperature, as is the case in the ice VI and VII segments.

3.3. Elastic Shock Precursors

[27] We find that the amplitude of the elastic shock stress is
very sensitive to the initial temperature, as seen in the offset
in Au, between the low-temperature () and temperate
(open symbols) data in Figure 4. The amplitude of the elastic
shock in ice at Tj) ~ 263 K lies between 0.05 and 0.30 GPa,
whereas the elastic shocks in 7, ~ 100 K ice reach values
between 0.35 and 0.61 GPa (Table 1). Although commonly
referred to as the Hugoniot Elastic Limit (HEL), implying
a single value, the amplitude of the elastic shock wave in
ice varies by a factor of six in the available data.

[28] In addition to temperature, the elastic shock ampli-
tude is also correlated with the peak shock pressure, as
previously observed by Larson [1984]. In Figure 6, the
dependence of the elastic precursor amplitude oz on the
peak shock stress og is fit by linear segments:

(£0.029) + 0.039 (£0.012) o5, at T ~ 100 K

0.398
O —
0.161 (40.010) + 0.035 (£0.007) o, at T ~ 263 K.
(5)

Linear fits provide a good approximation of the peak shock
stress dependence, although there is some indication,
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especially in the low-temperature data, that the amplitude of
the elastic precursor approaches a limit of 0.53 = 0.05 GPa
for Ty ~ 100 K and only 0.25 + 0.04 GPa for 7y ~ 263 K. A
similar peak shock pressure correlation is observed in SiO,,
where the elastic precursor amplitude is also dependent on
the crystal orientation [Fowles, 1967]. However, Larson
[1984] did not observe any dependence of the elastic
precursor or the final shock state on the crystal axis
orientation. Therefore we infer that the ice Th HEL is much
more sensitive to temperature than crystal orientation.

[20] The elastic shock wave propagates at the longitudinal
sound speed, ¢;. As Larson [1984] did not detect changes in
sound speed at different crystal orientations, we use isotro-
pic values for the elastic moduli. The temperature (at zero
pressure) and pressure dependence (at 237.5 K) of the
elastic constants were measured by Gagnon et al. [1988]
and averaged for isotropic ice [Voigt, 1928; Simmons and
Wang, 1971]. In the 100 K experiments, elastic precursor
wave velocities are systematically lower than ideal isotropic
ice by about 0.2 km s~ ', with an average wave velocity of
3.65 +0.14 km s~ at 263 K and 3.76 + 0.16 km s~ ' at
100 K. We speculate that the offset may be a result of
imperfections in the preparation of the ice samples, such as
trace porosity (e.g., bubbles or cracks). Furthermore, the
elastic wave velocities measured in samples prepared
within a given study have a wide range of scatter, attesting
to the difficulty in making identical ice samples.

[30] The dynamic yield strength (under uniaxial strain) is
about 107 times the static compressive strength (under
uniaxial stress) [e.g., Hawkes and Mellor, 1972]. Increasing
compressive and tensile strength with increasing strain rate
is well established [Hawkes and Mellor, 1972; Lange and
Ahrens, 1983; Stewart and Ahrens, 1999], and the strain

rates in the shock experiments, at 10> — 10* 7!, are much
higher than the static experiments, at 1077 — 10~*s™'. Asa
result, the elastic shock states fall significantly outside the
equilibrium stability field of ice Ih, shown in Figure 7.

[31] Both the static and dynamic strength are strongly
dependent on temperature and strain rate [e.g., Durham et
al., 1998; Durham and Stern, 2001]. Under shock, the peak
stress (Figure 6) is a proxy for strain rate [Swegle and
Grady, 1985]. Hence, for shock pressures just above the
dynamic yield stress (up to about 2 GPa), the dynamic
strength of ice has a noticeable dependence on strain rate,
and with increasing shock pressure, the yield strength
seems to reach a plateau determined the the dynamic yield
limit for the initial temperature. More data are needed to
clarify the dependence of dynamic strength on temperature
and strain rate.

[32] In Figure 7, the elastic shock stress, o;, has been
reduced to pressure, P, by

1+v
<1 — 'I/> Or,

where the perpendicular stresses are 0, = 03 = vo/(1 — v)
under uniaxial strain, and v = 0.325 is Poisson’s ratio in ice
Ih [Petrenko and Whitworth, 1999] (the small dependence
of v on temperature is neglected). Because elastic shock
compression is essentially isothermal, the pressure of the
elastic shock states (x) are plotted against the initial
temperature in Figure 7.

[33] By comparing the elastic shock stress to the static
phase diagram, Larson [1984] suggested that the maximum
amplitude was controlled by the onset of melting; however,
more recent work has shown that brittle failure is more

(01 +20‘2) o 1

P=

3 =3 (6)
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likely. Gaffney [1985] argued that the energy deposited in
elastic shocks is insufficient to initialize melting (see his
Figure 9), and Arakawa et al. [2000] directly imaged a
brittle failure wave generated by a decaying shock wave
(from about 10 GPa to 0.03 GPa) in a solid ice block at
263 K. Arakawa et al. [2000] also recovered an ice sample
shocked to just above the HEL (0.3 GPa) and observed
dense shear cracks spaced at 100’s pm. The interpretation
that brittle failure controls the maximum elastic shock
stress is supported by both the strength dependance on
temperature and strain rate and the location of the HEL
states in the ice phase diagram.

[34] The mechanism for brittle failure in a shock may be
related to transformational faulting in the shear bands.
Durham et al. [1983, 1998] found that, under confined
conditions at 77 K, ice Th fails from stress interactions with
microinclusions of ice II and that the maximum differential
stress at failure is nearly constant at 0.165 GPa above
confining pressures of 50 MPa. Materials subject to shock
support shear stress until failure at the HEL. The shear
stress, T, is given by T = (07 — 0,)/2, where T = 0.260 in
ice under uniaxial strain. The elastic precursor amplitude
appears to approach a limiting value with increasing shock
stress (Figure 6), where the limiting shear stress under shock
(T =0.26 max(og) = 0.14 GPa, Figure 7, right vertical axis)
is larger than in static experiments (0.0825 GPa [Durham et
al., 1998]) because of the higher strain rate. At 263 K, the
brittle failure mechanism may also be transformational
faulting, with liquid water microinclusions in shear zones
rather than ice II, as suggested by Kato et al. [2001].

[35] Next, we compare the elastic shock data to the
principal isotherm, derived from the shock EOS, extended
beyond the ice lh stability field. In Figure 8, principal

stresses in elastic shocks (Il and open symbols) are reduced
to pressure (x) using equation (6) and compared to 100 and
263 K isotherms (solid lines), given by the Murnaghan
equation [Murnaghan, 1944; Jeanloz, 1989],

(1| G| B

The isothermal bulk modulus at zero pressure K7y is derived
from the intercept in the elastic Us — Awu, EOS, which
defines the mean longitudinal wave speed, ¢; = 3610 m s L
and the intercept of the ice Th deformation shock EOS
(region 2) is fixed at the mean bulk wave speed, ¢, =
3000 m s~ [Petrenko and Whitworth, 1999]. The scatter in
measurements of the bulk wave speed is about 100 m s~ .
The inferred bulk moduli are 8.4 and 8.3 GPa at 100 and
263 K, respectively.

