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ABSTRACT

Part 1.

The application of a new borehole technique wusing holographic inter-
ferometry to measure the in situ state of stress and the modulus of elasti-
city of rock is discussed. The apparatus exposes two holograms which
are taken both before and after micron scale displacements are induced by
(1) drilling a small stress-relieving hole in the wall of a borehole, and (2)
applying a normal point force to the borehole wall. Maximum induced
displacements are approximately 10 microns; the holograms are sensitive to
movements on the order of 0.1 micron. Raw data take the form of a series
interference holograms which have dark fringes superimposed on the three
dimensional holographic borehole wall image. Synthetic fringe patterns are
used to forward model the observed in the present method of data
analysis. Calibrations of the normal force method of measuring the elastic
moduli is carried out on metals with well defined elastic properties. Typi-
cally each test yields elastic (Young’s) moduli for brass and aluminum of 100
4+ 10 GPa and 70 + 5 GPa, respectively, which are in close agreement with
standard tests. Laboratory holographic measurements of the Young’s modulus
on a sample of keragenaceous dolomitic marlstone (taken from the same mine
as which the in situ experiments were conducted) yielded 16.8 + 2.8 GPa in
agreement with the predicted modulus of 17.2 + 2.0 GPa based upon pub-
lished density-modulus relationships. Sonic velocity determinations of the
dynamic Young’s modulus on cores taken from the rock sample give values

consistent with the holographic measurements of 13.5 to 19.1 GPa for assumed
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values of Poisson’s ratio of 0.35 to 0.25. The results of field tests in a horizon-
tal borehole in a mine pillar in the Mahogany formation of Garfield
County, Colorado, are presented for both experiments. The elastic modulus
was found to vary with position in the borehole from 26.9 to 36.0 GPa. The
farfield stresses for a borehole station 4 m from the mine pillar free surface
were found from analysis of several stress-relief holograms; the determined
vertical stress within the mine pillar was -10.2 MPa (compressive) close

to the predicted magnitude of -11.2 MPa.

Part II.

Greybody temperatures and emittances of fused quartz under shock compres-
sion between 10 and 30 GPa are determined. Observed radiative tem-
peratures are higher than computed continuum temperatures for shock
compressed fused quartz, however; below ~ 26 GPa observed emittances are
< 0.02. This suggests that fused quartz deforms heterogeneously in this
shock pressure range, as has been observed in other minerals. Between 10
and 16 GPa, radiative temperatures decrease from 4400 K to 3200 K, above
16 GPa to 30 GPa greybody temperatures of ~ 3000 K with low emit-
tances are observed. The emittances increase with pressure from 0.02 to 0.9.
The pressure range from 10 to 16 GPa coincides with the permanent
densification region while the 16 to 30 GPa range coincides with the mixed
phase region along the fused quartz Hugoniot. The differing radiative
behaviors relate to these modes of deformation. Based upon shock recovery
experiments and a proposed model of heterogeneous deformation under

shock compression, the temperatures associated with low emittances in the
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mixed phase region probably represents the melting temperature of the high
pressure phase. Above 20 GPa to 30 GPa the melting temperature of
stishovite would therefore be approximately 3000 K and almost independent
of pressure. The effect of pressure on melting relations for the phase sys-
tem S:0 4-Mg S5:0 4 are considered together with the proposed melting curve
of stishovite and suggest that maximum solidus temperatures within the man-
tle of ~ 2370 K at 12.5 GPa and ~ 2520 K at 20.0 GPa. Using the proposed
stishovite melting temperatures (7T, ) and reasonable upper mantle tempera-
tures (T'), the effective viscosity (which is a function of the homologous tem-
perature (T,, /T )) appears to remain nearly constant from 600 to 200 km

depth in the Earth.

