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Abstract

Shock recovery studies have been performed on a
number of materials of geological and geophysical sig-
nificance using a shock-loading propellant gun. These
materials, including silicate glasses, feldspar, ortho-
pyroxene, and pyroxenoid, have been shock-loaded to
pressures up to approximately 550 kilobars. Optical
and electron microscopic, optical spectral, and x-ray
diffraction studies have been carried out on the re-
covered samples to determine the permanent effects of
the shock-loading and the applicability of such infor-
mation to research on naturally shocked lunar and terres-
trial rocks and meteorites. The data on the pyroxene
and feldspar are discussed in terms of their usefulness
in interpreting, understanding, and calibrating the
pressure and temperature conditions of shock metamor-
phism. The most significant observations include (1)
the behavior of the silicate glasses, especially the
occurrence of permanent densification until high post-
shock temperatures cause reversion to low density glass,
(2) the permanent reduction of Mn(III) to Mn(II) by
shock-loading to 496 kilobars, (3) the shock vitrification
of calcic plagioclase to diaplectic and shock-fused
glasses at pressures above 300 kilobars, (4) the shock-

production of deformation lamellae in bronzite, and



(5) the formation of shock glass in bronzite at 226

kilobars,
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Chapter 1. INTRODUCTION
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Only during the last two decades have geologists
really become aware of 'shock metamorphism' as a sig-
nificant geological phenomenon. Prior to this, very
little attention was given to either the possible effects
of high shock pressures on geological materials or the
possible sources of such pressures. However, with the
discovery of a high pressure phase of silica (coesite)
at Meteor Crater, Arizona by Chao et al. (1960), a great
deal of interest developed and now it is generally accep-
ted that shock compression can produce spectacular and

characteristic metamorphic effects in rocks and minerals.

The initial interest was in the moon and the question
which has been raised since craters were first observed
on the moon, of whether those craters were of volcanic or
impact origin. On the earth this interest was directed
to apparent terrestrial meteorite impact craters like
Meteor Crater, Arizona (for example, Shoemaker, 1963).
Many such craters were geologically mapped and petro-
graphically studied to determine possible effects of
shock-loading. By 1965 there were some sixty terres-
trial localities (0O'Connell, 1965) on the list of prime
hypervelocity impact sites, as determined on the basis
of overall structure and probable shock metamorphic
features. These include the Ries crater, Germany (for

example, Stoffler, 1966), probably the most extensively
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studied single terrestrial crater, and several Canadian
craters (for example, Dence, 1968)., More recently, with
the great interest in the Apollo lunar program, the em-
phasis has shifted somewhat to the effects of meteorite
impacts on the moon; those scientists who previously had
studied terrestrial impact craters directed their atten-
tion to shock metamorphism in the returned lunar rocks
(for example, Chao et al., 1970; Engelhardt et al., 1970;

and Short, 1970).

Right now, a major reason for experimental studies
on shock metamorphism is the study of lunar rocks. We
need a detailed knowledge of the behavior of common rocks
and rock~-forming minerals under well-controlled experi-
mental‘shock-loading conditions of pressure and temper-
ature in order to fully characterize the shock metamor-
phic histories of lunar rocks. It was partly for this
reason that I carried out the shock wave experiments
described in this work. For the same reason, other
workers have recently done similar-type shock recovery
experiments on a number of geological materials (for
example, Stoffler and Hornemann, 1972; Short, 1968a;

Kleeman and Ahrens, 1973; Horz and Quaide, 1973).

The need to fully characterize the P,T effects of
shock metamorphism in various rock-types has also led

to experimental studies of a different nature. Those
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are the studies of craters produced by nuclear and chem-
ical explosions. Contrasted to laboratory-scale experi-
ments, those are mofe like the meteorite impact in scale
and produce similar effects (for example, Short, 1968b,
1969 and James, 1969a). They have one big drawback in
that conditions of shock-loading cannot be as closely

controlled as in laboratory experiments,

However, in the final characterization of shock
metamorphism, permanent shock effects caused by artifical
explosions, laboratory shock recovery experiments, and
natural meteorite impacté must all be considered. It
was tovbring together workers in all these different areas
that two recent conferences were held on shock me tamor-
phism (French and Short, 1968; Horz, 1971). These were
attempts to summarize the status of all investigations of
shock metamorphism and to characterize the diagnostic
shock effects that could be used immediately in studies
of lunar samples and terrestrial impact craters. They
were attempts to look at the availeble data and deter-
mine the path to follow in further studies of shock
metamorphism, in order to get a fﬁller understanding of
the physical processes and conditions of shock-loading.
They primarily resulted in additional data on natural
and experimental impact phenomena. A number of review

papers (for example, Chéo, 1968; HEngelhardt and Stoffler,
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19683 and Stoffler, 1971) presented schemes of progressive
shock metamorphism based essentially on observations of
natural impact phenomena. Unfortunately, the available
experimental data were insufficient for an adequate
characterization of the temperature and pressure con-
ditions of the various observed shock metamorphic facies.
A more recent review by Stoffler (1972) suffers from this
same malady and helps to emphasize the point that there

is a need for a systematic experimental study of shock
metamorphism of the common rocks and minerals, The

present work is part of such a systematic study.
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Introduction

In the last few years, experimental technigques have
been developed to measure the thermodynamic properties
of shock compression of geological and geophysical
materials, in particular those which can be determined
using the Hugoniot equation of state. Since such tech-
niqueslare destructive of the samples studied, shock
recovery techniques had to be developed to study the
irreversible effects of shock compression in materials
of interest. Various techniques have been used to
recover shocked samples. Techniques commonly used are
(1) explosive systems, called plane-wave generators
(for example, Duvall and Fowles, 1963), and (2) gas or
powder driven ballistic systems (for example, Horz and
Ahrens, 1969). The gun facility described herein is a
powder-driven ballistic system which has been developed
during the past seven years at California Institute of
Technology by Ahrens and co-workers (for example, Horz

and Ahrens, 1969; Gibbons and Ahrens, 1971).



The Gun Facility

The particular shock apparatﬁs used in this study
was designed and built by Mr. Sol Giles in the autumn
of 1970 énd installed during the winter of 1971. 1In
carrying out 199 shots (for sample recovery, temperature
measurement, and velocity célibration) with this gun
since that time, 1 have routinely recovered mineral
samples from shock-loading to pressures as high as 550

kilobars, for projectile velocities as fast as 1.8 km/sec.

The recovery facility consists essentially of a
3-meter long gun barrel and a separate box-type recovery
chamber (Figure 1). The gun barrel is constructed from
a 10-ft (3-meter) long Shelby stainless steel L4130 tube
with a 2-inch (51 mm) outside diameter and a 3/L-inch
(19 mm) bore. The bore is honed smooth to a diameter
of approximately 20 mm; this leaves 15% mm thick walls,
more than sufficient for safety on the basis of the gun's
performgnce since January, 1971 for more than 200 shock-
loading experiments. The gun barrel is attached to an
I-beam by five 30 cm long case-hardened steel clamps
which are adjusteble for alignhent purposes, The l-beam
is bolted to a floating concrete pier; this is required
for gun barrel stability and to reduce shot-associated
vibration of the adjacent laboratory facilities. There

is still substantiel vibration, caused by the air shock
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produced by any high velocity shot; such air shock
effects can only be eliminated by constructing a

completely enclosed vacuum facility.

4 massive breech assembly is screwed onto one end
of the gun barrel (Figure 1). Breech block one is attached
to the barrel with a close tolerance NF-3 thread; this
block is machined to hold a case-hardened steel 4130
insert in vacuum fit against Lexan plastic projectiles
(the inserts are custom designed shell casings that are
made to accommodate ordinary shotgun and rifle shells).
Breech block two is a massive gate-like assemblage which
screws onto block one and locks the shell insert tightly
against the Lexan projectile. A firing pin is inserted
through the center of block two from a solenoid firing

mechanism to the primer in the shotgun shell.

One other attéchment for the gun barrel is an
optional removable vacuum cylinder (Figure 1). This
cylinder is used when it is desirable to evacuate the
gun barrel before firing. It slips onto the muzzlé and
seals with two O-rings; a 3-mil thick mylar window covers
the bore. A vacuum pump can then evacuate the barrel to
approximately 10'2 torr. However, this vacuum is very
inefficient and much needs to be done to prevent leak~-
age around the various seals and connections. In this

condition the use of the barrel evacuation technique 1is
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very impractical. It has no effect on reducing air

shock and gives an increase in projectile velocity of
just 0.15 km/sec at peak velocity. Under normal circum-
stances it is much easier and exceedingly more practical
to obtain the desired projectile velocities by changing
the propellant load rather than evacuating the barrel.
There are no practical reasons to evacuate the barrel

for all except the peak 0.15 km/sec and everything
associated with doing so is a hindrance to normal working
procedures., However, if the barrel vacuum can be made
more efficient, it will probably extend the peak pressure

range beyond 1.8 km/sec.

Next to the gun barrel (maybe it should be more
correctly‘named thel'projecﬁile accelerator!), the most
important component of the facility is the recovery
chamber. The chamber is essentially a rectangular box
{90 X 30 X 30 cm3) with a hinged cover and with a 5 cm
diameter projectile entrance in one end. It is made of

1 ecm thick aluminum;

Beforé shock-loading, a sample assembly is mounted
in the recovery chamber (Figure 5 shows the general
relationships but details of the target seat and back-
stop are not illustrated). Using a laser - mirror system,

the assembly is centered and aligned perpendicular to the
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projectile path. This assures planarity of the impact

within the accuracy of the flying projectile technigue.

The sample assemblies consist of sample discs,
sample containers, and cylindrical target blocks (Figure

2)e

The sample discs used in the present experiments
were L.75 mm in diameter and up to 1 mm in thickness,
depending on the character of the specimen. These dimen-
sions were chosen to minimize edge effects and other
effects of rarefaction waves generated at the flyer plate
and target cylinder free surfaces. In general, the discs
may be single crystal mineral, rock, or powder. 1In the
present work solid discs of single crystals and glasses

Wwere used,

To prepare the discs from crystalline material or
glass stock, there are two equally good techniques. BY
one method, thin wﬁfers are sawn from a specimen; discs
of 4.75 mm (0.1875-inch) diameter are cored from these
wafers using either standard diamond core drills or
custom-made core‘drills. For a variety of reasons some
specimens may not be suitable for this method but may be
suitable for coring into .75 mm diameter rods; those
rods can then be sliced into thin discs. Such discs are
ground and polished to a final thickness between 0.15 mm

(0.006~inch) and 1.0 mm (0.0L40-inch). This thickness is
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FIGURE 2., Materials used in shock-loading. Lexan
projectiles (breakaway-type) with metal
flyer plates, 10-gauge and 12-gauge shot-
gun shells, sample containers (assembled
and disassembled), sample disc, and target

cylinder with mounted sample container.
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often determined by the character of the specimen, in
particular its resistance to spalling during grinding.
Glass discs can be easily ground to 0.15 mm but it is
almost impossible to grind fragile mineral discs thinner

than 0.5 mm,

For shock—loading the sample discs are screwed into
metal sample containers which are in turn mounted into
massive cylindrical target blocks. These target cylinders.
cen be of any suitable metal; other materials, for example,
plexiglas, can also be used for special shock conditions.
The cylinders used most commonly have been stainless
steel 304 and aluminum 2024. Stainless steel 304 was
used in most of the experiments discussed. Two prime
reasons for the use of those materials are (1) their
Hugoniot equations of state are well-determined and (2)
their availability. Another reason for using aluminum
is that its shock impedance is a fair match for that of
geological material. This is not so for stainless steel,
which has a much higher shock impedance; however, an ad-
vantage of steel is that higher pressures can be obtained
ﬁsing a shock reverberation technique (described later).
This reason is even more important for tungsten, in
which pressures 30% higher than those for steel could be
reached. However, drawbacks with tungsten are its ex-

pense, availability, machinability, and brittleness.
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The dimensions of the cylinders used were 6.35 cm (2%-
inches), 7.62 cm (3-inches), and 10.16 cm (L~-inches) in
diameter and 7.62 cm (3-inches) or more in length. The
7.62 cm (3=-inch) diameter targets were found to be most
suitable for machining and handling and were used when-
ever available. Those dimensions are more than adequate
in consideration éf the possible effects of rarefaction

waves on the samples during shock-loading.

The sample containers should be of the same material
as the target cylinders or something of similar shock im-
pedance. In some cases sample containers were machined
directly out of the target cylinders. However, since
this is a very awkward machining problem, other designs,
of separate sample containers, were developed. Two
designs found to be most successful in shock recovery are
(1) a 19 mm (3/4~inch) diameter, 12.7 mm (%-inch) long
cylinder with a two-piece screw-in plug and (2) a 25.4 mm
(1-inch) diameter, 12.7 mm (%-inch) long cylinder with a

one~piece screw-in plug (Figures 2 and 2A).



TYPE 1

SHOCK
DIRECTION

FIGURE 2A.
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TYPE 2

— SAMPLE
COMPARTMENT

SHOCK
DIRECTION

Two sample container designs. Type
4: a 3/4=inch (19 mm) diameter,
keineh (12,7 mm) long eylinder with
8 twoe-piece screw=in plug. Type 23
a 1-inch (25.4 mm) diameter, %-inch
(12,7 mm) long cylinder with a one-

piece screw-in plug.
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Shock-loading and Recovery

Shock waves were induced in the samples by impacting
the target cylinders with high speed flyer plates imbedded
in the front surface of Lexan plastic projectiles. The
projectiles were launched at speeds up to 1.8 km/sec
using the previously describéa propellant gun. Breakaway-
type projectiles were used (see Figure 2)., Thesse ﬁroj60=
tiles are machined to tolerances of =& 0.0005 inches to
provide what is essentially a vacuum-tight fit to the
bore of the gun barrel, this tight fit helps to prevent
blow~by of the hot gases and to assure that the pressure
of the exploding propellant load will mainly be spent in
accelerating the projectile down the barrel. The break-
away shoulder on the projectile is in a similarly tight
fit with the breech insert to prevent loss of propellant

pressure by leakage backwards through the breech.

The flyer plates are flat discs; they can be of
almost any machinable material, metal, plastic, mineral
or otherwise, depending on the requirements of the experi-
ment., DBesides machinability, the only essential require-
ment is that its Hugoniot equation of state be well-
known, since this is necessary for accurate and depend-
able pressure determination. The plates most commonly
used were of pure tungsten, brass (Cu 65%, Zn 33%, Pb 2%),

tungsten alloy ( 90%, Ni 7%, Cu 3%), stainless steel
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30k, end aluminum 2024. Lexan, teflon, and plexiglas
have also been used. The dimensions of the discs were
0.625-inch (15.9 mm) diameter and 0.100-inch (2.5 mm)
thickness. A typical distance-time diagram in Figure 3
shows that the peak shock pressure pulse lasts one micro-
second in the sample for such a flyer plate. Increasing
the plate thickness to 0.200-inch (5 mm) increases the
duration of the shock pulse to 2 microseconds, and so
forth. However, there are limitations. As the plate
thickness is increased, the plate mass is increased;
accordingly the projectile velocity attained per powder
load is decreased and the peak shock pressure is decreased.
The trade-offs are such that it is most efficient to use
0.100-inch (2.5 mm) thick flyer plates for the sample

configuration which gives the most successful recoverye.

A large variety of propellants has been used in the
shock-loading. Several types of rifle, pistol, and
shotgun powders have been used in searching for the most
practical and most efficient. I have found that two
types, one pistol and the other shotgun powder, are
sufficient. For low velocity shots Bullseye Red Dot
shotgun powder was found to be quite satisfactory; for
high velocities H110 pistol powder proved most efficient
(Figure L). These powders were used in ordinary plastic

shotgun shells of 10, 12, and 20 gauges and in 0. 300
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FIGURE 3

x-t diagram of the impact of a 2.5 mm thick tung-
sten alloy flyer plate(1) against a stainless steel 304
target(2) containing a fused silica sample disc(3). OE
is the trajectory of shock wave in the flyer plate, A is
the pole of centered rarefaction wave, ABE and AD are
rarefaction waves, and OBC is the trajectory of the
advance of the flyer plate-target interface. Attenuation
of the shock pulse in the sample starts at 1 microsecond
after the initial shock And 0.7 microseconds after the

sample has reached peak pressure.
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FIGURE 4

Projectile velocity-powder load curves for Bulls-
eye Red Dot shotgun powder and H110 pistol powder.
These data are for 0.100" (2.5 mm) pure tungsten flyer
plates on breakaway-type Lexan projectiles (gun barrel
not evacuated). The Bullseye powder was used in 12-

gauge and the H110 in 10-gauge shotgun shells.
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and 0.460 magnum caliber brass rifle shells. Powder
loads up to approximately twenty-five grams could be
used. Custom-built shell inserts were manufsctured for
each shell size for insertion in the gun breech. The
disposable shotgun shells are both least expensive and
most convenient. Custom-built brass shells of variable
capacity were found to be quite inefficient (they tended
to jam irretrievably in the breech after high pressure
shots) in spite of their great expense compared to the
five-cent shotgun shells. Standard 20 mm machine gun
shells were never used; they will probably make an

efficient shell for larger capacity loads.