[36] The first derivative of the isothermal bulk modulus,
K7, can be derived from the ice Th deformation shock
states using Ky ~ 4s — 1 [e.g., Ruoff, 1967; Jeanloz,
1989], where s is the slope of the linear Us — Au, fit. K7
is 3.0'%% for s = 1.00 + 0.8 (Table 3, region 2). Because
the shock data in the ice Ih phase covers a small range of
pressures, Ky and K7 are not strongly constrained. How-
ever, the inferred values for Kz, and K7 (Table 4), derived
here under uniaxial strain conditions, are in good agreement
with static values [Hobbs, 1974; Petrenko and Whitworth,
1999].

3.4. Ice Ih Shocks

[37] The low-temperature shock experiments recorded the
first observed steady deformational shock waves in the ice
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Table 4. Parameters Used to Construct Reference Isotherms and
Reference Isentropes®

Phase po, g cm > K70, GPa K’ dK,/dP Ty, K
Ih® 0.93 8.4 3.0 100
VI 1.30 13.08 6.8 230
i 1.46 21.1 4.4 300

*For reference isotherms, see equation (25); for reference isentropes, see
section 3.5. Kry ~ Kgo and dKg/dP ~ dK7/dP [Sotin et al., 1998].

®K o, K’ derived from shock data.

°Kro, K from Tulk et al. [1997].

‘Ko, K' from Frank et al. [2004].

Ih structure. The ice Th shocks are observed as the second
wave in three-wave shock fronts, composed of an elastic
shock precursor, deformation shock in the ice Th structure,
and transformation shock to ice VI (refer to auxiliary
material, shots 1043, 1046, and 1047, and Figure 2a). The
amplitude of the intermediate ice Th shock appears to be
dependent on the peak shock stress up to a limiting pressure
of 1.16 + 0.02 GPa. At this point a cusp forms on the ice
Hugoniot, similar to the 13 GPa cusp observed on the
iron Hugoniot, derived from three-wave shock profiles
corresponding to the HEL, o deformation shock, and
a — € transformation shock [Minshall, 1955; Bancroft
et al., 1956; Loree et al., 1965].

[38] In our experiments with peak stresses in the range
0.4—0.5 GPa, steady ice Th shock waves do not develop.
The elastic precursor is followed by a decaying ice Th
deformation wave. Previous 263 K experiments also record
decaying ice Th shock waves (e.g., Figure 4 in Larson
[1984] with peak stress of 0.295 GPa). Larson’s decaying
shock wave profiles are in good agreement with more recent
shock attenuation experiments below 1 GPa conducted at an
initial temperature of 255 K [Kato et al., 2001]. At 100 K,
we infer that steady ice Th deformation shock Hugoniot
measurements are possible only when the shock wave is
supported by a subsequent transformation wave to ice VL
The ice Th deformation shock region on the 100 K ice
Hugoniot is bounded by the mean HEL (0.47 GPa) and the
ice Th deformation shock cusp at 1.16 GPa (Figure 8). At
263 K, the region is bound by the mean HEL (0.18 GPa)
and the onset of transformation to ice VI at stresses above
0.6 GPa.

[39] Upon being shocked above the HEL, many minerals
fail in a brittle manner and respond hydrodynamically. As in
SiO, and other minerals, the 100 K ice Th deformational
shock states approach the hydrodynamic isotherm with
increasing pressure (%, Figure 8). Hence, in the phase
transformation regions of the Hugoniot (regions 2—5, above
1.16 GPa), we infer that the ice behaves hydrodynamically
and the amplitude of the shock stress is equal to the
hydrostatic pressure (also see section 3.8).

[40] The difficulty in development of a steady ice Ih
deformation shock may be exacerbated by the failure
mechanism in the elastic shock. At shock pressures just
above the elastic limit, the shock wave propagates at an
initial velocity less than the bulk sound speed in ice
(subsonically). In the present and previous studies, ice Th
deformation shocks, steady and non-steady, display rela-
tively long rise times in the shock fronts (see auxiliary
material). The same phenomena is observed in AIN, where
just above the HEL, the shock velocity is subsonic and the
wave profile is plastic [Mashimo et al., 1999; Rosenberg et
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al., 1991]. Mashimo et al. [1999] note that slip systems
along macroscopic cracks may control brittle failure in AIN.
If the failure mode increases heterogeneity in the material
(e.g., by transformation faulting in shear bands), the low-
amplitude shock following the elastic precursor will en-
counter scattering shear bands that increase the shock front
rise time with propagation, resulting in decay of the shock
amplitude and velocity.

[41] All ice Th deformational shocks, steady and non-
steady, achieve P — V states well beyond the ice Ih stability
field (Figure 7). If the loss of shear strength is complete, ice
Ih shock states fall within the liquid field when 7, ~ 263 K
(not shown) and the ice VI field when 7, ~ 100 K (%).
Hence ice Th deformation shocks are not in thermodynamic
equilibrium because of residual strength (see section 3.8).

3.5. Shock Temperatures

[42] Temperatures achieved along the 100 K and 263 K
Hugoniots are shown in the P — T phase diagram (Figure 9).
Areas corresponding to the five Uy — Au, EOS regions on
the Hugoniot are shown as hatched and dotted areas. The
stable crystalline phases (Ih-X) and liquid water are labeled
in the inset P — T phase diagram for reference.

[43] Temperatures in the elastic shock and ice Th defor-
mation shock regions (1 & 2) on the ice Hugoniots remain
near the initial temperature. Elastic shocks drive ice Th out
of its stability field, and the close agreement between the
elastic shock states and hydrostatic isotherms indicates that
the temperature increase is negligible. Similarly, because the
ice Th deformation shock states fall within uncertainty on
the extrapolated 100 K isotherm at the 1.16 GPa cusp in
Figure 8, the Hugoniot temperature in region 2 is assumed
to be the initial temperature.

[44] At higher shock pressures, the large volume change
associated with phase transformations results in rapid
increase in temperature along the Hugoniot. Temperatures
in hydrodynamic shock states, in regions 3 and above, are
calculated by balancing the energy deposited by the shock
upon compression to volume, ¥, with the sum of (i) the
internal energy on a reference isentrope at ¥, (ii) a heating
term at V from the isentrope to the Hugoniot, and (iii) the
zero pressure energy difference between the Hugoniot and
the reference isentrope. For simple systems without phase
changes, the reference curve is usually centered at the same
P — V — T point as the Hugoniot [e.g., Meyers, 1994,
chap. 4].

[45] For H,O ice Hugoniots, the reference curve is
matched to the phase in the shocked state, as illustrated
by the points labeled 4 — D in Figure 10. In this example, a
shock in the ice VII region of the Hugoniot is referenced to
an ice VII isentrope at the same initial temperature. Equat-
ing the energy, E, along the two P — V paths from point 4 to
B, gives

Esp =Eup +Epc +Ecs (8a)
Ve

Ty
OSPB(VB — VA) = (ED —EA) +/ PS dV+/ Cy dT, (Sb)
Tc

Vb

where ¢, is the specific heat capacity at constant volume of
the phase in the shocked state and Pg is the reference
isentrope. When ¢, can be considered a constant, the shock
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temperature, 7, at point (Py, V) is given in a general
form as

TH(V) = O.SPH(V — V()H)/CV — (E()S — E()H)/CV
Vv
Ps dV + T,

Cv J s

©)

where subscripts 5 and g denote the Hugoniot and reference
isentrope, respectively, and subscript  refers to the initial

zero-pressure state. 7Tg denotes the temperature on the
reference isentrope at ¥, given by the integral along the
isentrope

where <y is the Mie-Griineisen parameter of the phase in the
shocked state.