Radiative color temperatures were measured in single crystal sodium chloride
under shock compression parallel to [100] over a pressure range from 20 to 35
GPa. Color temperatures from 2500 to 4500 K and emittances from 0.003 to
0.3 were determined by fitting observed spectra (450 to 850 nm) to the Planck
greybody radiation law. These data support a heterogeneous shock deforma-
tion model of shocked halite in this pressure range. A 2500 K temperature
rise is observed over the B1-B2 mixed phase region from 25 to 30 GPa.
Assuming that shock deformation occurs via yielding in localized planar zones
which become melt and the melting temperature at high pressure controls the
temperature, we infer that the temperature of the B2 fusion curve from 30 to
35 GPa rises from 3200 to 3300 K. The B1-B2-liquid triple point is predicted

at a temperature of 2250 K and 23.5 GPa.
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Introduction

The research presented in this thesis is concerned with two different
experimental problems, one dealing with the state of stress in the crust of the
Earth and the other with the properties of minerals at high temperatures and
pressures. At first glance these subjects appear unrelated, and for practical
purposes they are. However, in the big picture, crustal stresses, especially in
tectonically active regions of the Earth, are a manifestation of dynamic
processes occurring at depth within the mantle. Thus, better understanding of

one problem aids in constraint of the other.

The first topic is the application of double-exposure holography to the
measurement of the in situ state of stress in the Earth. As the holographic in
situ stressmeter is a developmental project, the present study builds on the
earlier work of Bass et al., (1986), Schmitt et al., (1986a), Schmitt et al.,

(1986b), and Smither et al., (1987).

Optical holograms have been popularized by their ability to recreate
three-dimensional images. A double-exposure hologram is created on a single
piece of film by taking a holographic exposure of an object (in our case a por-
tion of the borehole wall is the object) and then taking a second exposure after
the surface of the object has been displaced or deformed. Interference of the
two holograms records the object displacement field, the data appear as a
series of dark fringes superimposed upon the three-dimensional holographic
image. Here, we exploit the process of double-exposure holography to record
either a stress-relief induced or a known normal point force induced displace-
ment field on the borehole wall for the determination of the ¢n situ borehole

wall stresses and elastic moduli. Since stress measurements which rely on



stress-relief displacements are dependent on the in situ elastic moduli, the two
experiments are complementary, especially when it is noted that the displace-

ments induced are similar for both.

Although the concept behind double-exposure holograms is simple in
principle, application of the holographic technique in a borehole is technically
difficult. A high degree of stability must be maintained to create a double
exposure hologram. Any displacements of the optics between the two holo-
graphic exposures appears as translational fringes in the final holographic
image and is considered noise in the data. These additional fringes must be

accounted for in any data analysis.

The present data analysis relied upon a spatial forward modelling of the
observed fringe patterns which are dependent upon the magnitude and direc-

tion of the induced displacements on the borehole wall.

New results presented in this study include a measurement of the com-
plete stress tensor from several holograms at a single depth within a horizontal
borehole in an oil shale mine pillar in Garfield County, Colorado. The n situ
modulus of elasticity was also measured at four locations within the same
borehole. Laboratory calibrations of the normal point force method of elastic
modulus determination were conducted on metals with well-known elastic pro-
perties and show that the technique, with the forward modelling data analysis,
may successfully measure the modulus of elasticity of a material despite large

translational displacements.

Shock temperature measurements in fused silica and crystalline NaCl at
shock pressures below 35 GPa are reported in the second part of the thesis.

The present studies have a higher resolution of pressure than the earlier



exploratory work of Kondo and Ahrens (1983), Schmitt and Ahrens (1983) and
Schmitt et al., (1986¢). Temperatures much higher than those expected for a
shocked continuum are observed and are indicative of heterogeneous deforma-
tion of these materials under shock compression. The new results are particu-
larly interesting in that near a the B1-B2 phase transition in NaCl and the
fused quartz to stishovite phase transition the shock temperatures increase by
as much as 2000 K and decrease past the phase transitions. These anomalous
results may be related to an effective activation energy for the phase transition
on the time scale of the rise of the shock. Additionally, a model of heterogene-
ous deformation explaining many features of shock compression in brittle
material (e.g., existence of glass in shock recovered crystals and the loss of
strength above the Hugoniot elastic limit) is proposed. The model suggests
that the observed temperatures may be those of the melting curve of silica and

NaCl with pressure.
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Chapter 1.