After shock-loading, the sample container is re-
covered from the recovery chamber either (1) still in
the target cylinder or (2) separate from the cylinder,
having been popped out by the rarefaction wave. In
either case, to remove the sample from the container,
the metal enclosing it must be carefully machined away
on a lathe or a mill. After a successful shot, this
machining is the most critical part of any recovery
experiment. Unless great care is taken (even after much
practice and experience), it is quite possible to lose
the sample at this stage. Successful removal requires
a very delicate, almost surgical, touch; 100% recovery

is the result. Now the specimen is available for what-
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ever mineralogical, petrographic, or geochemical studies

anyone should desire to do on it.
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Velocity Measurement and Pressure Determination

Shock pressures in the samples are determined
graphically using an 'impedance matching! technique
which will be described later. The only raw datum
required to determine a pressure is the projectile
velocity, which is measured just before impact of the
flyer plate onto the target at a few millimeters in
front of the target. An earlier version of this

technique has been described by HOrz and Ahrens (1969).

A light detector system consisting of a helium-neon
laser, a photodiode, two mirrors, and a dual beam
oscilloscope is used (Figure 5 ). The laser is set
up perpendicular to the projectile path; the primary
laser beam intersects the path and is reflected between
two mirrors and back across the path to the photodiode,
whose output is being monitored by the oscilloscope.
Upon firing, as the projectile breaks the laser beam
at its two intersections, the photodiode output is
written on the oscilloscope at rates of 20, 50, or
100 microseconds per centimeter, depending on the
requirements of the particular shot, as dictated by

the particle velocity.

A typical oscilloscope trace is shown in Figure 6.
The two peaks represent the two projectile-laser beam

intersections; the distance between those peaks is a
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FIGURE &5

Impact geometry for projectile velocity measure-
ment. Just before impact the projectile intersects two
laser beams (A,B) of known separation (AB). The breaks
are recorded on an oscilloscope as peaks in a time
trace of the photodiode output (see Figure 655 The
distance AB, approximately 200 mm, is measured to : 0.5

mm each time the laser beam is realigned.
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FIGURE 6

A typical oscilloscope trace for projectile
velocity measurement. Note the two peaks representing
the projectile laser beam intersections. The lower
trace 1s a time calibration for a writing rate of
20-microseconds per centimeter. The distance between
the two peaks is measured to pa 0.5 microseconds. This
record is for shot 114 of rhodonite, projectile velocity

= 1.572 km/sec and pressure = };96 Kb,
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measure of the time required for the projectile to
traverse the distance between the two intersections.
This latter distance is fixed at approximately 200 mm
(it is measured to b 0.5 mm each time the laser is re-
aligned). The time trace distance between the two peaks
is measured to - OBSIusec for times between 100 and 400
psec, Combining the two measurements, it is possible

to calculate the projectile velocity within I,

The peak shock pressure reached in the sample
can now be determined using the graphical !'impedance
matching' method (Duvall and Fowles, 1963 and Figures 7
and 8). The calculated projectile velocity, the
Hugoniot of the target material, and the Hugoniot of
the flyer plate are the essential dats (see McQueen
et al,, 1970 for Hugoniot data). Only flyer plate
and target cylinder materials with known Hugoniots are
used sc that only projectile velocity must be measured
in each experiment. In the example shown in Figure
7, the Hugoniot of the ssmple material is also used.
This is to show how, in our sample configuration,
shock wave reverberations bring the sample pressure
from its initial shock pressure up to the peak pressure
of the target cylinder. Accordingly, the sample's
Hugoniot is not really required since its final peak
pressure will be the same as that of the target in

this multiple-shock reflecti an-type design. Thus
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FIGURE 7

Graphical representation of the 'impedance matching'
method of determining shock pressures using as an example
an impact of a tungsten flyer plate into a stainless
steel target containing a specimen of fused silica at a
free-flight velocity of 1 km/sec. B is the peak pressure
atteined in the target; C is the initial preséure in the
fused silica. CD, DE represent shock reverberations in
the fused silica that progressively increase its shock
pressure until the peak pressure B of the target is
reached. The time required to reach peak pressure is

approximately 0.3 microseconds.
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FIGURE 8

Shock pressure-projectile velocity curves determined
by 'impedance matching' for a number of flyer plate
materials and stainless steel 304 target cylinders (see
McQueen et al., 1970 for the Hugoniot data)., One example
of tungsten flyer plate onto tungsten target cylinder
(W/W) is included to show the increased range of pressures
attainable using only tungsten sample assemblies. bxtend=~
ing the tungsten curves to 2.5 km/sec shows that 860
kilobars can be reached using stainless steel 304 targets
and 1280 kilobars using tungsten targets. Those curves
are approximately linear at high pressures. The two
curves for Lexan represent the range of its available

Hugoniot data.
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recovery experiments can be performed using those
techniques on minerals and rocks whose Hugoniots have
not yet been determined. This is an advantage of this

technique over the single-shock technique.

For the example used in Figure 7, the pressure-
time diagram in Figure 9 shows the relative increase
in shock pressure for each shock reverberation until
peak pressure is reached. The distance-time diagram
given in Figure 3 for the same example shows how the
shock and rarefaction waves advance through the target
for this 1 km/sec shot. From a consideration of these
three figures, it is clear that for our typical experi-
ment shock-wave reverberations across the sample raised
its pressure to the peak pressure of the target cylinder
before a rarefaction wave originating from the back
surface of the flyer plate caught up to and attenuated
the peak shock pressure. The period of peak shock
pressure in the samples, before rarefaction attenuation,
wasg approximately 1 microsecond; this time corresponds
to the two-way shock transit time through a 2.5 mm
thick flyer plate (Gibbons and Ahrens, 1971).

We have given the error of projectile velocity
measurement as within - 1%. Combining this with errors
due to inaccuracy of the Hugoniots and application of the

graphical impedance match solution increasses the errors
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FIGURE 9

Relative time~-shock stress diagram of the example
shock wave experiment described in figures 3 and 7,
showing variation of the pressure pulse with time. ADB
indicates the peak strength of the pressure pulse in
the target. CDEFG represents the pressure pulse in the
sample with CD, DE, etc. representing the shock wave
reverberations. GHK exemplifies the attenuation of the
pressure pulse by the rarefaction waves. The time from
beginning to end of the shock pulse is approximately

1 microsecond for a 2.5 mm thick flyer plate,
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in the shock pressures to approximately : 3%: these
errors may vary somewhat depending on the quality of

the Hugoniots of the different flyer plates and target

‘materials used.
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Shock Wave Theory Pertaining to Recovery Experiments

The Rankine—Hugoniét equations (for a derivation
see Rice et al., 1958) describe the behavior of materials
as a result of shock compression. In the derivation of
those equetions, it 1s assumed that:
1. the shock wave is steady-state in time, implying
that a shock velocity can be defined;
2. the flow is one-dimensional planar;
3. there is continuity; and
L. short enough times are involved for the system
to be post-shock adiabatice.
On this basis, the three basic Rankine-Hugoniot equations
can be obtained (for example, Duvall, 1962; MéQueen et
al., 1967). These equations express the conservation of
mass, momentum, and energy. For a coordinate system in
which the material in front of the shock is at rest,

they are respectively

po/p = (Ug = u)/Ug (1)
P-P =P U u, (2)
and E - E = L(P + PO)(VO - V) (3)

The zero subscript refers to the initial state ahead
of the shock wave; the non-subscripted guantities refer

to the shock state. The equations relate the pressure
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(P), internal energy (E), specific volume (V), or density
(p) behind the shock wave to these same properties ahead
of the shock wave in terms of the particle velocity (up)
and shock velociéy (U ) of the shock wave. Equation (3)
is the well-known Rankine-Hugoniot equation of state (for
example, Ahrens et al., 1969a; Duvall, 1968; and Stsffler,
1972). It describes the locus of all the shock states
(P, E, V) reached by shock compression of any solid from

its initial state (PO, E Vo)° As this locus is rep-

09
resented graphically in pressure-volume or pressure-
particle velocity planes, it is commonly referred to as

the Hugoniot curve, or more simply as the Hugoniot.

Isothermal and isentropic compressions are essen-
tially reversible processes. Shock wave compression,
on the other hand, is an irreversible process. Con-
sideration of the Hugoniot shows that shock compression
requires irreversible work, which results in the pro-
duction of post-shock heat (for example, St&ffler, 1972,
and Ahrens and O'Keefe, 1972). The thermodynamic path
of shock compression between any two states in a shocked
material is a Raleigh line between those two states
(Figure 10). The thermodynamic path of decompression
is the release adiabat. The compression is nonisen-

tropic while the adiabatic release is isentropic,
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FIGURE 10

Shock pressure=-specific volume Hugoniot and release
adiabat curves for fused silica (after Rosenberg et al.,
1968). The thermodynamic path between the initial state
and shock state A.(P19 V1) is the straight line AV ,
referred to as the Raleigh line. The waste energy
produced by shock compression to state A along the
Raleigh line followed by expansion along the release
adiabat is the hatched area between the Raleigh line
and the adiabat. It is this area of the PV-plane which
represents the energy causing post-shock temperature
increases. The zero pressure volume of the release
adiabat is not necessarily, and usually not, the same
as that of the initial volume. However, I have chosen
an example for which it is equal to the initial volume

within the errors of experimental data (see Figure 16).
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resulting in the increase in entropy represented by
the hatched area in Figure 10, Referring again to this
figure, note that the work done in the shock compression
is represented by the area beneath the Raleigh line of

the triangle AV VOa The amount of this work that is

1

returned by adiabatic expansion 1s the area AV Vo be-

1
neath the sdiabat. The hatched area between the adiabat
and Raleigh line is the waste energy which increases
the post-shock temperature. It is obvious that at low
pressures the amount of residual energy is minimal;
at progressively higher pressures the residual energy
increases more and more rapidly in amount, giving
rapidly increasing post-shock temperatures (see the
post-shock temperatures and energy in Table 5).
Post-shock temperature is a very desirable quantity
to know in studying shock compressed rocks and minerals
in view of its effects on the resultant physical prop-
erties of those materials, For example, selective
melting, vaporization, solid state isotropization, and
high pressure phase formation all appear to have some
dependence on post-shock temperatures. To date there
have been some attempts to measure post-shock temper-
atures in shocked materials (for example, Burdick and
Gibbons, 1972), but there has been very little success

on obtaining really usable data. Accordingly, Hugoniot

and release adiabat data have been used to calculate the
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shock and post-shock temperatures (for example, Walsh
and Christian, 1955; Wackerle, 1962; Borg, 1972; Ahrens
and Gregson, 196l; Ahrens et al., 1969b). A particular
shortcoming of this has been the lack of experimental
release adiabat data for most geological materials
resulting in calculations based on various assumptions
about adiabats, Hugoniots, and other thermodynamic
parameters. DBetter temperature calculations have been
made since the recent experimental determination of
release adiabats for a number of geologic materials
(see Ahrens and Rosenberg, 1968; Ahrens et al., 1969b ;
Petersen et al., 1970; and Rosenberg et al., 1968).
However, until actual measurements of shock and post-
shock temperatures are obtained, there will be much

skepticism of some of these calculated results.

Another feature of the Hugoniot that is very per-
tinent to shock recovery experiments is its shape, in
particular, the relationship of its shepe to the physical
properties and parameters of the material (for example,
the Hugoniot of fused silica in Figure 11). The
Hugoniots of most geologic materials exhibit three
phase regimes (for example, McQueen et al., 1963);
these are the low pressure phase regime (I, lpp), the
high pressure phase regime (II1I, hpp), and the mixed
phase regime (II). Materials shocked along the Hugoniot

to states within the lpp regime (I) relax to their
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FIGURE 11

Fused silica Hugoniot (Rosenberg et al., 1968 and
Wackerle, 1962) showing the low pressure phase regime
(I, 1lpp), the mixed phase regime (I1), and the high

pressure phase regime (111, hpp).



kb

SHOCK PRESSURE,

600

500

400

300

200

100

-

L6

HUGONIOT

HIGH
PRESSURE
PHASE
REGIME

MIXED
PHASE
REGIME

LOW
PRESSURE

PHASE

REGIME

0.25 0.35 0.45

SPECIFIC VOLUME, V, cm3/g



L7
initial state upon adiabatic expansion. Materials
shocked to states within the hpp regime (III) relax to
the initial state, a shock-fused glass, a high pressure
phase, or a mixture of all these, depending on post-
shock temperatures and other factors. Materials shock-
loaded to states within the mixed phase regime (II)
behave similarly to regime (III) materials except that
any shock glass is primarily solid state glass since
post-shock temperatures are generally insufficient to

cause melting.

Another oft-mentioned feature of Hugoniots, the
Hugoniot elastic limit (HEL), is not a critical param-
eter in view of most observations on shocked rocks
and minerals. However, in my studies on silicate glasses,
the HEL is comparable to the threshold of permanent

densification due to shock-loading.
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Abstract

The changes in refractive index caused by shock
compression have been measured for tektite, soda-lime
and silica glasses shocked to pressures up to L60 kb.
For shock compression below 80 kb for fused silica and
LO kb for tektite and soda-lime glasses, compression 1is
reversible as the refractive indices are within 0.0025
of the starting values. Index increases of 0,01, 0.04,
and 0.06 are observed for soda-lime, tektite, and silica
glasses shocked to pressures of 80, 130, and 1&0 kb
respectively. For soda-lime glass subjected to shock
pressures between 80 and 230 kb there is a decrease 1in
the post-shock refractive index to n = 1.5%211 at 230 kb.
For fused silica shocked to pressures of 140 to 60 kb,
refractive index drops from 1.52 to 1.47. The reasons
for these decreases in index are not obvious. New values
calculated for post-shock temperatures for fused silica
based on recent release adiabat data, for example 1000°¢
for a shock state at 250 kb, suggest that the decreases
in refractive index are caused by a combination of |
adiabatic relaxation during decompression and reconstruc-
tive transformation from a shock-induced stishovite-~like
high pressure phase to a low density glass, at post-
shock temperatures high enough to cause annealing. FPost-

shock densities calculated from the refractive index
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data agree closely with those calculated from the release

adiabat data.
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Introduction

Shock recovery experiments to peak pressures of
4160 kb have been carried out on three series of silicate
glasses, namely tektite, soda-lime, and silica. The
purpose of these experiments has Been to determine the
changes in refractive index produced by shock densifi-
cation in order to use these data to help deduce the
pressure and temperature histories of naturally shocked
lunar and terrestrial glasses. The fused silica has
been of special significance because of its simple com-
position and because other investigators have studied
its shock densification and equation of state (for example,
Arndt et al., 1971, and Wackerle, 1962). Permanent in-
creases in density of silica glass were first observed
by Bridgman and Simon (1953) in statiec isothermal com-
pression studies; they observed a threshold of densifi-
cation of approximately 100 kb. Subsequent static high
pressure studies of fused silica by Roy and Cohen (1961),
Kennedy et al. (1962), Craig (1969) and others have
vielded similar results but with thresholds of densifi-
cation of less than 60 kb. Recently, Bless (1970) ob-
served comparable irreversible densification of fused
silica in isentropic magnetic pinch experiments to more

than 100 kb.

SiOu-tetrahedra, which comprise fused silica, are
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the major network-forming polyhedra in all silicate
glasses; the other glasses differ from fused silica by

s . +
the presence of such network-modifying cations as Mg+ »

++, Na+, and K+, which occupy possible 6-, 8-,

Fe ', Ca
and 12-fold sites in the irregular network. As those
larger cations are added to the silica glass, the thresh-
old pressure for irreversible densification progressively
decreases, Therefore, it was suspected that shock com-
pression of fused silica might provide a pattern for the
behavior of the tektite and soda-lime glasses and maybe

for other silicate glasses as well (Gibbons and Kleeman,

1970) .
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Experimental Procedures

The glasses studied were tektite (indochinite I1C290
from American Meteorite Laboratory), soda-lime (cover
glass 19130 from Kimble (Exax)), and fused silica (General
Electric schlieren grade type 151). Chemical compositions
of the first two glasses were quoted in Ahrens et al.
(1970). Initial zero pressure densities were 2.4l & 0.02
gecm°3, 2.43 % 0.02 g.crrf"3 (R. L. Fleischer, private
communication to Dr. T, J. Ahrens, 1970), and 2.204 :

0.003 g.,cm"3 respectively.