A%
TS(V):Toexp(—/v %d\/ (10)
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Table 5. Parameters Used to Calculate Shock Temperatures and
Entropies

Hugoniot AE,, P, Ss1
To, K Region kl/kg GPa Ts1, K J/kg K)
100 3 -VI(A) -2.8 1.16 120 856
100 3 - VI(B) —2.8 0.86 141 856
100 4 -Vl —65.5 22 319 2401
100 5 — VII-L —65.5 2.2 284 2031
100 5-L 670.1 0.0 293 3792
263 3 - VI —6.9 0.62 273 2530
263 4 - VI —106.2 22 358 3238
263 5 — VII-L —106.2 22 358 2967
263 5-L 433.8 0.0 293 3792

[46] The zero pressure energy difference, AE, = Egg —
Eoyyy, is calculated from the entropy offset, AS,, between the
base of the Hugoniot and the isentrope by

AEy = TyASp. (11)
Values for AE, are given in Table 5. ASj is calculated from
¢y, the heat capacity at constant pressure, for each phase. ¢,
and ¢, have not been measured for ices VI and VII over
most of the temperature and pressure range of interest here.
Where measurements are available, the ratio K¢/Ky= c,/c, is
approximately one (within 3% [Sotin et al., 1998]), and we
assume ¢, = ¢, for ices VI and VII.

[47] To calculate the shock temperatures in the ice VI and
VII regions, isentropes based at the same initial temperature,
Ty, as the Hugoniot are used as the reference curves.
Because Ky ~ Ky the isentropes are derived using the
method described in sections 3.7.1 and 3.7.2 for calculating
isotherms for each phase.

[48] The heat capacity of ice Ih, ¢, s, is taken from
Giauque and Stout [1936] and Haida et al. [1974]. Because
of the lack of direct measurements at low temperatures, we
use the same heat capacity for ice VI as ice Th, which
provides good agreement with the entropy of the ice VI
phase boundary (section 3.6). We fit the ice Ih heat capacity
data with a 6th order polynomial that extrapolates the data
linearly to 500 K for the shock temperature calculations,
given by

o = —47.9+9.59T +0.01257% — 2.78 x 107477
+1.35x107°°7* = 2.65 x 10 °7° + 1.86 x 1027,

(12)

inJkg~' K™', with T'in K. The root mean square difference
between the fit and the data is less than 20 J kg~ ' K~'. The
ice VII heat capacity is calculated using the Debye function,
where

T,
Cyvil = Cmax D (2) 5 ( 13)

T
Cmax 18 the high-temperature limiting value, T, is the Debye

temperature, and D(Tp/T) is the normalized third order
Debye function,

D(TT) - (TDij // ﬁd"

(14)
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For ice VII, the two parameters, ¢pyax = 4600 J kg7l K™!
and Tp = 850 K, are constrained by the fitted heat capacity
between 300—700 K from Fei et al. [1993] and the entropy
at the phase boundary. Note that the high-temperature limit
for ice VII exceeds the Dulong-Petit limit, and 7 is an
empirical fit as ice is not well described by a single Debye
temperature [cf. Hobbs, 1974].

[49] As Kg ~ Ky the temperature increase on the
reference isentropes of ices VI and VII is negligible
(equation (10)). On the basis of the thermodynamic
relation, y = aK7V/c,, where a is the volume coefficient
of thermal expansion (given in section 3.7.1), the temper-
ature change is less than 10 K.

[s0] In Figure 9, the shock temperature calculations
include the average HEL and ice Th deformation shocks
(labeled symbols in Figure 10) in the calculation of the
energy in the final shock state, which is derived by
multiple applications of 0.5(P; + P,)(V; — V3). Note that
shock temperatures are calculated along both locus A and
B in the ice VI region on the 100 K Hugoniot (see
section 3.7.1).

[5s1] For Ty = 100 K, the intermediate ice Ih shock state
lies above a simple Rayleigh line connecting the initial and
final shock states in the ice VI field, resulting in the rapid
increase in temperature along the Hugoniot (region 3,
Figure 9). Shock temperatures lie below the melting curve
for shock pressures below 5.5 GPa (regions 1-4). In
region 5, the latent heat of melting buffers the temperature
until shock pressures above 9.2 GPa are achieved and the
Hugoniot enters the liquid water field.

[52] For T, = 263 K, all shock temperatures in regions 3
and 4 lie on the melting curve, where the shock state is a
mixture of liquid water and a high-pressure phase of ice.
When the temperature on the ice Hugoniot is buffered by
melting, the shock temperature is equal to the equilibrium
boundary temperature. The temperature, 7}, at pressure, Py,
along the melting curve, is given by

(15)

where Py, T 0, 1, and ¢, are constants fit to experimental
data, given in Table 6 [Sotin et al., 1998; Frank et al.,
2004].

[53] Above 9.2 and 6.7 GPa for 7, = 100 and 263 K
respectively, the latent heat of melting is overcome and the
ice Hugoniot crosses into the liquid water stability field. At
these pressures, the reference curve is the liquid water
isentrope based at 293 K (Figure 10 inset) rather than a
solid ice isentrope. Pressure and energy along the liquid
water isentrope, P; and E;, are calculated iteratively from the
pressure and energy on the 293 K liquid water Hugoniot, Py,

Table 6. P — T Phase Boundary Constants Used in Equation (15)

Phase Boundary Py, MPa Tp0, K c1, MPa Co, —
L - In® 0 273.16 —395.2 9.0
L - VI 625 273.31 707 4.46
L - vI° 2170 355 764 432

Sotin et al. [1998].
SFrank et al. [2004].
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and Ep respectively, following the method of McQueen
[1991]:

_ Py — (V/V)i(EH —FEi +P,;1AV/2)

P; , 16
T+ (/V)A7]2) 1)
E;=Ei — (Pi+Pi_1)(AV)2), (17)

where AV = V; — V;; and <y is the liquid water

Mie-Griineisen parameter. The liquid water Hugoniot data
[Lawton and Skidmore, 1955; Skidmore and Morris, 1962;
Ahrens and Ruderman, 1966; Bakanova et al., 1976; Marsh,
1980; Volkov et al., 1980; Mitchell and Nellis, 1982;
Sharipdzhanov et al., 1984; Nagayama et al., 2002] are
best fit by the formulation of Woolfolk et al. [1973],
Us = coap + co(1 — ap) exp(falu],/co) + arup, (18)
where ¢y = 1480 m s~ is the zero pressure sound velocity,
and ¥V, = 1.0017695 x 10> m® kg~' at 293 K [Dorsey,
1940]. The a coefficients are found by least squares fit
to be ag = 2.3822 (£.0013), a; = 0.78311 (£.00083), and
a, = 1.13443 (£.00025) for u, < 8710 m s~ ' (114 GPa).
We derive the liquid water vy from double shock
measurements and porous ice shock data (S. T. Stewart
and T. J. Ahrens, Collisions between porous icy bodies in
the solar system, manuscript in preparation, 2005), where a
least squares fit to the standard formulation of
v =V /o) (19)

gives yo = 0.85 £ 0.12 and ¢ = 0.21 £ 0.17.
[s4] The zero-pressure energy difference between the ice

Hugoniot and the liquid water reference isentrope is given
by

m Tos
AE, = / cpmdT + L +/ ¢ liquidd T’ (20)
T 73

where Tos = 293 K is the base temperature on the
reference isentrope and the latent heat of melting ice Ih,
L, is 333.5 kI kg~ ' K™! [Petrenko and Whitworth, 1999].
The heat capacity of liquid water, c,jiquia> 1S taken
from the tabulated values at 1 bar [Wagner and Pruss,
2002]. The calculated values for AE, are given in Table 5.