IN SITU HOLOGRAPHIC ELASTIC MODULI AND
STRESS MEASUREMENTS FROM BOREHOLES

ABSTRACT

The application of a new borehole technique wusing holographic inter-
ferometry to measure the in situ state of stress and the modulus of elasticity
of rock is discussed. The apparatus exposes two holograms which are taken
both before and after micron scale displacements are induced by (1) drilling
a small stress-relieving hole in the wall of a borehole, and (2) applying a nor-
mal point force to the borehole wall. Maximum induced displacements
are approximately 10 microns; the holograms are sensitive to movements
on the order of 0.1 micron. Raw data take the form of a series interference
holograms which have dark fringes superimposed on the three-dimensional
holographic borehole wall image. Synthetic fringe patterns are used to for-
ward model the observed in the present method of data analysis. Cali-
brations of the normal force method of measuring the elastic moduli is car-
ried out on metals with well-defined elastic properties. Typically each test
yields elastic (Young’s) moduli for brass and aluminum of 100 + 10 GPa and
70 + 5 GPa, respectively, which are in close agreement with standard
tests. Laboratory holographic measurements of the Young’s modulus on a
sample of keragenaceous dolomitic marlstone (taken from the same mine as
which the in situ experiments were conducted) yielded 16.8 + 2.8 GPa in

agreement with the predicted modulus of 17.2 4+ 2.0 GPa based upon



published density-modulus relationships. Sonic velocity determinations of the
dynamic Young’s modulus on cores taken from the rock sample give values,
consistent with the holographic measurements, of 13.5 to 19.1 GPa for
assumed values of Poisson’s ratio fo 0.35 to 0.25. The results of field tests in a
horizontal borehole in a mine pillar in the Mahogany formation of
Garfield County, Colorado, are presented for both experiments. The Young’s
modulus was found to vary with position in the borehole from 26.9 to 36.0
GPa. The farfield stresses for a borehole station 4 m from the mine pillar
free surface were found from analysis of several stress-relief holograms; the
determined vertical stress within the mine pillar was -10.2 MPa (compres-

sive) close to the predicted magnitude of -11.2 MPa.

INTRODUCTION

Knowledge of the state of stress in the Earth is an essential component
of the solution to many geotechnical and geophysical problems. Stresses
within the Earth affect underground repository design and safe mine construc-
tion. The in situ stresses present in the lithosphere constrain the plate tec-
tonic driving forces. Application of the hydrofracture technique to stimulate
petroleum and geothermal energy recovery requires knowledge of the
orientation and magnitude of the principal stresses (Haimson and Fairhurst
(1967), Hubbert and Willis (1957)). Moreover, it has recently been recog-
nized how in situ stress controls seismic anisotropy of rock due to pre-
ferential orientation of microfracture opening (Thomsen (1986), Crampin

et al., (1978, 1980), Nur (1971), Stesky (1985)).



The objective of the our research is to determine the state of stress in
the Earth from a borehole. However, the borehole concentrates regional
stresses, additionally the stressmeter observes only the surface of the
borehole wall. Therefore, to find the farfield (~ 10 times the borehole
radius away) stress tensor at a given station within the borehole, the three
nontrivial borehole wall stresses: ogg, 0y, and 7y, (see figure 14) must be
determined at at least three independent azimuths within the borehole
(Hiramatsu and Oka (1962), Leeman and Hayes (1966), Cohn (1982), Bass et
al., (1986)).

We have previously described the holographic n situ stressmeter
(Bass et al., (1986)) and the methodology of reducing interference holograms
taken in different orientations (Smither et al., (1987)). The present paper is
concerned with measurement of the six components of the stress tensor and

the in situ elastic (Young’s) modulus: E.