The samples were machined into thin wafers from
which discs L.75 mm in diameter were cored; the discs
were ground and polished to a final thickness of 0.1% mm.
The finished specimens were loaded into aluminum 2024 or
stainless steel 304 sample containers for shock-loading.
After shock-loading the sample containers were machined
open to recover the shocked specimens. The character
of the specimens varied from solid discs to coarsely
fractured and finely crushed and powdered. Refractive
indices were measured by standard immersion techniques
and by interference microscopy. X-ray diffraction was
done by standard Debye-Scherrer techniques, using 114.6 mm

diameter cameras.
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BExperimental Resultls

The data on shock pressure and refractive index are
given in Tables 1, 2, and 3 for tektite glass,’soda—lime
glass, and fused silica, respectively. Graphical plots
of these data (Figures 12, 13, and 14) correlate a range
of refractive index within a specimen with the peak shock

pressure to which the specimen was shock-loaded.

For shock compression below 80 kb for fused silica
and 4O kb for the tektite and soda-lime glasses, shock
densification appears reversible, since thé changes in
refractive index are within 0.0025 of the starting
values. Index increases of 0.01, 0.0L, and 0.06 are
observed for soda-lime, tektite, and silica glasses
shocked to pressures of 80, 130, and 140 kb, respectively.
For soda-lime glass in the pressure range 80 to 230 kb,
there is an equivalent decrease in index to the sub-
initial value n = 1.5211. Similar behavior is exhibited
by fused silica shocked to pressures between 140 and L60
kb; however, for fused silica there is a refractive index
plateau for material shocked to pressures between 140
and 300 kb, an index decrease of 0,025 for material
shocked to pressures between 300 and 310 kb, and a low=
density glass for material shocked to pressures up to
460 kb. The tektite glass was not shocked to pressures

greater than 130 kb; however, on the basis of the behavior
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of the fused silica and soda-lime glass it is expected

that similar behavior would result.
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FIGURE 12

Refractive index-shock pressure graph of tektite
glass data. The sizes of the open data-point circles

indicate the precision of the data.
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FIGURE 13

Refractive index-shock pressure graph of soda-lime
glass data. The sizes of the open data-point circles

indicate the precision of the data.
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FIGURE 14
Refractive index~shock pressure graph of fused
silica data. The sizes of the open data-point circles
indicate the precision of the data; lines joining
circles indicate the range of refractive index observed
in some specimens. The filled circles are the data of
Arndt et al. (1971), which have been reproduced for

comparison.
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TABLE 1

Refractive Index Measurements of
Shock=-Loaded Tektite Glass

Shot Shock Refractive
Number Pressure, kb Index (n)
PR a
e e e O 105051 - 090002
1.5055 £ 0,0005
119 L3 o2 1.5060 ¥ 0.0005
120 56 ¥ 3 1.5087 ¥ 0.0005
122 53 % 2 1.5065 ¥ 0,0008
123 32 1o 1.5055 £ 0.0005
12l 28 T 2 1.5055 £ 0,0005
12 133 2 10 1.5419 ¥ 0.0002%
1.540L % 0.0005
143 3812 1.5065 £ 0.0005
1l k2 = 3 1.5075 ¥ 0.0005
152 112 % 2 1.52L7 ¥ 0.0002%
1.5265 % 0,0005
145 83 Ty 1.5137 ¥ 0.0007

& Measurements by interference microscopy; all others
by standard immersion methods.
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TABLE 2

Refractive Index Measurements of
Shock-=Loaded Soda-Lime Glass

Refractive Index (n)

Shock Interféru
Shot Pressure, ence

Number Kb Method?® Immersion Method
oo 0 | 1.5239 1.5242 £ 0.0005
1v Y 1.5275 1.5285 £ 0,0005°
150 b2 T 2 1.5249 1.5275 £ 0,0009
151 79 L 2 1.5367 1.5312 & 0.0010
148 13 % 2 1.5220 1.5230 L 0.0010
1047 118 T 2 1.5229 1.5249 ¥ 0,0010
164 13 T3 1.5239 1.5233 £ 0,0009
167 230 1.5211 1.5211 £ 0.0011
179 93 L 2 1.5261 1.5272 % 0.0010
180 89 ¥ 2 1.5262 1.5266 ¥ 0.0010

Brror, = 0.0002.
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Discussion

Figures 15 and 16 show the Hugoniot and release
adiabat data for fused silica (Rosenberg et al., 1968
and Wackerle, 1962). The Hugoniot data reflect the low-
pressure, mixed phase, and high-pressure regimes that
McQueen et al. (1963) recognized as representing respec-
tively, fused silica, a mixture of fused silica and a
high-density phase, and the high-density phase, presum-
ably stishovite (for example, DeCarli and Milton, 1965).
Wackerle (1962) recognized the Hugoniot elastic limit
(HEL) of fused silica as 98 kb; the discontinuity that
he observed at 262 kb represents complete transformation

to some form of the high-density phase.

Post-shock densities were calculated from the
measured refractive indices of fused silica using a

modified Gladstons~Dale law:
(n-1)/p=(n, =-1)/p, (L)

where n, Nos Ps and p, are the initial and final refrac-
tive indices and densities, respectively. Anderson and
Schreiber (1965) have found that refractive index-density
relationships of silica polymorphs are quite close (£1.5%)
to the Gladstone-Dale law at low density. Specific
volumes calculated from the post-shock densities range

from 0.1406 to 0.453 p 0,004 cmB/g; this range is comparable
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FIGURE 15

Shock pressure-particle velocity Hugoniot and
release adigbat data for fused silica (reproduced from

Rosenberg et al., 1968).
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FIGURE 16

Shock pressure-specific volume Hugoniot and release
adiabat data for fused silica (reproduced from Rosenberg
et al.,1968). Specific volumes calculated from our fused
silica refractive index data for material shocked to
pressures up to 60 kb according to the Gladstone-Dale

law fall within the range 0.4 to 0.45 cmB/g.
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to that of the release-adiabat specific volumes illus=
trated in Figure 16 (these data are tabulated in Table L).
These results indicate that there is some relationship
between post-shock density and range of stability of
the different phases along the Hugoniot. At peak pressure,
the recovered fused silica is not irreversibly compressed
to a maximum density; the final state appears to be quite
dependent on the release adiabat path from the peak
pressure. It is interesting that adiabatic release from
the highest shock pressure, 60 kb, results in a glass
of lower post-shock density, 2.27 g/cmB, than release
from 290 kb, 2.4l g/cm3, This may arise by reconstruc-
tive transformation of a stishovite-like material to a
high-density glass and subsequent annealing as a result
of the higher post-shock temperature after shock-loading

to 460 kb.

Besides annealing effects, the release adiabat
specific volumes that correspond to the ambient pressure,
post-shock temperature states will be slightly higher
(by the thermal expansion) than those inferred from the
room temperature refractive index data. This difference
is negligible (®0.2%) on the accuracy level of the

present study.
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TABLE L

Post=shock Specific Volumes of Fused Silica
(Calculated by the Gladstone-Dale Law)

Shock Post-shock Release Adiabata
Shot Pressure, Volume, Volume,
Number kb em3/g cm3/g

oeo 0 O.L5l

159 V 81 0.450 £ 0.001 O.45l T 0.03
158 82 0.453

156 92 0.431

157 132 0.1,09

R8 136 0.410 ¥ 0.003 0.40 ¥ 0.03
RS 160 0.429

R1 170 0.427

R13 180 0.433

R7 192 0.1,18

R2 198 0.406

R12 200 0.413

R11 242 0.407 £ 0.o0y 0.385 ¥ 0.03
R10 290 0.4,09

R9 3L o.434 ¥ o.o0p  o.45 *oo.o0b
R1 376 0442

R15 1418 0.4yl

R16 1,60 0.440 £ 0,003  o.45 * o.oy

& see Figure 16,
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We have observed reversible compression of the
silica glass to 80 b 3 kb;: this result is compatible
with the dynamic HEL value observed by Wackerle (1962).
A somewhat lower pressure threshold for permanent densi-
fication of less than 60 kb has been obtained by Bless
(1970) in magnetic pinch experiments under rapid isen-
tropic conditions. Arndt et al. (1971) have studied
samples recovered from single shock experiments and
obtained an apparent elastic limit of 55 : 5 kb: they
also observed a decrease in refractive index for fused
silica shocked to pressufes of 140 to 200 kb (Figure 12).
In our experiments, sample shock pressures were attained
through multiple shock reflection rather than single
shock (the 60 kb shock of Arndt et al. (1971) was also
produced by multiple shock reflection). Differences
between post-shock temperatures calculated for the two
techniques are illustrated in Table 5, compared with those
calculated by Wackerle (1962) for single shock experiments
on the basis of different assumptions about release

adiabats.

As stated above, the tektite and soda-lime glasses
are modifications of fused silica caused by the addition
of larger network-modifying cations to the silica tetra-
hedra; the elastic limits and permanent compressibilities
of the glasses should be lower than those of fused silica

4
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because of the effects of such cations on the stability
of the glass structural network of silica (plus alumina
for the tektite and soda-lime) polyhedra. Our results
do show the elastic 1limit (here taken to mean the peak
pressure of no irreversible compaction) to be LO A 5 kb
for each of these glasses. Dremin and Adadurov (196lL)
observed a dynamic elastic limit (HEL) ranging from 36
to 73 kb, depending on sample thickness, for a soda-lime
glass of only slightly different composition from ours;

the data are obviously compatible.

The permanent densification observed for those
glasses above their elastic limits may represent compac-
tion like that observed under isothermal static comp-
regsion by Bridgman and Simon (1953) and others. It
is probably equivalent to the proportion of the shock
compression that has become locked in upon adiabatic
release of the shock-loaded glass to zero pressure.
Right hére it is legitimate to ask if some of this shock-
produced irreversible densification is due to the for-
mation of a high density crystalline phase, since the
peak pressures are within the mixed-phase regimes of the
respective Hugoniot equations of state. No such phase
has been detected either optically or with standard
Debye~Scherrer x-ray diffraction. However, a very small

amount of stishovite has been detected in the fused silica
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using x-ray powder-diffraction on chemically treéted
recovered glass (Kleeman and Ahrens, 1973). Such a

small amount is not sufficient to be detected in refrac-
tive index messurements or to affect the refractive
indices within the errors of the measurements. The
behaviors of the fused silica and soda-lime glass at
pressures above 140 and 80 kb, respectively, are similar.
Although the post-shock specific volumes calculated for
fused silica are compatible with release-adiabat data
(Figure 16 and Rosenberg et al., 1968), the double=-valued
nature of the refractive index-pressure graphs of those

two glasses does warrant discussion,

For the soda-lime glass one explanation is that the
refractive index decrease above 80 kb is an annealing
effect of high shock and post-shock temperatures. Ahrens
et al. (1970) calculated these temperatures for this
particular soda-lime glass to pressures of 100 kb; the
maximum calculated temperature increase was only SSOC at
80 kb. However, the release adiabat data for fused quartz
suggest that those calculated temperatures may be an
extreme lower bound to the actual post-shock temperatures
reached as a result of the shock-loading. Chao and Bell
(1968) and Bell and Chao (1969) have carried out experi-
ments on the annealing effects of high temperatures on

shock and statically densified silicate glasses and found
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that temperatures on the order of SOOOC and more'are
required to anneal feldspar glasses in times of a few
seconds. Therefore, it can be concluded that: (1)
ennealing is not a principal mechanism causing the refrac-
tive index decrease or (2) the high shock pressure has

a large undetermined effect on the temperature required
to anneal the glass or (3) the temperatures calculated

by Ahrens et al. (1970) do not adequately represent the
achieved temperatures, and the actual post-shock tem-
peratures are sufficient to anneal the glass. A com-

bination of (2) and (3) may be the most reasonable answer.

For fused silica, more consideration of the behavior
of refractive index at high pressure must be given to
the pressure range of 140 to 300 kb, which is represented
by almost a platesu in refractive index. This pressure
range is essentially within the mixed-phase regime of
the silica Hugoniot; if a mixture of the low pressure
fused silica phase and the high pressure stishovite-like
phase persisted after pressure release, we should expect
a continuous increase in refractive index for pressures
to 300 kb. However, if the high pressure phase relaxed
to a low density glass by adiabatic release and post-
shock annealing, we should expect an averaging of the
refractive indices of a severely compacted low pressure

phase material and a low density glass; the result could
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be the index plateau we observe. Since no stishévite
was observed in optical microscopic studies and in
standard x~-ray powder diffraction using 114.6 mm Debye-
Scherrer techniques and only an insignificant fraction
of a percent was detected using x@fay diffraction on
chemically concentrated samples (Kleeman and Ahrens,
1973), it may be assumed that adiabatic release of the
shock~loaded silica resulted in almost complete relaxa-
tion of‘the transformed material to a low density glass,
thus giving the described averaging effect. The sharp
drop in refractive index of fused silica shocked to
pressures'between 300 and 310 kb, as well as the low
refractive indices measured on fused silica shocked to
higher pressures, may be caused by post-shock temperatures
reaching annealing temperatures of silica glass at those
pressures., Thus, shock-loading to 300 kb or gresater
transforms the low pressure phase tetrahedrally coor-
dinated silica network to a high pressure phase 6-fold
coordinated network which decompresses after pressure
release to a low density glass of lj=fold coordinated
silica containing a fraction of a percent of crystalline

high pressure phase stishovite.
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Post-shock Temperatures

The Hugoniot and release adiabat data in Figures
15 and 16 have been used to calculate post-shock tem-
peratures for fused silica shocked to states in the 100
to 500 kb pressure range. Temperétures have been cal-
culated for both multiple-shock reflection-type experi-
ments (case 1 of Table 5 and Figure 17) and single shock

experiments (case 2 of Table 5 and Figure 17).

For case 2 we assume the net thermal energy resulting
from shock compression followed by adiabatic release is

given by

o.

K
E, = f C_daT (5)
2 Jpgg%k P

which equals the difference between the shock energy

given by the Rankine-Hugoniot equation
") - 1
By = (B)(P + P )(V, - V) Y

and the adiabatic release energy

Vv
fe- ) e
v

In those equations, PO and V0 represent initial pressure
and specific volume respectively, V is specific volume

at peak pressure, P, T is post-shock temperature in



79

FIGURE 17
Calculated post-shock temperatures in silica.

A(case 1): for multiple-shock reflection-type shock-

loading. B(case 2): for single-shock type shock-loading.

C: from Wackerle (1962). (This is a plot of the data

in Table 5),.
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degrees Kelvin, Cp is the specific heat of fused silica

at constant pressure, and Vé is the post-=shock volume.

For case 1, numerous reverberations of the shock
pulse across the sample add successively smaller incre-
ments to the initial sample pressure until peak pressure
is reached (Figure 7). As a result the total shock energy

is given by

E,. =%

s Frq + B) (Vm Vi) (0)

nM8

k 0

The states Pk’ Vv (k # 0) represent the series of shock

k’
pressures and specific volumes achieved along the in-

finite series of Hugoniots centered at states P v

k-1 "k-1

that are achieved via shock wave reverberation in the
sample. The total shock energy for case 1 is less than
the total shock energy for case 2. Assuming that the
fused quartz-stishovite phase change occurs reversibly
(as is certainly closely valid in the present experi-

ments), the net thermal post-shock energy is given by

fTOK (9)
E, or = C.dT = E, - E 9
1 2 298°K p S R

where Eq is given by equations 8 and 6 for cases 1 and 2.

\
The energy term corresponding to the work done against
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ambient pressure on expansion from 298K to T is‘neg»
ligible., Numerical integration of equation 9 for post-
sh§ck energies yields the values given in Table 5. The
empirical formula for the molal heat—capacity equation of

fused silica

Cp (cal/mole °K)

= 13.38 + 3.68 X 10737 - 3.45 X 10°7°2 (10)

given by Kelley (1960) is used in equation 9 to yield the
post-shock temperature given in Table 5. Uncertainties
in ER reflecting the uncertainties in the adiabats give
rise to errors in the calculated post-shock temperatures

of ~10% at low pressures, ranging to ~20% at 500 kDb.