[s5s] There are no shock temperature measurements on
the liquid water Hugoniot at pressures below 30 GPa
(corresponding to 2000 K). The heat capacity of liquid
water is not constant up to pressures of 1 GPa [Wagner
and Pruss, 2002], and measurements are not available
over the pressure and temperature range required for
equation (8b). Therefore, in Figure 9, the liquid water shock
temperatures, 7 iquia (in K), are interpolated between low-
pressure calculations [Snay and Rosenbaum, 1952] and data
(between 30 and 80 GPa [Kormer, 1968; Lyzenga et al.,
1982]) as a function of shock pressure (in GPa) by

Ti tiquid(P) = 293(£5) + 42.4(£4.2)P + 0.64(+0.4)P?

— 8(£11) x 1073P* +4.0(£8.5) x 107°P*.  (21)
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In Figure 9, the liquid water Hugoniot intersects the phase
boundary between 3 and 4 GPa but does not enter the ice
VII field, in agreement with Rice and Walsh [1957] and
Dolan [2003].

[s6] Here, we use the shock temperature data for liquid
water to solve for c,jquia @s a function of temperature.
From equation (9), ¢,jiquia rises linearly from 3535 to
4025 J kg~ ' K" between 2000 and 5270 K (30 and 80 GPa
on the liquid water Hugoniot). Below 2000 K, we adopt a
constant ¢, jiquia = 3420 + 60 J kg*1 K!, inferred from the
interpolated shock temperatures (equations (21) and (9)).
This average value also agrees well with the extrapolation of
the heat capacity values, derived from the shock temperature
data, below 2000 K. On the 293 K liquid water Hugoniot
between 7—-30 GPa, the mean absolute difference between
the interpolated shock temperatures and calculations based
on a constant ¢, jiquig is only 11 K. The constant value of
Cyliquid 18 used to calculate the shock temperatures in the
liquid water region on the ice Hugoniots.

[57] The calculated ice Hugoniot temperatures in the
liquid region intersect the ice VII melting curve at 6.7 GPa
(556 K) for Tp =263 K and 9.2 GPa (607 K) for 7, = 100 K.
The temperatures on the 100 and 263 K ice Hugoniots cross
above the 293 K liquid water Hugoniot (equation (21)) at
11.4 GPa (848 K) and 20.2 GPa (1350 K), respectively.
The cross-over pressures are sensitive to the exact formu-
lation of the Hugoniots, which are steep in this pressure
range and can vary by as much as 2 GPa. The Woolfolk et
al. [1973] formulation (equation (18)) provides a better fit
to the liquid water shock data between 0 and 50 GPa than
a linear or quadratic function between shock velocity and
particle velocity.

[s8] The shock temperatures on the 100 and 263 K ice
Hugoniots are summarized in Table 7. The estimated errors
on the calculated shock temperatures, away from the phase
boundaries, are a few 10’s K below about 10 GPa.
Extrapolations to high pressures, using a constant heat
capacity of liquid water, should be used with caution.
Previous studies have used the liquid water Hugoniot as a
reference to derive solid (nonporous) and porous ice
Hugoniots and calculate ice shock temperatures [e.g.,
Bakanova et al., 1976; Ahrens and O’Keefe, 1985]. On
the solid ice Hugoniot, liquid water is a robust reference at
pressures where the shock state is pure liquid, and deriva-
tion of thermodynamic properties of liquid water from the
solid ice Hugoniot [e.g., Bakanova et al., 1976] is only
valid above about 10 GPa.

3.6. Entropy on the Hugoniot

[s9] The 100 and 263 K ice Hugoniots are shown in
the pressure-entropy (P — S) plane, as solid and dashed
lines in Figure 11, respectively, with a partial phase
diagram of H,O. The zero-pressure entropy of ice Ih is
884 and 2197 J kg~ ' K~ at 100 and 263 K, respectively,
calculated from c,; (equation (12)) and the zero point
entropy of ice Th (189.2 T kg~' K™') [Petrenko and
Whitworth, 1999]. The critical entropies for incipient (IM)
and complete (CM) melting at the triple point pressure
are 2290 and 3510 J kg~ ' K~' [Petrenko and Whitworth,
1999]. The gray region in Figure 11 denotes the entropy
difference between the solid phases of ice and liquid
water. The phase boundaries are constructed from latent
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Table 7. Shock Temperature Fits on the 100 and 263 K Ice Hugoniots

Ty, K Hugoniot Region Pressure P;;, GPa Temperature® T, K
100 2 —1Th 00— ~1 100
100 3 - VI(A) ~12 -22 —111 + 421P;; — 94.3P7
100 3 - VI(B) ~1 =22 97.7 + 201P;; — 39.9P7
100 4 — VIl 22 —-55 171 + 71.1P; — 1.58P7
100 5 — VII-L 55-92 323 + 45.0P; — 1.53P7
100 5-L 9.2 — 50 14.7 + 59.6P;; + 0.341P}
263 2 —Th 0— 0.6 263
263 3 - VI 0.6 — 2.2 222 + 92.6P; — 14.9P%
263 4 - VI 2250 132 + 128Py — 10.7Pf
263 5 — VII-L 5.0 —6.7 286 + 56.6P; — 2.45P%
263 5-L 6.7 — 50 111 + 60.9Py + 0.355P%
Py in GPa.

heat and volume change measurements (Bridgman’s data
compiled by Dorsey [1940]) and the P — V — T
equations of state for ices VI and VII (derived in
sections 3.7.1 and 3.7.2). Note that the entropy change
between ice VII and liquid water is extrapolated above
about 3 GPa, shown with dotted lines on the phase
boundary.

[60] On both the 100 and 263 K Hugoniots, the elastic
and ice Th deformation shocks are approximately isentro-
pic, on the basis of the agreement with the extended
isothermal compression curves. Although there may be
partial melting in the ice Ih region along the 263 K
Hugoniot, the initial entropy indicates that the shocked
state will remain primarily a solid phase. 263 K elastic and
ice Th deformational shocks (P < 0.6 GPa) enter the liquid
phase boundary (shaded region, Figure 11) with ices Ih,
I, and V. We infer that the solid phase in this region is
ice Ih by the density of the shocked state, which follows
the extended ice Ih isotherm (Figure 8). Hence the
measured density does not indicate any (partial) transfor-
mation to the denser ices III or V, and the temperatures in
the ice lh region of the Hugoniot do not follow the
equilibrium phase boundary. On the 100 K Hugoniot, the
close agreement between the steady ice Ih deformation
shock states and the 100 K isotherm (Figure 8) indicates
that the entropy increase in the deformational shocks is not
large enough to initiate melting of ice Th. On the sub-
microsecond time scales of the shock compression experi-
ments, the ice Ih structure is driven far outside of its
thermodynamic stability field.