The present stressmeter is capable of conducting two separate
experiments, both necessary for determination of the in situ stress, from an
uncased clean borehole. In the first experiment, a known normal point
force applied to the borehole wall rock induces a displacement field which is
proportional to E. A small hole is drilled into the borehole wall to locally
produce stress-relief displacements dependent upon the ¢n situ stresses for
the second experiment. The feasibility of using double exposure holography
to measure stresses has recently been independently confirmed in the engineer-
ing community (Nelson and McCrickerd (1987)). Since stress determina-
tions via a stress relief methods are critically dependent upon accurate

knowledge of the elastic moduli, the two experiments are complementary.



The value of performing both experiments with the holo-
graphic technique is further reinforced by the fact that induced point force
and stress-relief displacements and strains are similar. The double-exposure
holograms are capable of resolving displacements as small as 0.1 microns or
approximately 1/6 the wavelength of the laser radiation used. Calibration of
the optics module with known translational displacements have been
previously discussed (Bass et al., (1986)). Maximum displacement magnitudes
for both experiments are < 10 microns and strains encountered are approx-
imately 100 microstrains measured over a 10 ¢cm square region. In contrast,
conventional in situ static elastic modulus testing methods - compression
tests, plate bearing tests, flat jack tests, dilatometer tests, and the N-X
borehole jack tests (Bieniawski (1978), Jaeger (1979)) - measure the rock elas-
tic moduli on varying length scales, force levels, and strain magnitudes. For
example, the N-X borehole jack applies up to 700 KNewtons of force via 20.3
cm long platens to a 7.62 cm diameter borehole (Goodman, Van, and Heuze
(1970)) producing typical displacements of 0.2 mm (Meyer and McVey
(1974)) with strain magnitudes near 1 mstrain. Forces up to 11.8 MNewtons
are applied to areas on the order of 1 m? in the plate bearing experiment, dis-

placements up to 2.5 mm and strains of 1 mstrain are induced (Jeager

(1979)).

Although the measured rock modulus is affected by the scale of the
experiment and the density of discontinuities in the rock mass (Bieniawski and
Van Heerden (1975)), the holographic elastic modulus test, which supplies
small scale values of E, would also benefit other stress measurement tech-

niques such as the the C.S.LR. doorstopper cell (Leeman (1969)), the



triaxial strain cell (Leeman and Hayes (1966)), the direct strain gauge tech-
nique (Swolfs, Handin, and Pratt (1974)), and the borehole slotter stressm-

eter (Bock et al., (1984)).

Although application of normal forces and stress-relief by drilling
have been used previously, the present application with double exposure
holography is new. The blind-hole drilling technique (Rendler and Vig-
ness (1966)) uses strain gauges to measure residual stresses in metal
machinery components. The plate bearing method of determining elastic
moduli in rock (Jeager and Cook (1979)) shares an identical theoretical
basis with the present method. The present raw data consists of a series
of dark interference fringes superimposed upon the reconstructed image
of the borehole wall. The fringe pattern depends uniquely on the magnitudes
and directions of the induced displacement fields which in turn are dependent

on the in situ stresses and rock elastic moduli.

In the present paper, the theory behind the holographic measure-
ments and the forward modelling of the data, with particular emphasis
on the normal force experiment, are outlined. The results of laboratory nor-
mal force experiments on brass and aluminum alloys, as well as a sample of
dolomitic marlstone (oil shale) taken from the Mahogany formation,
Garfield County, Colorado, are discussed. Results of recent in situ deploy-
ment of the stressmeter in a borehole in a mine pillar of the dolomitic marl-
stone for both the normal force and stress-relief experiments are also

presented.
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DOUBLE EXPOSURE HOLOGRAPHY