The post-shock temperastures calculated by Wackerle
(1962) for single-shock experiments are much lower than
those we have calculated for pressures up to 300 kb but
are comparable to our single-shock temperatures at higher
pressures. The differences in the calculated results
arise to a minor degree from Wackerle's assumption of a
constant specific heat C_ and constant(aP/BE)v; in
addition, Wackerle ignored the elastic compfessions and
performed numerical integration along extrapolated
tequilibrium! curves. However, the major factor producing

the differences in post-shock temperature is our use
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of the new release adiabat data in Figure 16, Since
below 300 kb the actual release curves lie below the
Hugoniot rather than above, as is implicit in Wackerle's
formulation, the differences in T are great at the lower
pressures. At much higher pressures the assumptions in
Wackerle's calculation should, wifhin the present state

of our knowledge, be approximately valid.

On the basis of annealing studies on fused silica,
Arndt et al. (1971) have found that temperatures of BOOOC
have a significant effect on the relaxation of densified
fused silica; Therefore, in view of our calculated
temperatures, annealing could play a major role in causing
the drop in refractive index of fused silica shocked to

300 kb and higher pressures.
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Conclusions

Te

2

3

Veariation in the percentage of network-forming poly-
hedra of silica and alumina affects the threshold of
densification and the maximum permanent compression
that may result from shbckaloading. The Hugoniot
elastic limit is compatible with the threshold of

permanent densification,

Post-shock annealing may be a mechanism for the relax-
ation of high density silicate glasses to low density
glaases for material shocked to below 150 kb, It is
almost certainly a factor for shock pressures above

this level.

Partiél transformation of the low pressure phase of
fused silica to a high pressure stishovite-like phase
followed by adiabatic release and almost 100% recovery
to a low density glass probably occurs for shock
compressions up to =300 kb. Above this pressure,
annealing at high post-shock temperatures of com-
pletely transformed material can account for the low

density glass that is recovered.

Despite the double-valued nature of the soda-~lime
and fused silica refractive index versus shock
pressure relations (Figures 13 and 1), if the

pressure regime of naturally shocked glasses can be

‘determined by other means, our data should be useful
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in interpreting pressure and temperature histories

of those glasses.
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Abstract
Samples of rhodonite (MnSiOB—pyroxenoid from
Franklin, New Jersey) have been shock-loaded to pressures
up to 496 kilobars. Spectroscopic studies of five

34

recovered samples show a decreasing Mn content upon
recovery from successively higher shock pressures; after
shock=loading to 496 kb, the Mn3+ has essentially dis-
appeared. No cofresponding change in the optical spec-
trum results from heating rhodonite to 125000 for 3.5
hours in a reducing atmosphere. Rhodonite heated to
1360° under the same conditions melts incongruently to
manganese-rich glass and silica with disappearance of
the 540 nm Mn3+ absorption band. The color change in
the shocked rhodonite arises from irreversible reduction
of M’n3+ during high shock pressures and possible high

shock temperatures. It is suggested that Mn3+ is

reduced to Mnet by water present in the sample during

the shock event.
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Introduction

Rhodonite (MnSiO., variety fowlerite, from Franklin,

37
New Jersey) has a characteristic pink color. During
optical microscopic and x-ray diffraction studies per-
formed while attempting to chapacterize shock=induced
phase changes in this rhodonite, it was observed that

this color was not present in intensely shocked samples
(Gibbons, 1972). Absorption spectra of several specimens,
both shocked and unshocked, were measured to determine
what optically apparent physical or chemical change was

occurring as a result of the shock wave experiments

(Gibbons et al., 1974).

The characteristic color of this variety of rhodonite
is caused by a prominent absorption band in the visible
region of the spectrum at 5S40 nm due to an electronic
transition in Mn3+° This absorption band decreases in

intensity with increasing shock pressure and disappears

by 496 kb.

A series of experiments have been performed to
determine the shock pressures required to cause this
phenomenon, and toc obtain spectroscopic information on
the effect of the high shock pressure event upon the

manganese in the samples.
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Experimental Procedures

A specimen of coarsely crystalline rhodonite
(analysis in Table ©) was sawn into slabs, parallel to
(001), from which several discs L.75 mm in diameter were
cored and prepared for shock recovery experiments., The
discs were placed in stainless steel 304 sample containers
for shock-loading; The experimental conditions and
results of the shock-loading experiments are summarized
in Teble 7. The accuracy of the shock pressures is
: 3% at lower pressures and I 6 kb at pressures above

200 kb.

Five samples were recovered, and hand ground and
polished to approximately 0.15 mm thickness for spectro-
scopic studies. This preparation was made very difficult
in the lower pressure specimens because of the pervasive
shock-induced fracturing and crushing. The two higher
pressure specimens were recovered as more compact discs,
especially the 496 kb sample, and were much easier to
grind and polish, not spalling and pulling apart so

readily and much less fragile.

Optical absorption spectra were obtained on those
samples between 300 and 2500 nm on a Cary 171 spectro-
photometer. Infrared spectra were obtained with a
Perkin-Elmer model 180 infrared spectrophotometer. For

further characterization all specimens were studied by
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optical microscopy; the highest pressure specimen was
also x-rayed using standard Debye-Scherrer techniques to
confirm the partial vitrification. The fraction x-rayed

Wwas completely x-ray amorphous,
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TABLE 6

Analysis# of Rhodonite from Franklin, New Jersey

Oxide Weight %
SiO2 ' L6.94
MnOP 37.18
Cal 6,09
Zn0 5.72
MgO 1.93
Fe0® 1.86
A1,04 0.06
K50 , 0.03
99.81

* Average of analyses made on two fragments by A. Chodos
using the California Institute of Technology electron

microprobe, May 26, 1972,
Total Fe as FeO.

Total Mn as MnO., The concentration of Mn3+ calculated
on the basis of sample thickness = 0.075 cm, absorbance
of the 540 nm Mn ¥ band = 0.3, and € = 20 is 0.3%. The
€ value was estimated from known values of Mn3+ absor-
bance in Mn(H20)2+ and Mn(oxalate)3 (Dingle, 1966),

and tourmaline (Manning, 1973).
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Optical Spectra

The optical spectrum of an unshocked rhodonite
specimen (Figure 18, spectrum A) shows, within the
infrared, a weak band at about 2300 nm, a more intense
band at 1530 nm, and the dominant band at 1035 nm. In
the visible-ultraviolet prominent bands occur at 540 nm
and 345 nm, with less intense shoulders at 360 nm and
LLO nm. A second component at L 11 nm appears on the

L08 nm band, which in turn is a closely spaced doublet.

The optical spectrum of a rhodonite recovered from
shock=loading to 496 kb (Figure 18, spectrum B) displays
a relatively sharp asymmetric band at 418 nm and a very
weak band -at 520 nm. The 540 nm band has disappeared
completely. The near-infrared region now has a much
broader absorption band with a maximum in the vicinity
of 1035 nm; the 1530 nm band has also disappeared. New
features in the 2230-2450 nm and 1710 nm regions arise
from organic materials used in preparation of the re-
covered sample. All features are superimposed upon a
background, steadily rising towards the ultraviolet,
which results from scattering from the pervasively
internally-shattered specimen recovered from the shock

experiment.

The 540 nm band, which is attributed to Mn St (see

below), decreases in intensity at shock pressures above
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210 kb, In the spectra of samples shocked to pressures
from 78 to 210 kb, the area of the Mn3+band remained
essentially unchanged, whereas at 390 kb it was about
two-thirds as great as it was at 210 kb, and by 496 kb
it had disappeared completely revealing the band at
520 nm (Figure 19).

Other changes in the spectra involve the character
and position of the set of sharp bands near LOG nm
attributable to Mn2+@ In the standard sample and those
shocked to pressures from 78 to 210 kb, the band system
Peméins split indicating crystalline order in the mineral

24+ . ‘
sites away from

and distortion of the multiple Mn
regular octahedral geometry. This splitting, which
appears as a series of well-resolved, closely-spaced

bands on the low erlergy side of the 08 nm band in
expanded scale spectra, is too small to be resolved at

the scales of Figures 18 and 19, In the 390 kb and LY6

kb samples, no appreciable splitting is observed, probably
because of disorder and partial vitrification of those
specimens produced by the shock process. The shift of

the band to 420 nm in the 96 kb sample may be another
indicator of its vitrification; in the other samples it

stays at 4O8 nm. The 496 kb sample was found to be pre-

dominantly optically and x-ray amorphous.
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FIGURE 18
Absorption spectra of rhodonite. A = spectrum of

unshocked sample. ’B = gpectrum of sample shocked to 496

kb. The Mn3+ absorption bands occur at 540 nm and 1530

nm, The intense band at 1035 nm is due to F62+; the

bands between 340 and 450 nm are due to Mnt,
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FIGURE 19

Rhodonite spectra. The spectra of three samples
recovered after being shock-loaded to 210, 390, and 496
kilobars are compared with the spectrum of an unshocked
rhodonite (A) showing the loss of the M3t band at 540 nm
in the more intensely shocked samples. These spectra have
been normalized to represent the absorbance of a sample
of 0.15 mm thickness but have been drawn with vertical
displacement in absorbance for purposes of contrast and

clarity.
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Assignment

Peacor and Niizeki (1963) describe the crystal struc-
ture of rhodonite as planes of octahedrally coordinated
cations alternating with planes of tetrahedrally coordin-
ated Si-ions between planes of close~packed oxygens. In
each unit cell there are four distorted octahedral sites
available for the manganese cations, and a fifth site of
irregular seven-coordination which calcium preferentially
fills.

The assignment of the spectral features to Mn3+,

2 2+

Mn® ", and Fe follows well-established assignment schemes
for these ions in other systems. Divalent iron in ortho-
pyroxenes produces two absorption features in the near-
infrared, a strong band near 1000 nm in a-polarization
and a weaker band near 1900 nm in B-polarization (Bancroft
and Burns, 1967). Analogous ferrous iron features appear
in the spectra of manganese pyroxenes and pyroxenoids.

In the spectrum of pyroxmangite (Figure 4 , Manning, 1968)

2+ 1

we assign to Fe the bands labelled 9800 and 4750 cm”

(1020 and 2105 nm) and, in the case of our rhodonite, the
band at 1035 nm. The low energy F62+ band is not pro-
nounced in the rhodonite orientation shown here. However,
in the spectrum of a rhodonite from Broken Hill, New
South Wales, Australia, of higher relative iron concen-

3+

tration, low Mn concentration, and greater thickness

(not illustrated), a feature assignable to the low energy
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F82+ band occurs at 2280 nm. A weak feature can be seen
in the New Jersey rhodonite spectrum in the vicinity of

2300 nm. The most intense of the Fe'

gpin-forbidden
bands occurs at about 500 nm in orthopyroxenes and can
be seen at 506 nm in the Broken Hill rhodonite spectrum
in both our spectrum and that reported by Keester and

white (1966). Its intensity is too low to be important

in the New Jersey rhodonite,

The an+ spectrum in rhodonite has been reported
previously by Keester and White (1966) and Manning (1968).
We agree with their choice of an octahedral symmetry to
assign the spectra and with their assignment of the 1,08

nm system to the 6A{"(“A1, uE) transition and the 440 nm

band to the 6A{—>uT2 transition of Mn2+. However, we do

not agree with the assignment of the 540 nm band to the

6A,]--”uT1 transition, but instead will show below that

the 540 nm band is properly assigned to Mn3+. The
remaining Mn2+ transition, 6A1-~-a=-u'1‘1, which is expected to
have an intensity comparable to the 6Au—>uT WO nm band,

1 2
is instead assigned to the band at 520 nm which appears
in the shocked samples. This band is analogous to the
514 nm band in rhodonite from which Mn3+ has been
removed thermally. The same band is observed as a

shoulder on the 540 nm band in Keester and White's (1966)

spectrum.
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The remaining two important bands at 540 and 1530 nm
are attributed to Mn-'. In Jahn-Teller distorted octa-
hedral oxygen environments, Mn3+ has a prominent absorp-
tion band in the L70-560 nm region (Dingle, 1966; Burns,
1970; Burns and Strens, 1967;: and Davis et al., 1968),
with which we associate the 540 nm rhodonite band. The
low energy absorption feature arising from the transition
between the components of the Jahn-~Teller split SEQ state

-1

can appear over the range of 5000 to 20,000 cm (Davis,

et al., 1968). We assign the 1530 nm rhodonite band to
this transition because (1) its intensity is not correlated

2+

with the intensity of the 1035 nm Fe band, (2) it is

qualitatively correlated with the Mn>* band (in low Mn3+
material, the intensity of the 1530 nm band is too low to
provide meaningful gquantitative data) and (3) it dis-

appears along with the 540 nm Mn 3t band upon shock-loading.
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Discussion

Trivalent manganese is lost in rhodonite after shock-

loading to high pressures,

Burns (1970), in an outline of crystal field theory,
briefly describes the Jahn-Teller effect on certain trans-
ition metal ions. In summary, if the distribution of
electrons in the d-orbitals of a transition metal ion is
such that the ground state is degenerate, the coordination
polyhedra will distort spontaneously to remove the de-
generacy and make one energy level more stable (Jahn and
Teller, 1937). High spin Mn3+ with du electronic con=-
figuration is susceptible to such distortion and the Mn3+
ion 1s stabilized in distorted octahedra. Conversely,

3+

Mn is less stable in a regular octahedral site and in

this environment will have a tendency to oxidize or reduce
to the more stable electronic configurations of Mnu+ or
Mn2+e From the crystal structure of rhodonite it is
known that all cation sites are distorted from octahedral

3+

symmetry so that Mn could be stabilized in all five
sites. Pressures and temperatures produced by shock-
loading to more than 210 kb are probably sufficient to
affect the regularity of the manganese octahedra. Any
destruction of crystalline order probably increases the
regularity of the octahedra and decreases the stability

3+ 2+

of the Mn3+ ions. Hence, Mn could be reduced to Mn
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as a result of shock=-loading to very high pressures.

The alternative of oxidation to MnLL+ is not considered
further since, concurrent with the loss of the Mn3+
spectrum, there is not the growth of a Mnu+(d3) spectrum
whose (spin-allowed) intensity would be expected to be

comparable to that of the Mn3+ being lost.

The effect of temperature alone must be considered
since appreciable increases in sample temperature accom-
pany the shock=loading. In order to determine this effect,
two samples were heated to 125000 and 1360 °C respectively;
this is4below and above the peritectic melting point of
1291°C. Each sample was held for 3.5 hours in a reducing

atmosphere of 99% argon and 1% H, at abmospheric pressure.

2
The 1250°¢C sample was cooled to room temperature in about
1 hour; the other was quenched more rapidly in about 15

minutes.

The spectra of the standard and the 1250°C sample
are compared in Figure 20, There is only a small change

2+

in the relative intensities of the Mn and Mn3+ bands

and essentially no color change in the sample. Heating

to 1250°C for 3.5 hours does not appreciably affect the

oxidation state of the manganese in rhodonite.

The spectra of the standard and the 1360OC sample
are contrasted in Figure 21 . The 540 nm Mn3+ band is not

present. Since the melting was done in a reducing
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FIGURE 20
Rhodonite spectra. A = spectrum of unshocked sample
shown in Figure 18. B = spectrum of unshocked rhodonite
specimen which was held at 1250°C for 3.5 hours showing
that the Mn°" band at 408 nm and the MnS' band at 540 nm

are present in both spectra. (The»incongruent melting

point of rhodonite is 1291°C).
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FIGURE 21
Rhodonite spectra. A = spectrum of the unshocked
sample shown in Pigure 18. B = spectrum of an unshocked
rhodonite specimen which was held at 1360°C for 3.5 hours
showing the disappearance of the Mn3+ band at 540 nm and
the presence of a band at 514 nm which is assipgned to
6A - U 2+

T electronic transmission in Mn“ .

the 1g 12
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atmosphere, the M3t was probably reduced to Mo2t,  The
featﬁré ;t 514 nm in the spectrum of the heated sample
is}assignea t§ 6A{"’LLT,I transition in Mn®'. Since the
meited sample, which is a quenched multicrystalline
assemblage, will not retain the exact same environment
aboﬁt the manganese ions a8 exists in rhodonite, the
positions‘and intensities of the spectroscopic bands are
expected to differ from those of rhodonite. The spectrum
of the melted sample in the [00-470 nm region nevertheless
bears conisiderable similarity to the rhodonite spectrum

2+ band in the

and suggests that there should be a Mn
vieinity of 510-520 nm in rhodonite. In fact, a weak
shoulder at 520 nm has been observed on the 540 nm Mn3+

band in the spectra of shocked and unshocked rhodonites.