[61] At pressures above the ice Th region, the entropy in
the shock state, Sy(V), is calculated from the reference
isentrope plus a term for the temperature difference between
the isentrope and the Hugoniot at volume, ¥, where [e.g.,
Zel’dovich and Raizer, 2002]

Tu(V) ¢

Su(V) = Ss1 + / 7 dr. (22)

Ts(V)

The entropy is calculated separately in each Hugoniot
region using the heat capacity, c,, and reference isentrope of
the shocked state. The reference isentrope is defined at the
base pressure, Ps;, and temperature T, given in Table 5.

[62] When the temperature at the base of the Hugoniot
segment is less than the melting curve, the reference
entropy, Ss1, is calculated by integrating the heat capacity
of the high-pressure phase, c,, from the temperature on the

liquid water phase boundary, 7, to the temperature at the
reference point, 7, at Ps, such that

Ts1 ¢
Ss.1 =38 +/ 24T, (23)
7

. T

where S, is the entropy of the solid on the phase boundary.
In the cases where the calculated shock temperature, 7 cac
(equation (8b)), is larger than the temperature on the melting
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Figure 11. The 100 K and 263 K ice Hugoniots and partial

pressure-entropy H,O phase diagram (revised from Stewart
and Ahrens [2003]). IM and CM denote critical entropies
for incipient and complete melting upon release to ambient
pressure. Two loci (A and B) are shown on the 100 K
Hugoniot.
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curve, T, equals 7, at Pg; and the reference entropy
includes partial melting to liquid water, where

TH cale c
Ss.1 =S+ / Lar. (24)
T,

T

b

The temperature on the isentrope, T(V), is calculated from
equation (10).

[63] In Figure 11, the entropy on the 263 K ice Hugoniot
follows the phase boundary with liquid water in the ice VI
and ice VII regions. The 100 K ice Hugoniot intersects the
entropy on the phase boundary around 4.5 GPa. The
discrepancy between the intersection of the Hugoniot with
the melting curve derived from temperature (5.5 GPa) and
entropy (4.5 GPa) are due to the large uncertainty in the
extrapolated entropy change on the ice VII melting curve.
The values derived from the shock temperature are more
robust. Similarly, the 263 K ice Hugoniot enters the liquid
water stability field at a higher pressure on the P — S
diagram (7.7 GPa) than on the P — T diagram (6.7 GPa),
and the temperature-derived value is recommended. On
both Hugoniots, the entropy in region 5 is derived in two
segments, using an ice VII reference isentrope along the
phase boundary and a liquid water isentrope in the liquid
stability field. The entropy on the two segments intersect at
the pressure where the Hugoniots cross into the liquid water
stability field, as derived from the shock temperatures,
providing a consistency check between the different refer-
ence isentropes.

[64] The dotted region on the Hugoniots between 5 and
6.7 GPa corresponds to the transition to region 5 on the
Hugoniot, when the elastic precursor is overdriven. On both
Hugoniots, the discontinuity at the top of the ice VI region
reflects the change from an ice VI to an ice VII reference
isentrope. Due to the intermediate ice Ih shock, the temper-
atures and entropy along the ice VI region of the 100 K
Hugoniot rapidly approach the melting curve.

[6s] The shock pressures required for melting upon
release are derived using the entropy method. Assuming
isentropic release from the shock state, the points where
the Hugoniot cross the entropies for incipient (IM) and
complete (CM) melting of ice at ambient pressure define
the critical shock pressures for melting.

[66] Along the 263 K Hugoniot, the entropy is larger
than the critical value for incipient melting (vertical dot-
dashed line labeled IM in Figure 11) at pressures greater
than about 0.6(£0.05) GPa. Therefore shocks to the ice
VI region on the Hugoniot will partially melt upon
release to 1 bar pressure. The critical pressure for IM
is coincident with the onset of shock-induced transfor-
mation to ice VI and the ice VI phase boundary at
0.632 GPa; hence the critical pressure is sensitive to
the exact onset of the phase transformation on the
Hugoniot. The quoted error of +£0.05 GPa is derived
from two experiments from Larson et al. [1973], showing
no phase transformation at 0.48 GPa and the ice VI
transformation at 0.69 GPa.

[67] The entropy along the ice VII region of the 263 K
Hugoniot is larger than the critical entropy for complete
melting (CM) above 2.5 (£0.1) GPa. The critical pressure is
sensitive to the specific heat capacity of ice VII, which is
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constrained near the phase boundary by Fei ef al. [1993]. A
25% error in the heat capacity leads to less than 0.1 GPa
error in the critical pressure.

[68] In the ice VI region on the 100 K Hugoniot, the
entropy for incipient melting is reached above 1.7 GPa
following locus B, where the intermediate ice Ih shock has
an amplitude of 0.86 GPa. Along locus A, where the ice Th
shock travels through the cusp at 1.16 GPa, incipient
melting is reached at 1.4 GPa. Changing the heat capacity
of ice VI by 10% changes the critical pressure by 0.2 to
0.3 GPa. Because the variable amplitude of the interme-
diate ice Th shock contributes to the entropy in the ice VI
region, we recommend an average critical pressure of
1.6 £ 0.3 GPa.

[69] On the 100 K ice Hugoniot will melt completely
upon release from shock pressures above 4.1 + 0.3 GPa. A
25% error in the heat capacity induces a 0.3 GPa error in the
critical pressure. The implications of the new critical pres-
sures for shock-induced melting are discussed in section 4.

[70] The entropy of incipient and complete vaporization at
1 bar are 4817 and 10864 J kg_1 K™, respectively [Wagner
and Pruss, 2002]. The critical pressure (and shock temper-
ature) for incipient vaporization upon release are 9.0 +
0.2 GPa (600 + 70 K) and 7.0 £ 0.2 GPa (570 + 70 K) on the
100 and 262 K ice Hugoniots, respectively, for ¢, jiquia =
3420 J kg ' K™, Assuming ¢, jiquia = 2500 T kg ' K™ (at
high temperatures (e.g., Wagner and Pruss, 2002]), the
critical pressures increase by 0.2 GPa. The present methods
for calculating shock temperature and entropy do not capture
the complexity of supercritical water; hence extrapolations
to high pressures should be used with caution. For example,
with ¢, jiquia = 3420 J kg*1 K !, the critical pressure (and
shock temperature) for complete vaporization upon release
are 55 GPa (4300 K) and 53 GPa (4250 K) on the 100 and
262 K ice Hugoniots, respectively. Assuming c,jiquia =
2500 J kg~ ' K, the critical pressures increase by about
30 GPa and 5200 K.

3.7. Transformation Shocks

3.7.1. Ice VI

[71] The shock-induced phase transformation to ice VI
has been previously identified by Gaffney and Ahrens
[1980] and Larson [1984] from the large volume compres-
sion on the Hugoniot, >40%, at pressures above 0.6 GPa.
On the 263 K Hugoniot, the transition to the ice VI region is
clearly associated with the equilibrium phase boundary at
0.632 GPa (Figures 9 and 11).

[72] An unusual feature of the 7y = 100 K Hugoniot is
that its volume is not single valued over the pressure range
0.6—1.2 GPa, corresponding to the regions of ice ITh
deformation shocks and ice VI transformation shocks. The
degenerate Hugoniot region is illustrated by the two loci of
shock states, labeled A and B in Figure 5.