Reduction of transition metal ions with increasing
pressure has been observed in at least two other instances.
Drickamer et al. (1970, 1972) have observed a reversible

2+

reduction of F63+ to Fe in a variety of compounds and

Burné et al. (1972) have reported similar Fe e et
Peduction in a synthetic ferric amphibole, using static
compression apparatus. Production of Mn®* from Mn3* in
CaCO3 by high temperatures has beeﬁ observed by Low and
Zeira (1972) in ESR spectral studies by heat-treating

aragonite and transforming it to calcite. Mn3+ is

stabilized in the aragonite but unstable in the more
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regular calcite structure.

3+

is reduced to Fe2+ by

Drickamer proposes that Fe
transfer of electrons form nonbonding ligand orbitals to
metal 3d antibonding orbitals. Low and Zeira believe
that the electrons required for the Mn2t to Mot re-
duction in‘CaCO3 may originate from a charge compensating
cation or by release from structural vacancies as a result

of higher temperatures.

In analogy to Drickamer's (1970) proposal, a possible
source of electrons would be the oxygen .ligands of the
Mn3+. One is then faced with the difficulty of accounting
for the fate of the electron-deficient oxide, which tends
to be highly.unstable. A more reasonable source of elec- -
trons would be the charge-compensating cations, in par-
ticular F62+. The reaction Fe<' + Mn3i¢-Fe3+ + Mn°t is
feasible since divalent ironbis present at greater concen-
trations than thé trivalent manganese. We prefer another
hypothesis, however, discussed below. We also rule out
the possibility fhat electrons trapped in crystal defects
coﬁld be present in anywhere near the quantity needed to

reduce the estimated 0, 3% Mn3+ (see Table 6 ).

Infrared spectroscopic studies (Figure 22) show that
the unshocked rhodonite contain both a trace of isolated

hydroxyl groups and a greater amount of molecular water.
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FIGURE 22

Infrared absorption spectra of rhodonite slabs.
A = after shock-loading to 496 kb, 0.315 mm thick., B =

before shock=-loading, 0.505 mm thick.
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The hydroxidé stretching bands are a pair of sharp

absorption features at 3680 and 3663 cm-j. The more

intense 3680'cm'1 band has an absorption coefficient of

2.7 Cm'1. In the specimen shocked to 496 kb, the hydroxide

band occurs at 3665 cm™ ]

1

and has been reduced in intensity
to,0;3‘cm7 . Water present in the unshocked specimen

produces an absorption band with maximum absorption at

1 1

about 3400 cm”' with an absorption coefficient of 7.6 cm

whereas the 196 kb shocked specimen shows a considerably
feducéd ébsorption intensity of 1.4 cm-1. Since the
rhodonite used in these éxperimenté is internally frac-
tured, much of the water present need not be in the crystal
structure but, instead, could reside within the fractures.
For comparison, a gem-quality rhodonite from PFranklin,

New Jersey, free of fractures and low in Mn3+, has only

a weak water band at 3423 cm™

with an absorption co-
efficient of 0.96 cm'1, somewhat lower than the shocked

sample,

The presence of water in the rhodonite samples,
ﬁherever its 1océtion, is important since it provides a
species with which Mn3+ can react. From a comparison
of the intensity of the water absorption in the unshocked
specimen to that in materials of known water content; we
estimate that the initial sample contains about 5.5 mg

H,0 cm'3, or 3.1 mmole H,0 em™>. The mMn3* concentration
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which was estimated to be 0.3% corresponds to 0.2 mmole
Mn3+ bm;3; Water is thus present in a large stoichio-
metric‘excéss,‘ At room temperature most manganese (111)
comprnds are unstable in aqueous solution with respect
to disproportionation to Mn(II) and Mn(IV) compounds.
It'is probosed that under the conditions of the shock,
the Mn3+ ibns are reduced to divalent manganese by water
or its decomposition products. Similarly, in ferric
amphibole, Burns et al. (1972) postulate that Feot to
Fe?t peduction is facilitated by the oxidation of QH™

ions to OH free radicals in the M1 and M3 sites of the

amphibole structure.



115

Chapter V,

THE EFFECTS OF SHOCK PRESSURES AS HIGH
AS 496 kb ON CALCIC PLAGIOCLASE, An63cesececcecsce

AbstraCtOOOOOOOO...l..l....l.‘.........l.‘.‘......

IntroductioNeiesececsseccscssccccccscsscscnsesonnsne
Experimental Procedures and Specimen Description..
Shock Vitrificationeescoesecsceessevsccccacoscessnes
Shock-Produced Deformation FeatureS.ceecececsaccses

Conclusion.......-.-................---..-........

115

116
117
121
127
143
159



116

Abstract

Samples of calcic plagioclase (labradorite, Anb63,
from Chihuahua, Mexico) have been shock-loaded to
pressures up to 496 kilobars. Optical and electron
microscopic studies of the recovered samples show the
effects of increasing shock pressures on this mineral.
At pressures up to‘287 kilobars, the recovered specimens
are still essentially completely crystalline, with just
an obtiCally non-resolvable amount of glass present at
287 kilobars. At pressures above 300 k;lobars, the
recovered specimens are almost 100% shock glasses. Dia-
plectic glasses are produced up to 00 kilobars and shock-
fused glasses at higher pressures. No fine scale shock
deformation structures were produced in any of the
specimens, The most prominent physical feature is the

pervasive irregular fracturing caused by the shock

crushing.
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Introduction

Shock-loading experiments under closely controlled
conditions were performed on labradorite (An63) to deter-
mine the effects produced by high pressure shock wa&es on
this common rock-forming mineral. Since calcic plagio-
clése is a major constituent of gabbroic and basaltic
rocks, the significance of those eXperiments in the in-~
terpretation and understanding of shock metamorphic
histories of such rocks is obvious. It becomes even more
important when one considers the range of shock effects
observed in plagidclase and other tectosilicates compared
to the effects of shock-loading on denser and less com-
pressible materials, especially ferromagnesian minerals,
the other major constituents of mafic rocks. The be-
havior of tectosilicates during shock;loading, whether
experimental or in a meteorite impact, is the primary
key to interpreting the metamorphic history of such
shocked rocks. Accordingly, this study is particularly
applicable to the petrography of naturally shocked lunar

and terrestrial rocks and meteorites.

In the past decade there has been increased re-
search on naturally shocked plagioclase from all thrée
of those sources. This includes extensive studies of
plagioclase éhock glasses and other shock features in

meteorites (for example, in shergottite class meteorites



118

by Duke, 1968 and Bunch et al., 1967 and in chondritic
meteorites by Levi-Donati, 1971), in lunﬁr rocks (for
eiample, Engelhardt et al., 1970; Chao et al., 1970;

and numerous others), and in rocks from terrestrial im-
pact craters (for example, Bunch et al., 1968; Chao,

1968; and Engelhardt and Stoffler, 1968). There has

'also been research én artificially shocked plagioclase.
Primarily, this has been on plagioclase from artificially-
prodﬁced'explosion craters (for example, Bunch, 1968)

and rahdom shock-loading experiments (for example,

Miltqn and DeCarli, 1963). Only recently have systematic
shock-loading experiments been started (Gibbons, 1973

and Stoffler and Hornemann, 1972) to fully characterize
the effects of shock compression on this important mineral
and to clear up some of the confusion about terminology
and interpretation which has arisen as a result of recent

increased interest in shocked rocks.

The nomenclature applied to shock-produced defor-
mation features appears to be generaily accepted by
researchers in the field (for example, Stoffler, 1972).
However, the terminology for shock glasses is not. In
pafticular, glasses shock~-produced in the_solid staté
are defined as 'diaplectic! or 'thetomorphic!., The
term 'diaplectic' was introduced by Engelhardt’et al.

(1967; quoted in French, 1966) to describe glasses of
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guartz and feldspar shock-produced in the solid state.
'Thetomorphic! was introduced by Chao (1967), who rec-
ommended that it be used to describe the glass phase
shock-produced in the solid state from any crystalline
mineral. Since 1967 both terms have been used ('dia-
pleétic' by Engelhardt and co-workers; 'thetomorphic!
by Chao and co-workefs) with each group claiming priority
for its term, both terms getting scattered throughout the
literature on Shock studiés, and no agreement being
reached to avoid more confusion. With the interest of
many new wgrkers in shock metamorphism, béth terms are
also sometimes used rather loosely to describe any shock

glass, without sufficient regard to its mode of formation,

In this work I will use the term 'diaplectic' to de-
scribe shock-produced solid state glass énd 'shock-fused!
to describe glass produéed by shock melting. In toto,
both tyﬁes will be referred to as 'shock! glasses., 1
propose that this terminology be used by others describing
shock glasées in shock metamorphosed rocks. I will use
'diaplectic! rathér than 'thetomorphic! to be consistent
with the bulk of the recent literature on experimental
shock studies. In particular, Std8ffler and co-workers
(fqr example, St&ffler, 1971, 1972 and Stoffler and
Hornemann, 1972) have used tdiaplectic! extensively in

discussions of experimentally shocked materials and in
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applications of petrographig data on naturally and experi-
mentally shocked materials to Hugoniot equation of state
data (for example, those of Ahrens ef al., 1969 and Ahrens
and Rosenberg, 1968). On the other hand, 'thetomorphic!
has not been used extensively in experimental studies

and has mainly been used in petrographic accounts of
naturally or artificially shocked rocks (for example,
Chao, 1968 and James, 1969a). The term 'maskelynite!',

a vafietal name that has been used to describe terres-
trial, meteoritic, and experimentally-produced diaplectic
plagioclase glass (for example, Dworak, 1969; Binns, 1967;
and Milton and DeCarli, 1963, respectively), will not be

used either, in favor of the generic term, diaplectic.
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Experimental Procedures

Controlled laboratorj shock experiments on calcic
plégioclaée (labradorite, An63) were performed to peak
pressures as great as 96 kb, Thirteen discs of the
single crystal feldspar were shocked to appropriate
Hugoniot states between 58 and 496 kb, Most of those
specimens were completely recovered intact after the
shock-loading. Details of the experimental conditions
of the shock-loading are given in Table 8., All the
sampie discs were shocked in stainless steel 304 con-
tainers; both the 1-inch and 3/4-inch diameter designs
were used. Tungsten flyer plates were used on all
except the 58 kb and 106 kb shots, when aluminum 2024
and stainless steel 30, plates were used, respectively.
The peak shock pressures were determihed graphically
(see Figure 8) using the given measured projectile
impact velocities, as described earlier. Those pressures
are accurate to approximately t 3%,

The original sample material was small, sub=-rounded
*fragments of trahslucenf, essentially colorless semi-
précious gemstone quality plagioclase. It was obtained
from Burminco, Monrovia, Califofnia;where it was
described as bytownite from Chihuahua, Mexico. Electron
microprobe analysis revealed its composition as lab-
radorite, An63, The probe analysis and some measured

physical properties are given in Table 9 .
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TABLE 8

Experimental Conditions For Labradorite Recovery Shots

Flyerc Sample Impact gﬁgik
Shot Plate Thickness, Velocity, Pressure,
Number  (on Lexan) mm m s~} Kb
1752 Al 2024 0.5 500 58
17,8 S.S.304 0.5 550 106
173% W 0.5 531 103
1728 W 0.5 702 195
1638 W 0.5 987 287
143° W 0.5 1092 322
1445° W 0.5 1142 340
1L ° W 0.5 170 350
133° W 0.875 1200 363 1 4y
1,,8° W 0.5 1337 1410
1718 W 0.5 1466 1458
17° W 0.5 1535 48l
113° W 0.875 1572 1496

a Stainless steel 304 sample container, 1-inch diameter

b Stainless steel 304 sample container, 3/L-inch diameter

¢ 2.5 mm thick tungsten (W), stainless steel 30U, and

aluminum 2024 flyer plates
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TABLE 9

Anélysis.qf Labradorite From Chihuahua, Mexico®

-Oxide Weight %
810, 53,38
A1203 31.23
Cal 11.85
NaZO 3059
K,0 0.37
FeQP 0.35
100.77
Mole %
Albite (Ab) 3.6
Anorthite (An) 63.1
Orthoclase (Gr) 2.3

Refractive Indices

+

n 1.560 ¥ 0.001
ng 1.565 ¥ 0.001
+ .
ny 1.570 ¥ 0.001
Density
D 2.70 ¥ 0,02  glem’

a Chemical analysis by A. Chodos using the California

Institute of Technology elec¢tron microprobe, May 26, 1972.

® 1otal Fe as FeO.
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TABLE 9

Analysis of Labradorite From Chihuahua, Mexico?

ot

Oxide Weight %
810, 53.38
A1203 31.23
Cal 11.85
Na20 3.59
K0 0,37
100.77
Mole %
Albite (Ab) 34.6
Anorthite (An) 63.1
Orthoclase (Or) 2.3

Refractive Indices

14

n 1.560 T 0.001
ng 1,565 I 0,001
Dy 1.570 ¥ 0.001
Densgity
D 2.70 ¥ 0,02  g/em’

& Chemical analysis by A. Chodos using the California

Institute of Technology electron microprobe, May 26, 1972.

b Total Fe as FeO.
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_For. shock-loading the samples were sawn into small
slabs which were cored into L4.75 mm diameter discs. The
diSCS were then hand-ground to suitable thicknesses; two
samples (113, 133) were ground to 0.875 mm and all the
others to 0.5 mm. The samples were of such excellent
qﬁality that the disc grinding was quite routine. With
careful handling and wax mounting on the grinding tools,
the discs were very resistant to fracturing and spalling;
'thej had the grinding characteristics of a hard glass.
However, crystallographic orientation was a problem,

The original fragments were of such small and irregular
sizes that they had to be sawn to give the largest sized
slabs in order to core drill into the L.75% mm discs.
Accordingly, the crystallographic orientation of the
shock-loaded discs was random relative to the impact
direction of the flyer plates and the propagation direc-
tion of the shock wave. Since most of the discs were
shocked to pressures above the Hugoniot elastic limit

to shqck states ‘along the plastic Hugoniot, this may
not be a problem. Pre-shock observations on the discs
revealed that the closest any came_to the crystallographic

axes was approximately 10° from (010).

After‘recovery, the sample containers were machined
open on a lathe to expose the shocked discs. These ex-

posed discs were then carefully examined using a binocular
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microscope before any material was removed for further
stﬁdies.- Those further studies included refractive index
measurements on fragments from various parts of the re-
covered discs., Standard immersion techniques and inter-
ference‘micrdscopy were used. The interference microscopy
was done at the laboratory of Dr. E. C. T. Chao, United

States Geological Survey, Washington, D.C.

In addition several grain mounts of fragments from
each disc were thoroughly examined using a polarizing
microscope in a study of shock-produced physical features,
Attempts were made to prepare thin sections from parts
of the discs from shots 163 and 173 but the fragments
were too fragile because of the pervasive fracturing
and got destroyed. For observation of some of the phys-
ical feafures of the still crystalline shock-loaded
samples, the universal stage'technique was employed
(for example, Turner, 19&7).v Specially prepared grain

mounts were used.

In a further search for vitrification and fine
planar features in the crystalline samples, fragments
from shot 163 (287 kb, the highest pressure plagioclase
not transformed to shock glass) were examined with a
transmission electron microscope (see Phakey et al.,

1972). This was done with the cooperation of Dr. John
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Christie’ who helped prepare the specimens and operated
the JEM-TA 120 kv electron microscope at the University

of California at Los Angeles.
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Shock Vitrification

The dgta pn the refractive index measurements of the
shoqked plagioclase are given in Table 10. These data
are graphically presented in Figure 23 with some simiiar
data fof quartz, orthoclase, and microcline (Kleeman and
Anrens, 1973; Kleeman, 1971; and Robertson, 1972). Refrac-
tive indices of the'crystalline and amorphous phases are
correlated with the peak shock pressure to which the speci-

men was shock-loaded.

For shock-loading to peak pressures of 287 kb and
less, ihe amount of shock-produced vitrification of the
plagioclase was insignificant on the basis of refractive
index changq. No change in refractive index waé observed
within the error of measurement (¥ 0.001) of the immer-
sion technique used. However, for peak shock preséures
of 340 kb and higher, the recovered samples were essen-
tially completely amorphous. This was directly reflected
in the changes in refractive indices observed. For the
340 kb sample, index chgnges were measured of 0.0086 to
0.0180 from the mean index, n = 1.565, of the crystalline
plagioclase., Similar changes were observed for the
sample shocked to 363 kb; changes of 0.0180 to 0.0261
were observed for the 350 kb sample. For the discs shock-
loaded to 484 and L,96 kb, a mean refractive index change

of 0,025 was measured.
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TABLE 10

Refractive Index Mesasurements Of Glass

Shock-Produced From Plagioclase, An63a

Shock
Pressure
Shot +kb Refractive
Number - 3% Index (n)
45 340 1.5470 to 1.556)4
14 350 1.5389 to 1.5468
133 363 17 1.5472 to 1.553)
147 L8l 1.500 ¥ 0.002
113 1,96 1.540 I 0.001

# The refractive indices of the crystalline plagioclase
were n, = 1,560, ny = 1.570 ¥ 0.001.
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FIGURE 23

Refractive index versus peak pressure for experi-
mentally shocked labradorite, orthoclase, microcline, and
quartz. Vertical bars indicate variations of refractive
indices.

Labradorite, this work

Labradorite glass, this work

Orthoclase, Kleeman (1971)

Orthoclase glass, Kleeman (1971)

Quartz, Kleeman and Ahrens (1973)

Quartz glass, Kleeman and Ahrens (1973)
Microcline, Robertson (1972)
Labradorite, An67, (Bell and Chao, 1969)

Shock glass
Annealed shock glass

OO B DPXOOO

The refractive index of normael orthoclase or microcline
glass is 1.486 (Barth, 1969). Synthetic silica glass

has a refractive index of 1.458.
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It is uncertain why shot 133 does not fit the down-
ward tréné of refractive index exhibited by shots 145 and
1k, It‘maﬁ bé that such a steép trend is not genuine
and:that the tétal trend of all three samples together is
the more realistic. On the other hand, the pressufe deter-
mination for shot 133 was based on powder load (12 g H110,
Figure u),.since the projectile velocity measurement device
failed; its error of A 17 kb may actually place it between
shots 145 and 14k, in which case it does fit their trend.
On the basis of the refractive.index studies of fused
8ilica and soda-~lime glasses présented earlier; in par-
ticular, the observations on the rapid index decreases
probably caused by annealing at high pressures, I believe
the steep index decrease exhibited by the glass recovered
in shots 14}t and 145 is a real effect. Also supporting
this conclusion are the annealing experiments done by
.Bell and Chao'(1969) on two glasses shock~-produced from
labradorite, An67 at pressures of 285 and 325 kb. They
found that refractive index changes of 0.0065 occurred as
; result of annealing those shock glasses at 850°C for
times of seven to fourteen seconds. According to cal-
culated post-shock temperatures for silica (Figure 17),
the shock-loadihg temperatures were probably in the
correct range. The index decrease is possibly predom-
inantly an annealing effect. The pre- and post-annealing

refractive indices measured by EBell and Chao on their
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two shocked glasses are giﬁen in Figure 23 for comparison

'ﬁith‘those-méésured in this work. The refractive indices

measured for the shock glasses produced at L84 and 496 kb

are so consistent around 1.540 that those glasses probably
are fuliy annealed shock-melted plagioclase, that is,

shock-fused glasses.

On the basis of the refractive index measurements on
shocked samples, it appears that the glass prgduced at
pressures up to 350 kb is produced in the solid state at
temperatures below the glass transition temperature; that
is, they are diaplectic glasses. The glasses formed at
higher shock-loading pressures appear to be shock-produced
at temperatures above the glassa transition’temperaﬁure and
‘are essentially shock-fused glasses., This is corroborated
by the fact that in Figure 2. the refractive indices of
the shoék glasses produced in this work completely inter-
sect the field'of diaplectic glasses defined by sStéffler
and Hornemann (1972). The indices of the glasses pro-
dﬁced around 350 kb fall mainly within the diaplectic
field; those of the glasses formed at higher pressures
fall just below the line of indices for normal plagioclase
glasses. |

- 0of coursé, it is not an absolute rule that diaplectic
glasses must fall within fhis defined field, as Stoffler

and Hornemann point out. There are examples of calcic
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FIGURE 2l

Refractivevindex versus anorthite-content of plagio-

clase glasseé. Solid lines represent mean refractive
indices of plagioclase crystals and synthetic plagioclase
glasses (Barth, 1969). Vertical bars indicate measured

variations of refractive indices,

0O,

Ries crater (Stoffler, 1967 and Stéffler and Hornemann,
1972)
Ries crater (Engelhardt et al.,, 1967)

Ries crater (An37), Sedan nuclear crater (An36),
Manicouagan crater (AHSM)’ Clearwater Lake West (AnSB)
(Bunch et al., 1968)

Shergotty meteorite (Bunch et al., 1967)
%, Manicouagan crater (Dworak, 1969)
Shergotty meteorite (Duke, 1968)

Chateau Renard (Ang) and Padvarninkai meteorites
(Binns, 1967)

Mare Trangquillitatis (An83'An96)’ Apollo 11,
1008l,106; 10085,25 and 10085,26 (Engelhardt
et al., 1970)

Ries crater (Bell and Chao, 1969)
Shock'experimehts (Bell and Chao, 1969)
(AnSO), shock experiments (Milton and DeCarli, 1963)

shock experiments, (AHZM = No. 123 An51 = No. 13,
Stoffler and Hornemann, 1972)

V(AnSM)’ shock experiment (Muller and Hornemann, 1967)

Data from this work for An63 (otherwise this figure is
the data compiled by Stoffler and Hornemann (1972)
for their figure 5)
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plagioclase shock glasses from shergottite class me-
teoriteé éShergotty: Duke, 1968 and Bunch et al., 1967;
Padvarninkai:  Binns, 1967) and‘anorthitic lunar glasses
(for example, Apollo 11, Engelhardt et al., 1970) which
have refractive indices much higher than the diaplectic
field shown in Figure 24 but which are believed by their
investigators to be diaplectic glasses. Some of these
glasses have indices near the mean indices of crystal-
line plagioclase. The reason for their high indices may
be that those glasses were subjected to high pressures
subsequent to shock formation. Such pressures could be
produced by multiple shock impacts in the case of both
lunar rocks and meteorites and could result in permanent
densification.(for example, Gibbons and Ahrens, 1971)
éufficient to move them out of the diaplectic glass
field of Figure 24, though they were originally formed
in ihe solid state. On the other hand, there is no
evidence to date that shock glasses which have indices
qithih the diaplectic field are not produced by shock in
thevsolid state. Accordingly, henceforth, those plagio-
clase glasses shock-produced.in this work at pressures
up to 350 kb and having refractive indices in the dia-
plectic field will be referred to as diaplectic glasses.
Those having indices of and below the indices of normal
synthetic plagioclase glasses will be referred to as

shock-fused glasses,
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On the basis of my refractive index and optical
microséépic‘results alone, I'have demonstrated that, in
muitiple-shock_reflection-type shock recovery experiments,
minimal to negligible vitrification is caused by shock
pressures 1ower\than 287 kb, solid state vitrification
to diaplec;ic glass is caused by shock-loading to pres-
sures between 287 and 350 kb, and the formation of shock-
fﬁsed glass is caused by peak shock pressures greater
than 350 kb. Other experimental data on plagioclases
agree with these results. Diaplectic and shock-fused
glasses were produced from plagioclase, An80, by Milton
and DeCarli‘(1963) in two gabbro specimens shock-loaded
to estimatéd pfesaures of 250 to 350 kb and 600 to 800
kb, respectively. Diaplectic glass was formed from two
fragments of labradorite, Ané7, single crystél shock~-
loaded to pressures of approximately 285 and 325 kb by
DeCarli and Ahrens (in Bell and Chao, 1969). Stoffler
and Hornemann (1972) also produced diaplectic and shock-
fused glasses by shock~-loading plagioclase, but their
peak-preésure regimes for the different glass phases
do not quite match mine. They concluded from their data
that diaplectic glaéses were formed ffom feldgpars at
shock pressures between about 300 and 450 kb but pressures
excéeding about 130 kb were necessary to produce shock-

fused glasses, I accept their lower bound of 300 kb as
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compatible with my data for the formation of diaplectic

‘glass. However, I prefer a lower figure‘for the beginning
of»shock-fusion. My data suggest 350 kb. Maybe an inter-
mediate pressure of L00 kb is more reasonable than either

of the’two_extremes.

Differences between experimental conditions in the
two techniques of shock~-loading may explain those dif-
ferences in pressures. Staffler.and Hornemann used a
shock wave generating technique consisting of an explosive
plane waie generator and 'momentum traps! (for example,
Stoffler, 1972). I used a shock-loading~prdpellant gun
(for example, Gibbons and Ahrens, 1971). Stoéffler and
Hornemann used a single-shock technique for pressures up
to 300 kb and a multiple-shock reflection technique for
higher pressures. I used the multiple~shock reflection
technique for all experiments; There may be enough
differencéé between the experimental techﬁiques to ex-
plain the different observations. Lower temperatures
are reached in’thé multiple-shock refiection-type experi-
ments than in single-shock type experiments at pressures
above about 200 kb (see the data~for~fused‘silica in
Figure 17). Thus, Stoffler and Hornemann actually had
slightly higher temperatures in their samples shocked to
300 kb. However, above 300 kb they also used the multiple-

shock reflection-type technique, making the experiments
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essentially temperature consistent in the range of in-
‘terest, 300 .to 500 kb. Some other éffect must be causing

the inconsistency of our data.

The post-shock states of the recovered glass must
be conéidered. Stoffler and Hornemann distinguished
between only diaplectic glass and vesicular glass (their
shock-fused glass). I do not equate shock-fused with
vesicular glass. 1In my experiments on non-porous single
crystai piagioclase, no vesiculation occurred in the
shock~-fused glass. However, I have shock-loaded porous,
powdered rhodonite in which extensive vesiculation and
melting occurred at pressures within the regime ofrdia-
plectic non-porous rhodonite . Maybe Stoffler and Hornemann
‘have a range of shock-fused glass between their diaplectic
and vesiculated shock-fused glass that would bring their
pressuré of initial shock fusion of plagioclase down to

about 400 kb.

Other data, on orthoclase, quartz, and microcline
(Kleeman, 1971; Kleeman and Ahrens, 1973; and Robertson,
1972), are presented in Figure 23 for comparison with my
labradorite data. The overall behavior is duplicated in
all three cases. At lower pressures, no change in re-
fractive index is observed. At higher pressures shock
glasses begin to appear; finally the crystalline mineral

is completely transformed to shock glass. A difference
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from the labradorite is that there is a large range over
which diaplectic glass and crystal coexist (both as
sebarate phases and as diaplectic crystals). This was
observed by Kleeman in both quartz and orthoclase and by
Robertson in microcline. Kleeman (1971) observed the
first vestiges of diaplectic glass at 242 kb in ortho-
clase and COmpleté tfansformation to diaplectic glass at
just above 300 kb. In quartz, Kleeman and Ahrens (1973)
observed the first traces of diaplectic glass at 216 kb
and ho% gléss and diaplectic crystals at 260 kb, their

peak pressure,

It is not clear why similar behavior was not observed
in my labradbrite below 287 kb, It may be that its den-
sity and‘compressibility characteristics are such tha;

287 kb is the threshold}for diaplectic glass formation.
This is the lowest pressure sémple in which any shock
glass is 6bserved; the amount was too small to be detected
optically. However, it was observable using transmission
eiectron—microscopy. In grain mountsbexamined on a JEM-
TA 120 kv electron microscope, vestiges of glass were

observed in an otherwise totally crystalline specimen,

Summarizing the vitrification data on my labradorite
and the plagioclase, potassium feldspars, and quartz of
the other workers, we may estimate where the recovered

materials fit on a typical tectosilicate Hugoniot, the
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composite feldspar Hugoniot in Figure 25 (Ahrens et al.,
41969b);> Considering Kleeman's data on quartz and ortho-
clése, we may take 225 kb as a boundary for the first
appearance of diaplectic glass in tectosilicates. This
pressure falls in the middle of the Hugoniot mixed phase
regime. O;‘the bagis of my data and tﬁose of Stoffler
and Hornemann (1972) on plagioclase, we can take }J00 kb
as an appropriate boundary for the shock-fusion of tecto-’
silicates. This pressure is approximately the boundary
between the mixed and high pressure phase regimes on the
Hugoniot. One conclusion from these results is that no
vitrification is caused by shock-loading within Regime 1
and at lower pressures within Regime I1I, diaplectic vit-
rification is caused at pressures of 225 to 400 kb within
Ragime I, and shock-fused glasses are formed by shock-
loading to pressures greater than 40O kb to Hugoniot
states within Regime III. On this basis, shock metamor-
phism of rocks containing tectosilicates can be discussed
in terms of Hugoniot data and mineral vitrification for

pressures up to 500 kb or so.
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FIGURE 25

Composite Hugoniot of the feldspars (Ahrens et al.,
1969b). 1 = oligoclase, 2, 3, 4 = anorthosite (poly-
crystalline andesine), 5 = albitite, 6 = albite, 7 =
labradorite, 8 = hicrocline. The three distinct phase
regimes (I, low pressure; 1I, mixed; and III, high
pressure) are indicated as well as a range of Hugoniot
elastic limits. Three release adiabats are shown for
oligoclase, Note their positions relative to the
Hugoﬁiot. The density of zero pressure hollandite

structure feldspar is also noted.
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Shock-Produced Deformation Features

To complement the vitrification data, one must look
at shock-induced plénar features. Considerable study has
been done on planar features observed in rocks from terres-
trial impact craters (for example, Chao, 1967a, b, 1968;
Robertson et al., 1968; Dworak, 1969; and Stoffler, 1972).
Most of this has been on tectosilicates, mainly because
they have been‘morevabundant than any other mineral
classés but also because tectosilicates yield the greatest
variety of distinguishable shock effects in the most
bcritical preséune range, O to about 500 kb, This be-
havior is directly related to their physical properties
and the character of their Hugoniots, They are much less
dense and more compressible than other common rock-forming
silicates. Their Hugoniots exhibit broader mixed phase
regimes (in terms of both pressure and volume changes) as
well as distinct high pressure phase characteristics above
300 - 40O kb. This contrasts with pyroxeneé, for example,
which are much less compressible and exhibit a much nar-
rower mixed phase regime (especially in volume change),
though they do have‘similar high pressure phase behavior,
Consequently, tectosilicates have been studied much more
exhaustively in natural occurrences and as a result they
have also received much more attention experimentally,

although only very recently. Planar features have been
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studied most extensively by static deformation techniques:
‘(fqr example, Carter, 1971; Borg and Heard, 1970). Only
very recently have we started experimental studies on
shocképroduced planar features in feldspars (for example,

Robertson,_1972; Gibbons, 1973).

Previous studies of possibly shock-induced planar
features in plagioclase have mainly been made on materials
recovqred from terrestrial impact craters (for example,
from cratérs in Canada, Robertson et al., 1968 and Dworak,
1969). Some’studies have also been made on plagioclase
shocked in nuclear aﬁd chemical explosions (for example,
James, 1969a). Most planar features identified in lab-
radorite have been parallel to crystallographic planes of
low Miller indices, many of which are also the common
cleavage and twin composition planes. Other planar
features include fractures not assignable to any rational
erstallographic planes. Some of the measured features
include (001), (010), (100), (101), (111), (120), (012),
and (203) (Robertson et al., 1968 and‘Dworak, 1969). On
thevbasis of the correspondence of most of these features
to cleavage and twin composition planes, Chao (1967a) has
cohcluded that the interaction of plagioclase with a shock
wave is closély controlled by its crystal structure and,
‘therefore, the directions of planar features in a plagio-

clase crystal cannot and do not reflect the direction of
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shock compression. Planar features of some of these orien-
‘tations have also been produced by static‘deformations
at‘pressures as low as 2 kb (for example, (010) slip and
albite and pericline twins, Carter, 1971). Accordingly,
there are those who say that the presence of any such
planar features, regardless of orientations, is not suf-
ficient as evidence of shock-loading and must only be
considered in conjunction with other shock features, for
exampie, diaplectic vitrification. Those structurally
controlled planar featufes are also generally assigned

to a pressure range of 150 to 300 kb (for example, Stoffler,
1972). Since plagioclase is completely shock=-vitrified

at 300 kb, this is an upper limit. A lower 1imit is more
difficult to define but it may be as low as the static

deformation yield strength of about 2 kb.