[73] The A locus corresponds to peak shock states above
1.16 GPa that pass through the ice Ih shock cusp. The locus
of shock states labeled B in Figure 5 is based on one
experiment (1046, denoted by (%)), with a peak shock stress
of 1.03 GPa and intermediate ice Ih shock amplitude of
0.86 GPa. Locus B is representative of final shock
stresses between 0.6 and 1.16 GPa, where ice VI forms
on the low-temperature Hugoniot with an intermediate ice
Ih shock. We suggest that the amplitude of the ice Ih
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Figure 12. Ice VI Hugoniot region and ice VI isotherms

with ice VII, liquid water, and ice V equilibrium phase
boundaries. VII-VI-L and VI-V-L triple points (e) indicate
volume differences between phases. Ice VI isotherms
extend to liquid water phase boundary volume (horizontal
segments). For Ty = 263 K, ice VI transformation shock
states (dashed line, ¢ P) lie in liquid water-ice VI
coexistence region. For Ty = 100 K, data (%) are consistent
with pure ice VI. Two loci (labeled A and B) shown on
100 K Hugoniot (Figure 5).

shock will scale with the final shock stress up to the
observed 1.16 GPa limit.

[74] The shock data are shown with ice VI isotherms and
the ice VI-liquid water phase boundary in Figure 12. Triple
points [cf. Petrenko and Whitworth, 1999], VI-V-L and VII-
VI-L, are horizontal lines in the P — V plane where the
denotes the volume for each phase. The ice II and VIII
phase boundaries are not shown. The volume differences at
the ice VI-liquid water phase boundary and triple points are
from Dorsey [1940].

[75] Isotherms are constructed using the formulation
presented in Fei et al. [1993] and Frank et al. [2004], from
a reference isotherm, 7,.; and model for the volume thermal
expansion coefficient, c.. An isotherm at 7T is given by

V(P,T)=V(P,Tyy) [exp ( /T ' a(P, T)dTﬂ . (25)
ref P

We use the experimental 230 K isotherm for ice VI as the
reference (Table 4). The linear thermal expansion coeffi-
cient is nearly constant at 107> K~' between 140—200 K,
on the basis of measurements at 1.054 GPa between 0—
200 K by Mishima et al. [1979]. Without measurements at
different pressures, we estimate o for ice VI with the same
formulation as Frank et al. [2004] for ice VII:

K -

a(P,T) = ap(T) (1 + —TOP) , where (26a)
Kro

Olo(T) =ay+aT. (261‘))
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ao(T) is the zero-pressure thermal expansion coefficient.
The constants derived by Frank et al. [2004] for ice VII
agree well with the limited ice VI data and the phase
boundary volumes are consistent with measurements of
Dorsey [1940]. The thermal expansion values used for both
ice VI and VII are ap = —4.2 x 107* K™, ) = 1.56 x
10°K 2 and n = 1.1.

[76] In Figure 12, the shock measurements with 7, =
263 K (¢ ») do not fall in the ice VI stability field, but lie
within the ice VI-liquid water phase boundary, indicating
incomplete transformation to ice VI on the Hugoniot
(dashed line). Larson [1984] inferred pure ice VI in this
region of the Hugoniot by comparison to the 263 K
isotherm (see his Figure 8). However, the temperature,
entropy and volume along the Hugoniot indicate that this
region is a mixture of ice VI and liquid water.

[771 The volumes of the 7 = 100 K data lie within the ice
VI field (%, Figure 12), indicating pure ice VI in the shock
state. There is a slight disagreement between the P — V
isotherms and the calculated shock temperatures, which
may be due to the uncertainties in the equation of state of
ice VI. The 100 K Hugoniot (solid lines A and B in
Figure 12) crosses the ice VI isotherms with negative d7/
dP, suggesting that, at pressures just above the intermediate
ice Th shock, there is incomplete transformation to ice VI.
The appearance of negative d7/dP along a single shock
locus is an artifact of the multi-valued nature of this region
on the Hugoniot, and both entropy and temperature increase
with increasing shock pressure.

3.7.2. Ice VII

[78] The shock data between 2.2 and 20 GPa are shown
together with ice VII isotherms and the ice VII-liquid water
phase boundary in Figure 13. The ice VIII phase boundaries
are not shown, and ice VII isotherms have been extrapolated
out of the equilibrium field to lower temperatures. Note the
298 K liquid water Hugoniot approaches the ice VII-liquid
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and ice VII isotherms. Hugoniot states are pure liquid above
7.7 and 10.1 GPa for 7 = 263 and 100 K, respectively. All
shock data obtained from T, = 263 K.

water P — J boundary near 4 GPa, in the region bounded by
the arrows denoting the liquid water volume at the phase
boundary. The discontinuity (dotted lines in Figure 13) along
the ice Hugoniots between 5.5—6 GPa correspond to shock
waves traveling near the longitudinal wave speed, which
have previously been confused with the elastic precursor.

[79] The P — V' — T equation of state for ice VII has been
well defined in our region of interest by Frank et al.
[2004]. We use the reference isotherm at 7,., = 300 K
(Table 4) and the thermal expansion model presented in the
previous section. In Figure 13, the volume difference at the
liquid water phase boundary is taken from Dorsey [1940]
and extrapolated outside the measured range.

[so] As predicted from the shock temperature calculations
between 2.2 and 5.5 GPa, the Ty = 263 K shock data (¢ «)
lie in or near the ice VII and liquid water phase boundary. In
this region, both the 100 K and 263 K Hugoniots cross
successively lower isotherms with increasing shock pres-
sure, indicating different mixed assemblages of ice VII and
liquid water in the shock states. With increasing pressure
along the 100 K Hugoniot, the shock state approaches
nearly pure ice VII. On the 263 K Hugoniot, a mixture of
ice VII and liquid water is inferred from the temperatures
and entropies attained in the shock state.

3.7.3. Liquid Water

[s1] At pressures above 6 GPa (Xu, > 1590 m s
region 5), the shock velocities are greater than the longitu-
dinal wave speed and a single wave shock front propagates
through ice. The new fit to the liquid water region on the ice
Hugoniot (Table 3) agrees well with the high-pressure
region of the temperate ice Hugoniot published by Gaffney
[1985]. Figure 14 presents the ice shock data above 6 GPa
together with ice VII isotherms up to 800 K, the ice VII-
liquid water phase boundary, and the liquid water Hugoniot.
In this region, the offset between 7, = 100 and 263 K is
dominated by the difference in initial volume.

[s2] Just above 6 GPa, the shock temperatures and
volumes indicate that the Hugoniot contains a mixture of
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ice VII and liquid. On the basis of the shock temperatures,
the 100 and 263 K ice Hugoniots cross the ice VII-liquid
phase boundary and enter the liquid field above shock
pressures of 6.7 and 9.2 GPa, respectively (Figure 13), in
good agreement with the P — V diagram.

[83] In Figure 14, the ice Hugoniots cross the liquid water
Hugoniot between 25 and 30 GPa, at pressures larger than
derived from the shock temperatures (11 to 20 GPa). The
discrepancy is probably due to the sensitivity to the exact
formulation of the Hugoniot and the assumption of a
constant ¢, jiquid- The ice Hugoniot crosses the liquid water
Hugoniot because ice Th has a larger initial volume than
liquid water, which results in higher energy in the shock
state at a given compressed volume.