' The labradorite discs shock-loaded in this work were
almost gem quality material with no cleavages and no twin-
ning. Of the discs shock-loaded, four were essentially
completely crystalline and sgtisfactofy for post-shock
study of shock deformation features. Those discs were
recovered from shots 175 (58 kb), 174 (106 kb), 173 (143
kb), and 163 (287 kb). In their original cnndition in
the sample containers, these discs were no longer color-
less gray, translucent discs but finely crﬁshed, opaque

white powder. There was no significant difference in
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appearance from 58 kb to 287 kb. The material was very
'fragile and-flaked very readily from a needle point.
Grain mounts of some of the fine fragments were used for
optical microscopic examinations. Grain mounts of shot’
163 (287 kb) and a thin section of shot 17h (106 kb)
were also examined by transmission electron microscopy.
Upon examination with an optical polarizing micro-
scope, the mést prominent feature of the sample shocked
to 58-kb was the abundant irregular fracturing and lack
of any cleavage. No fine deformation lamellae or mech-
anical twinning was detected at magnification up to

1000X. No anomalous interference was observed,

Likewise, the specimen shocked to 106 kb is charac-
terized by pervasive irregular fracturing which gives
the sample a éompletely shock-crushed appearance. No
fine shock-produced planar elements were observed. How-
ever, occasional fragments contain coarse cleavage or
parting features; one feature is parallel to (001) and
a less pronounced-feature, (010), as éhown in PFigure 26
for‘a typical-sized fragment. Figure 27'is'a photomicro-
graph of a thin section made of this sample disc. It
shows the mosaicism created by the irregular'crushing.
described above. This thin section was ion thinned and
examined using a 800 kv transmission electron microscope

at U.S. Steel Research Center, Pennsylvania, At a mag-
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FIGURE 26

Shot 174, 106 kilobars, plagioclase. No fine planar
features; mostly just irregular fractures with odgasional
development of coarse cleavage or parting in two sets
approximately perpendicular. No change in refractive
index observed.r Scale: 1long side of photomicrograph

equals 0.3 mm.
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FIGURE 27

Shot 174, 106 kilobars, plagioclase. Note the
mosaic-likevappearance of the irregular fracturing
cdused by the shock-loading. Disc diameter équals_

475 mm.
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nification.of 22,700X, no vitrification or fine planar
elements were observed. Figure 28 shows the typical

fracturing that is present on this fine scale.

Plagioclase shocked to 143 kb is optically similar
to thatrshocked to 106 kb. Irregular fractures are the
most prominent feature. Occasional fragments show coarse
cleavage or parting as described for shot 174 (106 kb).
No fine planar elements were detected. However, some
small fragments show undulatory extinction between crossed
nicols; none was observed at 106 kb, This may be because
143 kb is within the mixed phase regime along the Hugoniot,
whereas 106 kb is still approximately within the low

pressure phase regime (Figure 25).

Figures 29 and 30 are photomicrographs of fragments
of the labradorite shocked to 287 kb. The observed shock
features include the predominant irregular fractures and
two sets of approximately perpendicular coarse cleavages,
as described for the lower pressure shots. The (001)
cieavage’is better developed than at lower pressures;
the other is still rather imperfect. A small amount of
undulatory extinction is also observed. No fine planar
features were observed optically. 7This sample was also
examined with a 120 kv transmission electron microscope
at the University of California, Los Angeles. No finé

planar features were detected using specially prepared
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FIGURE 28

Shot 174, 106 kilobars, plagioclase. This is a
photomicrograph of the very small scale fracturing '
caused by shock-loading, as resolved by transmission

electron microscopy at a magnification of 22,700X.



3

st

.

.




154

FIGURE 29

Shot 163, 287 kilobars, plagioclase. Two approx-
imately perpendicular sets of coarse cleavage or’pafting
afe present in some fragments, like that shown. No fine
planar features were resolved optiéaily or with a 120 kv
transmission electron microscope. Less than 1% glass
was observed with the electron microscope; none was
detected optically. 'Scale: 1long side of photograph

equals 0.3 mm,
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FIGURE 30

Shot 163, 287 kilobars, plagioclase. A photo-
micrograph,éhowing typical fracturing of a crystal
fragment. Scale: long side of photograph equals

O.3 mrn.
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grain mounts.

The diaplectic and shock-fused glasses were also
examined for deformation features. None were observed.
In shot 143 (340 kb), the plagioclase is diaplectic glass
with refgactive indices ranging from 1.5468 to 1.556l.
Approximately 1% exhibited anomalous extinction between
crossed nicols; the remainder was optically isotropic
glass, The specimen from shot 113 (496 kb) is completely

¥ 0.001.

shock-produced glass with refractive index 1.540
The only physical features observed were pseudo-conchoidal
fractures produced in removing the sample material from

the stainless steel containers.

It is not clear why none of the very fine planar
features so often observed in naturally shocked plagio-
clase are bresent in the labradorite experimentally
shocked in this work. None were resolved in optical
microscopic examinations; none were detected in trans-
mission electron microscopy of specimens shocked to 106
and 287 kb. I suggest that this may be related to the
original state of the specimen. In this work, the
material used was of semi-precious gemstone quality
with no pre-shock planar elements. Maybe the presenée
of cleavage and twinning in most natural materials has
some control over the shock production of fine de-

formation features.
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Conclusion

Labradorite shock-ldaded to Hugoniot states within
the low pfessure phase regime and to 287 kb across the
mixed phase regime remain in the crystalline state upon
adiabatic release to zero pressure. Excessive shock-
inducéd fracturing results and some coarse cleavage
develops but no fine shock deformation features are pro-
duced. ‘These physical features are due to a combination
of shock compressidn and relaxation following pressure

release.

Labradorite shock-loaded to Hugoniot states within
the mixed‘phasevregime between pressures of 287 and 40O kb
is shock-vitrified in the solid state to diaplectic plagio-

clase glass of characteristic refractive index and density.

Labradorite shock-loaded to pressures greater than
40O kb to Hugoniot states in the high pressure phase re-
gime is transformed to a shock-fused glass upon reversion
from the high pressure polymorph to a short range order
phase at post-shock temperatures exceeding the transition

temperature of the glass.,



160

Chapter VI,

THE EFFECTS OF SHOCK PRESSURES AS HIGH AS
528 kb ON BAMLE ORTHOPYROXENE, En86..cececevcecccss

Abstract..................................o.......
Introduction..e.....-..o-......o.........-o.-.....
Experimental Procedures and Specimen Description..

Experimental Results and DiScussioNeeceesscecssascs

ConClusion.....‘.O‘.‘..‘...Q..CQ.Q..OI......l.....

160

161
162
168
176
185



161

Abstract.

Samples of orthopyroxene (bronzite, kn86, from
Bamle, Norway) have been shock-loaded to pressures up
.to 528 kilobars. Optical and electron microscopic
studies of the recovered samples show the effects of
increasing shock pressures on this variety of pyroxeéne.
Optically, no vitrification occurs to the peak pressure
of 528 kb but increasing anomaious extinction is present
at préssures above 143 kilobars. No measurable change
in refractive index is detected at any preséure. Using
ktransmission electron microécopy, a very small amount
of shock glass was observed at 226 kilobars. At all
pressures from 58 to 528 kilobars, the most significant
optical feéturé is the presence of shock-produced de-
formation twin‘lamellae in a number of fragments from

each specimen.
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Introduction

This chapter describes some shock-loading experi-
ments on Bamle bronzite. The experiments were performed
to determine the shock effects produced in orthopyroxene
under cloéely controlled experimental conditions at shock
pressures ﬁp to about 506 kb. The significance of those
experiments lies in the application of such information
on shock-produced effects in pyroxenes to understanding
and interpreting the shock metamorphic histories of
shocked pyroxene-bearing rocks, for example, lunar and
terrestrial rocks and meteorites. This information is
especially important as complementary data to the experi-
mental results of shock studies on tectosilicates,

particularly plagioclase,

In pyroxenes from terrestrial and lunar shock
metamorphosed rocks the main type of shock deformation
structure observed has been polysynthetic mechanical
twin lamellae (for example, Chao et al., 1970; Engelhardt
et'al.,.1971; Christie et al., 1973; and Stoffler, 1972).
Similar twin lamellae have also been observed in hyper-
stene from some meteorites (for exaﬁple, Levi-Donati,
1971) and in augite from basaltic rocks shocked in a
nuclear explosion (James, 1969a). They have also been
produced in laboratory shqck experiments on clinopyroxene

(diopside: Hornemann and Muller, 1971). The orientation
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of the apparently shock-produced twin lamellae in all

these cases was (001).

However, similar mechanical twin lamellae on both
(001) and (100) occur in pyroxene in tectonically de-
formed ro;ks and have also been produced in static de-
formation experiments (Raleigh and Talbot, 1967). Accord-
ingly , their presence is not unequivocal evidence or
proof of shock-loading. Thué, information on experi-
mentally induced shock deformation struﬁtures in bronzite
can only be used to complement other shock wave effects

in a rock.

Some of these effects come under shock-induced
structural disorder. Dundon and Hafner (1971) looked
at the cation disorder produced in the Fe,Mg distribution
in the M1 and M2 structural sites in Bamle bronzite by
shock~loading a number of samples to pressures of 1 mb
and 150-450 kb. They found that bronzite shocked to 1 mb
gets highly disordered but that shocked at L50 kb or less
remains structurally undisturbed. Thus, there is a
pressure between L50 and 1000 kb at which the barrier
to cation distribution is overcome. On thé;other hand,
Pollack énd'Decarli'(1969) looked at stacking disorder
caused by shock-loading Bamle bronzite to pressures of

150-200 kb, 4,00-450 kb, and 1000 kb. Likewise, they
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detected no disorder caused by the two low pressure
Shocks but Sdme disorder for the 1000 kb shock, caused

by a combination of the high shock pressure and high
post-shock temperatures. Significant results of both
those pieces of research on Bamle bronzite are (1) that
it was still crystalline after shock-loading to 1000 kb
and (2) that the high pressure phase indicated by the
Hugoniot (Figure 31) was not detected by their x-ray
powder diffraction studies. Another form of disorder is
the mosaicism and loss of long range order described by
Horz and Quaide (1973). These features were also noted
by the other workers. Horz and Quaide x-rayed four
specimens of Bamle bronzite shock-loaded to pressures

of 63, 91, 117, and 141 kb. They noted a loss of re-
flections in the back reflection area as well as streaki-
ness and line broadening in Debye-Scherrer x-ray patterns,
Several observers have reported on some of these disorder
features in meteoritic pyroxenes which have apparently
had a shock historj (for example, Pdlléck, 1966, 1968;
and Reid and Cohen, 1967).

On the Hugoniot in Figure 31, the bronzite high
pressure phase regime starts at approximately 350 kb.
Maybe this phase will occur in some shock metamorphosed
rocks. A garnet structure phase which could be this

high pressure phase has been discovered in the Coorara
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FIGURE 31

Hugoniot curve for bronzite. Note the low pressure

phase, mixed phase, and high pressure phase regimes and

the Hugoniot elastic limit (HEL). To L83 kb the Hugoniot

is that of Bamle bronzite determined by Ahrens and Gaffney
(1971). Above L83 kb the curve follows data for Still-

water bronzitite from McQueen et al. (1967).
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meteorite (Smith and Mason, 1970). However, it has not
been detected in any experimental shock recovery experi-

ments.
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Experimental Procedures

Shock=-loading experiments to pressures as great as
528 kb weré performed on Bamle orthopyroxene (bronzite,
EnBéj. Ten discs of single crystal material were shocked
to Hugoniot states between 58 and 528 kb. Details of the
experiméntal conditions are given in Table 11, All the
sample discs were shocked in stainless steel 304 con-
tainers; the 1-inch diameter design was used in all but
shot 126, in which the 3/li-inch design was used. Tungsten
fiyer ﬁlates were used on all except the 58 and 106 kb
shots, on which aluminum 2024 and stainless steel 304
were used, respectively. The peak shock pressures were
determined grabhically from Figure 8 using the measured
projectile velocities, as described earlier., The pres-

sures are accurate to approximately t 3%

The original sample materiael was the large single
crystal variety of bronzite from Bamle, Norway. This
is typical of the Bamle bronzite that has been used for
many other shock-wave experiments (for example, the
Hﬁgoniot'equation-of state studies by Ahrens and Gaffney,
1971). It has generally been referred to as Bamle
enstatite in previous work despite numerous analyses
that have shown its composition to be bronzite, En86.
Details of an averaged electron microprobe chemical

analysis and some measured physical properties are given
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in Table 12. One microprobe analysis made by A. Chodos
was reéalculated into the molecular formula (Mg, g,

) Si Another analysis

Peo.1ys Co, 005* 410.003) S10.99%3¢
by the author gave similar proportions for the major

elements plus the small amount of manganese indicated
in the anaiysis in Table 12 (recalculated to molecular
percent, Mno 01) In terms of the Mg,Fe endmembers of

the orthopyroxene solid solution series, the specimen
can be;adequately described as bronzite, En86,Fs1l or
(Mg, gg» Fep,qy) 5105

This result is corroborated by microscopic obser-
vations, particularly refractive index measurements and
the optic sign. The refractive index measurements were
made using standard immersion techniques with both white
and monochromatic Na light. The measurements of
n, = 1.6695 and ny = 1.6820 indicate a composition of
En86 ¥ 0.015 according to the determinative curves for
orthopyroxene of Hess (1952). 1In addition, the optic
sign of the material is negative, indicating that the
composition is more Fe-rich than En88. Accordingly,
this material is rightly called Bamle bronzite, not

Bamle enstatite.

Other physical properties of this material include
density and lattice constants. The sample was x-rayed

using both Debye-Scherrer (114.6 mm) and Guinier cameras
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TABLE 11

Experimental Conditions For Bamle Bronzite Recovery Shots

'Flyera Sample ’ Impact gﬁﬁgk
Niﬁg:r (onPiZEZn) Thicﬁgess, Ve;o:i?y, Preigure,
177 " Al 2024 0.55 520 58
176 ~ 8.5.304 0.55 560 106
169 W 0.55 530 W3
168 W 0.55 632 173
167 W 0.55 802 226
16l W 0.55 1018 297
165 W 0.55 119N | 358
166 W 0.55 1276 386
170 W 0.55 1337 L10
126° W 1.1 1650 528

8 2.5 mm thick, of tungsten (W), stainless steel 30l
(S.5.304), and aluminum 2024 (Al 202l)

b 1-inch diameter, stainless steel 304 sample containers
were used in all shots except 126, in which a 3/L-inch
diameter 5.8.304 container was used.
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and Fe Kecand Cu Ko radiation, respectively. The data
given in Table 13 are the Guinier data; a least squares

fit to these data using a computer brogram (Fortran IV)
gave the dcalc tabulated in Table 13 and the lattice
constants in Table 12. On the basis of these data and

a molecular weight of 10L.82l (determined using the probe
analyses), an x-ray density of 3.325 g.cm""3 was calculated.
The density was not measured otherwise; however Ahrens

and Gaffney (1971) give density measurements for fifteen
fragments cut from the same stock of Bamle single crystals.
Their average density is 3.287 % 0,011 g,cm”B. The dif-
ference between the measured and x-ray densities may
represent the porosity of the samples, caused by the

pervasive cleavages, of approximately 1%.

For sample disc preparation for shock-loading, si&bs
approximately 70 mm square and 5 mm thick were sawn from
the (010) face of a large crystal. More than two dozen
discs L.75 mm in diametef were cored from those slabs,
Before shock-lcading the discs had to be hand-ground to
a suitable thickness, usually accepted as 1 mm or less.
Using standard grinding procedures it proved impossible
to grind the discs even as thin as 1 mm without excessive
racturing and spalling; only one disc of 1.1 mm thickness
stayed intact out of the {irst batch ground. 1t was

shock=-loaded in shot 126. Some changes were made in
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TABLE 12
Analysisa of Orthopyroxene From Bamle, Norway
Oxide Weight %
810, 56,7
MgO 33.9
FeOb 9.7
MnoO 0.2
Cal 0.2
A12O3 . 0.1
100,.8
Refractive Indices
n 1.6695 I 0.0010
ng 1.676 % 0.001
ny 1.682 ¥ 0.001
Density, g.cm"3
D (calc. from x-ray data) 3.325
D (measured) 3.287 + 0,011°
Lattice Constants
0
a, 18.216 ¥ ,039 A
b, 8.826 ¥ 019 &
e, s.210 ¥ Lo11 R

8 Variety, bronzite, En86, analysis on the California
Institute of Technology electron microprobe

b Total Fe as FeO

¢ Average of 15 measurements in Table 1, Ahrens and
Gaffney (1971)
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TABLE 13

X-ray Powder Data For Bamle Bronzite

b c

d(ﬂ) 1/11 dobs(g) dcalc(X) hkl
43 3 Lol2771 L1279 020
3.328 1 lL.0166L 211
3.314 6 3.30220 3.31119 121
3.175 100 3.17823 3.16909 1420
3.16242 3.15836 221

2.946 16 2,94339 2,944 80 321
2.878 i 2.87073 2.8709Y 610
2.832 9 2.82640 2.8282l 511
2.710 10 2.70725 2.70754 L21
2,540 25 2.53696 2.53673 131
2.497 18 2.49303 202
2.477 18 2.146931 2.1,7285 521
2,36l 1 2.37901 302
2.257 3 2.24819 2.25108 711
2.239 3 2.2329 2.23270 L 31
2.116 12 2.10806 2.11273 630
2.100 12 2.09806 2.09553 531
2,060 5 2.05267 2.05909 721
2.025 7 2.01848 2.02353 820
2.01848 2.01239 22

1.988 9 1.98255 L21
1.961 11 1.95366 1.95787 631
1.888 I 1.88267 1.88626 821
1.681 1 1.6959, 1.70189 831
1.610 11 1.60797 023
1.60247 1.60221 10.2.1

1.591 6 1.58623 1.5881L 931
1591 6 1.58623 1.58455 840
1.529 5 1.52330 1.51945 551
1.522 T 1.52330 1.51803 12.0.0
1.488 23 1.48397 1.48456 10431
1473 17 1.17038 1.47093 060
1.39081 1.3907L 11.3.1

% Data from Pollack and Ruble (1964)

Guinier powder data, Cu K« radiation

¢ Least squares fit to Guinier data
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the mounting medium and preparation techniques for the
second batch; nine discs were still intact after grinding
to 0.55 mm thickness. Those comprise the other shock-

loaded samples.