[s4] Above 0.6 GPa, in the ice VI, ice VII and liquid
water regions, the transformations along the Hugoniot agree
very well with equilibrium phase boundaries and support
the idealized thermodynamic treatment for the calculation of
shock temperatures and entropies.

3.8. Release From Shock States

[85] Shocked materials, that either retain or lose strength,
are released to ambient pressure by a spreading rarefaction
wave propagating with a maximum velocity corresponding
to the isentropic longitudinal or bulk sound velocity in the
shocked state. The release wave velocity constrains the
rheology of the shocked state, and the release path pre-
scribes the reversible energy of the shock state.

[s6] Shock loading and release paths in ice are displayed
with the shock Hugoniot in Figure 15, where data from
this work and previous studies have been combined. In
Figure 15, the major regions along the Hugoniot (thick
lines) are not connected (as in Figure 5) for clarity, the initial
states are denoted by filled black circles, and the other
symbols correspond to the source data and indicate the peak
shock state. Release isentropes fall into three regimes:
A. Shocks to the ice Ih region follow stress-volume release
paths below the Hugoniot, indicating possible elastic-plastic
behavior. Note that the shock wave decayed slightly
between gauges in the three lowest pressure experiments,
and the peak stress state lies well below the Hugoniot.
B. After shock transformation to ice VI or VII (0.6—
5.5 GPa), ice unloads along the Hugoniot, following paths
that appear to be a mixture of liquid water and ice VI or
VII. This is also the pressure range for shock-induced
melting upon release. C. Release paths after shock trans-
formation to liquid water (>6 GPa) lie above the Hugoniot.

[87] Release path information has been obtained using
three methods, which are denoted graphically in Figure 15:
(1) Two or more embedded stress or particle velocity gauges
record the full release wave profile. The 0 — V'release paths
were derived from Lagrangian analysis and reproduced as
curves with no terminal arrows in Figure 15. The experi-
mental geometries of release wave measurements from
different studies are described in the auxiliary material.

[88] (2) Release wave arrival times (this work) define the
sound speed ¢, on the Hugoniot. The initial slope of the
isentropic release path off the Hugoniot is

&=V 7<§f};>s, (27)
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Figure 15. Shock loading and release paths shown with
ice Hugoniot (thick lines). No error bars shown. (a) Release
paths from ice Th region lie below Hugoniot, indicating
residual strength during release. Open star data points are
partially released. (b) Release paths from ice VI and VII
regions follow Hugoniot, indicating unloading in the high-
pressure phase. (c) Release paths from liquid water region
lie above Hugoniot, indicating release as pure liquid water.

where V'is specific volume and fluid rheology during release
is assumed [cf. McQueen, 1991]. The release wave arrives
from the sample free surface (geometry A, Figure S1), and
the initial slope of the release isentropes are indicated with
V-shaped arrowheads at the terminus of the unloading path
in Figure 15.

[s9] (3) The particle velocity is measured at a known
pressure on the release path and the release volume is
derived using the Riemann integral [cf. Ahrens et al.,
1969] assuming a straight line path in the u, — P plane
between the volume on the Hugoniot, V7, and the volume
on the release path, Vp:

Up.H du
V=1V, —L2 du,.
. H+/U.R <dP)S u]

'p

(28)
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These intermediate and final release states are indicated by
solid gray arrowheads in Figure 15 [Anderson, 1968; this
work]. Note that the volume derived from this method,
when the unloading path is approximated via a straight line
in the P-V plane, provides only a lower bound to the true
volume in the fully unloaded state [Lyzenga and Ahrens,
1978]. However, the inferred volume can be useful for
deriving the trend in the release path (below, along, or above
the Hugoniot).
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Figure 16. Release wave velocities versus pressure on ice
Hugoniot. (a) Release velocity data with ice Th longitudinal
(¢, black lines) and bulk (¢, gray lines) sound velocities for
dK;/dP = 3.0 (Table 4), solid lines, and dK;/dP = 5.5 [Shaw,
1986], dotted lines. Open star data points are partially
released. (b) Release velocity data and sound velocities in
ice VI [Gagnon et al., 1990, Shaw, 1986; Tulk et al., 1997],
ice VII [Fei et al., 1993], and along the liquid water
Hugoniot. No error bars shown. (c¢) Release wave velocity
data in liquid region on ice Hugoniot (/) [Anderson, 1968]
with calculated sound speed (solid line, see text) and release
velocity data (+ [Al tshuler et al., 1960] and x [Bakanova et
al., 1976]) along 293 K liquid water Hugoniot.
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[0] The measured or derived sound velocities on the
Hugoniot are given in Figure 16. The sound velocity in the
ice Th region is compared to the longitudinal (c;) and bulk
(cp) sound speeds along 100 K isotherms in Figure 16a. The
Ty = 100 K release wave arrivals are very close to those
expected for a longitudinal wave velocity [Shaw, 1986];
hence shocked ice retains strength along the Hugoniot, up to
the ice Th shock cusp at 1.16 GPa when the sound speed
drops. We do not show the release wave profile published
by Larson [1984] because a steady shock wave did not
develop in that experiment with a peak shock pressure of
about 0.5 GPa.

[01] In the ice VI and VII regions of the 263 K Hugoniot
(Figure 16b), the velocities of release waves propagating
through the mixed solid-liquid regions are highly scattered.
Larson data at 1.3 and 1.6 GPa indicates release at longi-
tudinal and bulk velocities in the ice VI region, whereas
Gaffney and Smith’s datum and Larson’s data in the ice VII
region lie well below ¢, near the values for pure water. The
Ty =263 K data should be a mixture of liquid and ice VI or
ice VII, reducing the sound speeds below the ¢, of ice VI
and VIIL.

[92] The release paths in the ice VI and VII regions
(Figure 15) are consistent with the mixed phase, constant
mass fraction of phases release model. In this model, the
mixed phases in the shocked material remain a constant
mixture assemblage over most of the release path, reverting
to equilibrium phases near ambient pressure [cf. Sekine et
al., 1995]. Notably, Larson [1984] reports release paths
from 0.6 to 3.56 GPa to zero pressure which are consistent
with initial unloading of a high-pressure phase.

[03] Above 6 GPa, liquid water forms on the ice Hugo-
niot, and the release paths, which lie above the Hugoniot,
are consistent with release in the liquid state (Figure 16c).
The inferred sound velocity data agree well with measure-
ments of the sound velocity along the liquid water Hugoniot
[Bakanova et al., 1976; Altshuler et al., 1960] and the
sound speed derived from the water Hugoniot. The sound
speed on the water Hugoniot is given by equation (27),

where
PN oy Vo= VidPy v Po— Py
ar)s vo2 Jdar voo2 7

Py, and V are the pressure and volume along the Hugoniot
(equation (18)), and v is the liquid water Mie-Griineisen
parameter (equation (19)) (equation (29) is corrected
equation (2.73) from McQueen [1991]).

(29)

4. Discussion
4.1. Impact-Induced Melting on Icy Planetary Surfaces

[94] Unlike anhydrous silicates, where shock-induced
melting occurs upon release from shock pressures of
10°s—100°s GPa [cf. Ahrens and O’Keefe, 1972; Pierazzo
et al., 1997], shock-induced melting of ice begins at
extremely low pressures, at only a few GPa. Shock-induced
melting and metamorphism during impact cratering events
are important surface modification processes in the solar
system.