The recovered sample containers were machined open
on a lathe to expose the shocked discs. The exposed
discs were then carefully examined using a binocular
microscope before any material was removed for further
studies. Those further studies were predominantly an
optical microscopic characterization of the physical

changes caused by the shock-loading.

Several grain mounts of fragments from each disc
were examined using a polarizing microscope to observe
shock-produced physical changes. Refractive indices
were checked concomitantly using standard immersion
techniques with white and monochromatic Na light. The
universal stage technique (for example, Turner, 1947)
was employed on some thin sections and specially prepared
grain mounts to confirm the microscopic observations on
shock-produced planar features and their orientations.
Polished thin sections were made of the unshocked and
of a number of the shocked samples. The pervasive frac-
turing and crushing of the discs made it impossible to
make thin sections of all. Some samples were actually

recovered as totally crushed and powdered specimens
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rather than as coherent discs; this was probably due to
a combination of the pre-shock cleavages and fractures

and the post-shock additional planar features,

In a further search for indications of shock vitri-
fication and for fine planar features, a number of
selected specimens were prepared for examination with
a transmission electron microscope (see Phakey et al.,
1972). This was done with the cooperation of Dr. John
Christie who helped prepare the specimens and operated
the JEM=7A 120 kv electron microscope at the University
of California at Los Angeles. Dr, Christie also arranged
for the examination of an ion-thinned section of the
specimen from shot 167 (226 kb) on an 800 kv transmission
electron microscope at U.S. Steel Research Center,

Pennsylvania,
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Experimental Results and Discussion

Those experiments deal primarily with the study of
crystalline bronzite shock-loaded to pressures between
58 and 528 kb. As described in Table 11, ten specimens
of Bamle bronzite were shocked within this pressure range
and essentially completely crystalline bronzite discs

were recovered.

Grain mounts and thin sections of fragments from
the shocked specimens were examined using a polarizing
microscope. Refractive indices and crystallinity were
monitored concomitant with the petrographic examination.
However, in the absencebof any optically resolvable
vitrification, the prime purpose of the examination was
to study the shock-induced planar deformation features,
which had not previously been observed in experimentally

shock-loaded orthopyroxens.

In the recovered samples, no change in refractive
index was observed from the indices of the unshocked

material (Table 12).

One feature characteristic of all the samples is
the crushing and fracturing caused by the shock-~loading.
This increases in intensity with the shock pressure.

The other feature present in all samples is the fine
(001) deformation features; it is observed at all |

pressures from 58 to 526 kb. However, it is most
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outstanding in the lower pressure samples. This appears
to be because of the additional crushing of the samples
at higher pressures. Figures 32 and 33 are photomicro-
graphs of fragments from shot 177 (58 kb) which contain
excellent examples of those planar features. No such
features are present in the unshocked samples. Optically,
these features appear to be very fine, micron-sized,
polysynthetic twin lamellae. This agrees with previous
observations on pyroxenes from naturally shocked terres-
trial and lunar rocks (for example, Chao et al., 1970;
Engelhardt et al., 197%1; Stoffler, 1972), meteorites
(for example, Levi-Donati, 1971), basaltic rocks from
nuclear explosion craters (for example, James, 1969a),
and laboratory experiments (diopside: Hornemann and
Muller, 1971). In their shock experiments on diopside,
Hornemann and Muller found that the (001) twin lamellae
occurred at all pressures from 50 to 390 kb, My obser-
vations on orthopyroxene show that they occur at the
lowest pressure and persist throughout the whole shock-

loading range, 58 to 528 kb,

At pressures below 173 kb, no optically anomalous
interference was observed in the shocked bronzite. How=-
ever, at 173 kb, some indications of undulatory ex-
tinction were apparent on a number of fragments. At

226 kb, there were more fragments exhibiting the anomalous



FIGURE 32

Photomicrograph of Bamle bronzite shock-loaded to
58 kb (shot 177). Crossed nicols, transmitted light,
50X magnification. Note the very fine (001) deformation

features. Scale: long side of photograph equals 0.3 mm.






FIGURE 33

Photomicrograph of Bamle bronzite shock-loaded to
58 kb (shot 177). Crossed nicols, transmitted light,
100X magnification. A different fragment from that in
Figure 33 containing similar fine deformation structures

on (001), Scale: long side of photograph equals 0,15 mm.
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extinction. This remained so at all pressures to 528 kb.
Those anomalous optical properties were caused by shock-

produced mosaicism (Horz and Quaide, 1973).

No shock vitrification was detected optically at
any pressure. However, in an ion-thinned section of
shot 167 (226 kb), a very small amount of glass was
detected on fractures using a 800 kv transmission electron
microscope. Figure 3 is a photomicrograph of a part of
that thin section showing shock-produced dislocation
features at 11,500X magnification. The glass is not
resolved in this photograph. The significance of the
discovery of this glass is that it had not previously
been observed in shock-loaded single crystal pyroxene,
even at pressures of 1000 kb. However, it must be em-
phasized that the amount produced was very small and is
still optically non-resolvable at 526 kb. More studies
are required on pyroxene to determine whether the glass
might be forming in a region of the specimen being

subjected to anomalous shock pressures and temperatures.
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FIGURE 3L

Shot 167, 226 kilobars, Bamle bronzite. Trans-
mission electron microscope photograph at 11,500X
magnification showing increased dislocation population
caused by shock-loading. A very small amount of shock
glass has been observed in this thin-section; it is not

resolved in the photograph.
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Conclusion

Bamle bronzite shock-loaded to Hugoniot states
throughout the shock-loading range of 58 to 528 kb remains
almost entirely in the crystalline state upon adiabatic
release to zero pressure. Throughout this whole range,
excessive shock=-induced fracturing and crushing results.
Fine micro-sized deformation twins are also produced
at all pressures from 58 to 528 kb. These physical
features are due to a combination of shock compression

and relaxation following pressure release.

No shock vitrification is resolved optically,
However, a very small amount of glass was detected at
226 kb using a 800 kv transmission electron microscope.
This glass needs to be studied more carefully before

its significance can be fully determined.
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Chapter VII.
SHOCK METAMORPHISM:

A VIEW BASED ON EXPERIMENTAL RESULTS.seceecs. 186
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In 1966 French suggested that a working definition
of shock metamorphism might be 'the totality of observed
effects in natural rocks resulting from the passage of
transient high-pressure shock waves!, In view of (1) the
implication that these are only natural phenomena and (2)
the increasing abundance of data on experimentally-
produced shock metamorphic phenomena, I propose that
his definition be slightly changed to read 'the totality
of the permanent effects caused in any material by the

passage of transient high pressure shock waves!,

The phenomena and processes of shock metamorphism
are totally different from those of normal terrestrial
metamorphism. However, shock metamorphism can be studied
in terms of facies or zones or grades of metamorphism
just like normal load metamorphism. In essence, the
variations in shock phenomena that have been observed
in experimentally and naturally shocked rocks are really
8 particular metamorphic facies series characterized by
high shock pressures and their accompanying shock and

post-shock temperatures,

Recently, a number of workers have proposed schemes
of progressive shock metamorphism (that is, shock metamor-
phic facies series) based primarily on observations on

naturally shocked rocks but tied to the minimal available
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experimental data. The major proposals have been those
based (1) on studies of the Ries crater, Germany, especi-
ally Chao (1967a, 1967b, 1968), Stdéffler (1966, 1967) and
Engelhardt (1968), and (2) on studies of Canadian craters
(Dence, 1968), with a word of caution from DeCarli (1968)
that the anomalous features observed in meteorites and
"shocked! terrestrial rocks must still be viewed with
some skepticism in view of the limitations of our present
knowledge on the experimentally-induced effects of shock

waves on rocks and minerals,

More recently, Stoffler (1971, 1972) reviewed these
classifications and emphasized a derivation of progressive
stages of shock metamorphism from Hugoniot equation of
state data on framework silicates, using the latest
available experimehtal data in the assigning of bound-
aries to his metamorphic facies. A serious limitation
has been imposed on his classification by (1) the lack
of any actual measurements on post-shock temperatures,
(2) the lack of experimental data on minerals and rocks
shock-loaded to pressures greater than 500-600 kb and
(3) the emphasis on tectosilicates, although he does con-
sider the observations made by James (1969a) and Short
(1969) on basalt shock metamorphosed by a nuclear ex-
plosion. I will correlate Stoffler'!s classification to

one that I propose on the basis of the present work on
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labradorite and bronzite and other recent experimental

studiess

In proposing any scheme of progressive shock metamor-
phism, I believe that experimental shock wave data on the
common rock-forming minerals warrant primary consideration,
for correlation with the permanent 'shock! effects observed
in naturally shocked rocks. Before any consideration of
experimentally-induced 'permanent! shock features, it is
worthwhile to look at Hugoniot data for some common
minerals., Within the last decade, Hugoniot curves have
been measured for most of the common rock-forming silicates
and oxides, by Ahrens and coworkers, McQueen and coworkers,
and others (for example, Ahrens et al., 1969b; McQueen
et al., 1970; Wackerle, 1962), The Hugoniots of four
silicates are given in Figure 35, namely, two framework
silicates, quartz and oligoclase, a chain silicate, ortho-
pyroxene, and an orthosilicate, forsterite., Note the
relative shapes of those Hugoniots and their positions
in P-V space. The tectosilicates exhibit one type of
behavior, with large volume changes in their mixed phase
regimes, while the mafic pyroxene and olivine behave quite
differently. These differences are quite dependent on
the mineral compressibilities and densities, as shown in
Figure 36. The change in the compressibility-density

relations from tectosilicates to garnets correlates with
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FIGURE 35

Relative Hugoniots of quartz (Wackerle, 1962), oligo-
clase (Ahrens et al., 1969b), bronzitic orthopyroxene
(Ahrens and Gaffney, 1971; McQueen and Marsh, 1966), and
forsterite (Ahrens et al,, 1971; McQueen and Marsh, 1966).
Note the behavior of the framework silicates contrasted
to the more dense and less compressible ortho- and chain-
silicates. In particular, note the relative difference

in volume change in their mixed phase regimes.
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FIGURE 36

Compressibility versus density relationships of

common rock-forming minerals (Data from Birch, 1966).
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the change in Hugoniot behavior.

This behavior can also be correlated with shock and
post-shock temperatures. In tectosilicates these temper-
atures are higher at lower pressures and increase faster
with pressure than they do in chain silicates. The tem-
peratures presently available have been calculated, rather
than measured, based mainly on data of Ahrens and coworkers
(for example, Ahrens et al., 1969b). Although calculated
using the latest experimental data, there is reason to use
these temperatures with some skepticism since they tend to
be lower than one would like to believe. However, until
actual measurements of shock and post-shock temperatures

are made, they are the best estimates available,

In my proposed classification of shock metamorphism,
I emphasize the shock pressure since it can be measured
very accurately in a shock-loading experiment. Shock
pressure is correlated with common silicate Hugoniots
and the permanent effects induced by shock-loading in
those common silicate minerals (Figure 37). The boundary
between shock zone I and shock zone 11 is placed at 225 kb,
the pressure of the first appearance of diaplectic glass
in tectosilicates. At pressures below 225 kb, the
recovered material is essentially the initial low pressure

phases with shock-induced deformation features but no
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FIGURE 37

Correlation of progressive stages of shock metamor-
phism with shock pressure and some common silicate Hugo-
niots (same as those in Figure 35). Zone I: predomi-
nantly low pressure phases with shock-induced deformation
features; in quartz-bearing rocks, stishovite may be
present at pressures above 90 kb (Kleeman and Ahrens,
1973). Zone II: diaplectic tectosilicates + their pos-
sible high pressure phases + low pressure phases. Zone
IIT: shockwfused tectosilicates + crystalline ortho-
and chain- silicates (including their possible high pres-
sure phases)., An upper limit of Zone III could be the
formation of diaplectic or shock-fused glasses from
pyroxenes or olivines. This has not yet been achieved
in laboratory-scale experiments on single crystal material
but appears to be above 1000 kb (Dundon and Hafner, 1971).
The shock pressures required for total shock melting
and vaporization of mafic rocks have also not yet been

determined in the laboratory.
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other physical changes. In quartz specimens stishovite
is present in minute amounts at pressures above 90 kb
(Kleeman and Ahrens, 1973). It decreases in abundance
above 230 kb in the range in which diaplectic glass is
increasing rapidly. In quartz-rich rocks it may be use-
ful to denote a sub-zone between 90 and 225 kb, charac-
terized by the first appearance of stishovite, This
pressure range also correlates with the lower part of
the mixed phase regime of the quartz Hugoniot. It also
correlates with part of the mixed phase regime of the
plagioclase Hugoniot. However, neither the hollandite
structure feldspar (Ringwood et al., 1968; Kinomura et
al., 1971) nor jadeite (James, 1969b) has yet been ob-
served in experimental shock recovery experiments so
these phases cannot be usea as index minerals in ex-

panding the classification further.

Zone II extends from 225 kb to L,O0 kb. The upper
boundary of zone II is marked by shock-fusion of tecto-
silicates. Throughout zone II, the phases present in-
clude diaplectic tectosilicate glasses, diaplectic tecto-
silicate crystals, initial low pressure phases, and
possible high pressure phases. Deformation features
are still present in all materials. A smaller amount
of stishovite is present than in zone I (Kleeman and

Ahrens, 1973). No other high pressure phases have been
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recovered from shock experimentse_ On the basis of obser-
vations on natural materials, coesite may also be present
in this zone (Chao et al., 1960). Since this is also
within the mixed phase regimes of olivine and pyroxene,

one might expect to find high pressure phases of those
minerals appearing also. The high pressure phase of py-
roxene (Ringwood and Major, 1966, 1968) has not been
recovered from shock-loading experiments; however, Smith
and Mason (1970) have observed majorite (a garnct-structure
mineral of pyroxene stoichiometry) in the Coorara meteorite,
so it may be a candidate index mineral for somewhere in
this zone in naturally shocked rocks. Likewise, ring-
woodite, a high pressure phase of olivine, has been ob-
served in a meteorite (Binns, 1970; Binns et al; 1969)

so it may also occur in naturally shocked rocks, It has

not yet been identified in experimentally shocked rocks.

Zone I11 is marked by the shock-fusion of tecto-
silicates, It is also the beginning of the high pressure
phase regime of the plagioclase Hugoniot (see Figure 26).
The mafic minerals are still essentially initial low
pressure phase materials although this zone is mainly in
the high pressure phases of their Hugoniots as well., If
high pressure phases of pyroxene and olivine can be pro-
duced by experimental shock-loading, they should be

present in this zone. However, the absence of those
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phases, on the basis of the experimental results, does

not indicate a lower pressure than LOO kb. On the con-
trary, pyroxene is apparently still crystalline and stable
at pressures as high as 1000 kb (Dundon and Hafner, 1971)
in single crystal sﬁockmloading experiments. Thus, py-
roxene is not shock-melted at pressures up to a megabar.

I would put the shock vitrification of pyroxene or olivine
as the boundary of zone IV, Since this has not been
experimentally achieved on single crystals, I have not
defined any new zones between LOO and 1000 kb. Zone 111
consists essentially of tectosilicate melt including
crystalline mafic minerals. The shock pressure at which
the post-shock temperature of this melt will be sufficient
to melt those mafic minerals has not yet been determined
experimentally. Experimental shock-loading studies of
basaltic rocks will resolve this question and delineate
the P,T conditions at which rock melting will be achieved
(for example, Dence, 1971). At still higher pressures
extensive shock vaporization will occur. Both these
problems require a great deal of study and experimental

shock-loading research.
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