[9s] New criteria for shock-induced melting of ice are
derived from the present shock data and the entropy of
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melting under ambient pressure (revised from Stewart and
Ahrens [2003]). The release paths and velocities indicate
that ice unloads approximately isentropically after shock
compression. Thus the shock pressure required for melting
upon release may be determined from examination of the
Hugoniots in the P — § phase diagram (Figure 11). The
revised shock pressures required to induce incipient melting
upon release are 0.6 £ 0.05 and 1.6 = 0.3 GPa on the 263
and 100 K ice Hugoniots, respectively. The shock pressures
required for complete melting upon release are 2.5 + 0.1 and
4.1 £ 0.3 GPa, respectively.

[96] Previous estimates of the critical pressures for melt-
ing have been 2—10 times higher. Kieffer and Simonds
[1980] derived critical values of 3 GPa for incipient melting
and 10 GPa for complete melting under terrestrial condi-
tions, on the basis of sparse H,O shock data. Ahrens and
O’Keefe [1985] report 7.6 and 10.8 GPa for IM and CM,
respectively, at 70 K and 1 bar, and 6.2 and 9.6 GPa, at 263 K
and 1 bar. The theoretical estimates at 263 K [Pierazzo et al.,
1997], derived from a simplified equation of state that does
not include solid-solid phase transformations, are consistent
with the 263 K critical pressures we report here.

[97] The new criteria for shock-induced melting of water
ice have broad application in the solar system. Widespread
melting during impact crater formation will soften crater
morphologies [7urtle and Pierazzo, 2001] and incorporate
liquid water into ejecta blankets [Stewart, 2002]. Stewart et
al. [2001, 2004] conducted simulations of impact cratering
onto ice-silicate mixtures that demonstrate fluidization of
ejecta blankets, related to distal scarp structures called
ramparts. Rampart crater morphologies, found in great
abundance on Mars [Carr et al., 1977], are also seen on
the icy surfaces of Europa [Moore et al., 1998; Turtle and
Pierazzo, 2001] and Ganymede [Horner and Greeley,
1982]. The new H,O Hugoniot shows that the pressures
required for shock-induced melting during impact cratering
upon the cold icy satellites of the outer solar system are
even lower than previously assumed.

[98] These results also have implications for collisional
processing of cometesimals before ejection into the Oort
cloud [Stern and Weissman, 2001] (mutual impact velocities
of 100’s m s ') and within the Kuiper belt [Durda and
Stern, 2000] (present mutual collisions at ~1000 m s ).
Although collisions between pure ice at crystal density
would not suffer shock-induced melting at these velocities,
cometary objects, expected to be mixtures of ice, organic,
and silicate materials with 30—80% porosity will readily
undergo partial melting. We conclude that shock-induced
melting of ice should be widespread in planetary impact
processes and mutual collisions between icy cometesimals.

4.2. Formation of Metastable High-Pressure Ice
Polymorphs From Impact Events

[99] Our analysis of the solid ice Hugoniot motivates a
critical re-examination of the hypothesis by Gaffney and
Matson [1980] that high-pressure ice polymorphs created by
shock-processes may remain metastable upon release. The
100 K Hugoniot is an appropriate reference for shock-
induced phase changes from impact events in the icy outer
solar system. We have shown that shocks to pressures below
about 1 GPa along the 100 K Hugoniot are approximately
isentropic and the temperature increase from the shock is
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small (10’s K, Figure 9). Hence ice VI may remain
metastable after a shock under conditions limited to initial
temperatures <100 K and shock pressures of about 1 GPa.
Shock-induced formation of ice VI will not occur in great
abundance during hypervelocity impacts upon icy planetary
surfaces. It is plausible that nonporous ice in the cold outer
solar system, subject to shocks with amplitudes just above
1 GPa may form ice VI, which could remain metastable
upon release. Ice II is probably not formed during impact
events because the amplitude of ice Th deformation shocks
exceed the ice II stability field (Figure 7).

[100] For shocks above 2 GPa, on the other hand, the
increase in entropy, and corresponding increase in temper-
ature, is probably too large for ice VII to be recovered under
ambient conditions. Under shocks greater than about 4 GPa,
ice will completely melt upon release and slowly freeze and
sublimate from conductive and radiative processes.

[101] At the lowest temperatures in the outer solar system,
e.g., at Pluto and the Kuiper Belt, other phases of ice may be
important in shock processes, e.g., the amorphous phases.
These should be examined in future studies with temper-
atures below 100 K. We note that the increase in entropy
from shock compression of porous ice will be larger than
solid ice because of the larger initial volume.

5. Conclusions

[102] 1. We have conducted an experimental investigation
of the H,O ice Hugoniot at initial temperatures of 100 K,
for application to the outer solar system. Analysis of the
combined data, from this study and previous work at
263 K, shows that shock-induced phase transformations to
ice VI and VII are the dominant features along the
Hugoniot at pressures below 6 GPa, which results in the
generation of multiple-wave shock fronts. Along the 100
and 263 K Hugoniots, the shock state is a mixture of solid
and liquid at 5.5 and 0.6 GPa and fully liquid at pressures
above 9.1 and 6.7 GPa, respectively.

[103] 2. We have identified five regions on the ice
Hugoniot: (1) elastic shocks, (2) ice Th deformation shocks,
transformation shocks to (3) ice VI, (4) ice VII, and
(5) liquid water. In each region, data obtained at different
initial temperatures are described by a single Us — Au,
shock equation of state. Use of Au, explicitly accounts for
the temperature-dependent response of elastic and ice Th
deformation shocks.

[104] 3. The dynamic strength of ice Ih is strongly
dependent on temperature. The Hugoniot Elastic Limit
varies from 0.05 to 0.62 GPa, as a function of both
temperature and peak shock stress.

[105] 4. Ice Th deformation shocks do not propagate as
steady shock waves except at low temperatures as an
intermediate shock wave in a three-wave shock front,
consisting of the elastic precursor, ice Ih deformation shock,
and transformation shock to ice VI. Under temperate con-
ditions, or when subject to peak stress less than 0.6 GPa, the
ice Th shock decays as it propagates. Along the ice Th region
of the Hugoniot, a cusp at 1.16 GPa defines the maximum
stress attainable by an ice Ih deformation shock.

[106] 5. We calculate the temperature and entropy along
the 100 and 263 K Hugoniots and derive the critical
pressures for shock-induced incipient (IM) and complete
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(CM) melting upon release. At 100 K, the critical pressures
are about 1.6 and 4.1 GPa for IM and CM, respectively. At
263 K, the critical pressures, 0.6 and 2.5 GPa for IM and
CM, are 2—10 times lower than inferred in previous work.

[107] 6. Shock-induced ice VI may remain metastable
upon release from shock pressures of about 1 GPa and
below about 100 K, where the low ambient temperatures
inhibit the reverse transformation to ice Th. The increase in
entropy and temperature upon shock transformation to ice
VII prevents recovery of the high-pressure phase upon
release. Thus shock-induced formation of high-pressure
solid ice polymorphs should be relatively rare. Shock-
induced melting of ice, however, will be widespread in
impact events.
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