Double-exposure holography (Vest (1979), Schumann and Dubas
(1979), Jones and Wykes (1983)) is an optical interferometric technique to
record a three-dimensional displacement field which occurs between two holo-
graphic exposures of a single emulsion. The off-axis holograms are created
with monochromatic laser radiation (figure 1) and produce the charac-
teristic  three- dimensional effect when viewed (Leith and Upatnieks
(1962,1964)). A double-exposure hologram is, in effect, two off-axis holograms
on the same film. It is produced by first taking a holographic exposure of
an object, then translating or deforming the surface of the object, and
taking a second holographic exposure. In the present experiments, a portion
of the borehole wall surface (approximately 10 cm square) is the
object; the displacements induced by force application (figure 1) or drilling
(figure 2) occur between two exposures of the film. The result is a three-
dimensional image of the borehole wall with a superimposed fringe pattern
(figure 3).

An optical hologram is a diffraction pattern produced by the interfer-
ence of a reference beam and light nonspecularly reflected from the
object, referred to as an object beam, within the emulsion of the holo-
graphic film (figure 1). Reconstruction of the hologram occurs when a
replica of the reference beam is passed through the hologram to diffract
and recreate the object beam. In this way both the amplitude and the phase
of the original object wavefield are reproduced, resulting in the three
dimensional image. Within a double exposure hologram, two slightly

different object wavefields are reconstructed which in turn interfere to



- 11 =

\ UNDEFORMED
a ——BOREHOLE
pP—
M1
REFERENCE

BE AM INDENTER

REFERENCE INDENTER

BEAM

ASER >
/LASER / /7 OBJECT M3
BEAM

BEAM
SPLITTER

Figure 1). Method of Producing a Double Exposure Hologram for Elas-
tic Modulus Measurement Experiment. To create an off-axis hologram, mono-
chromatic laser radiation is separated into two paths by a beam splitter.
The reference beam is diverted by mirrors M1 and M2 and expanded by lens
L1 to illuminate only the film emulsion. The object beam is diverted by
mirror M3 and expanded by lens L2 to illuminate the borehole wall
which scatters the light back to the film. The object and reference beams
interfere in the emulsion and produce a diffraction pattern which is the holo-
gram. 1a) Schematic of elastic moduli experiment during first hologrphic
exposure, P is a point on the borehole wall within the field of view of
the hologram. 1b) Known force is applied by the steel indenter to the
borehole wall and induces a three dimensional displacement field, P’
represents the new displaced position of P. While the displacement field
is maintained, the second exposure is taken on the same film.
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STRESS RELIEF HOLE
WILL BE DRILLED

/ BOREHOLE WALL
& ~DEFORMS BECAUSE OF
STRESS RELIEF HOLE

BEFORE DRILLING AFTER DRILLlNG

Figure 2). Plan view of borehole and displacement field induced by
drilling of stress-relief hole in borehole wall for stress measurement experi-
ment. Holographic exposures are taken before and after drilling record
the ~ three-dimensional displacement field.
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Figure 3). Example of a Stress-Relief Double Exposure Hologram.
Stress relief hole is seen near center of photograph. Long, subparallel fringes
across photograph are due to translations of the optics module between
holographic exposures. Rounded, semicircular fringes near drilled hole are
from the induced stress-relief displacements and are the data for this
experiment. Source of laser radiation (S) is to left of photograph, bot-
tom of photograph is towards the South, and hologram taken at 6 = 4225 deg
(figure 14¢). Matching forward modelled fringe pattern is #4 of figure 26.
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produce the displacement dependent fringe patterns.

A fringe on a double-exposure holographic image occurs when a ray
of light from the first exposure (S-P-H) with (figure 4) and its corresponding
ray from the second exposure (S-P’-H) are out of phase by an odd number
of half wavelengths of the monochromatic light used to make the holo-
grams. Thus, in addition to the displacement (L) between exposures, the
existence of a fringe at a given point on the object is also dependent upon
the relative positions of the object beam source (S), the point on the object
beneath the fringe (P to P’), and the point on the holographic emulsion (H)
from which the image is viewed (figure 4) and represented by the position vec-
tors: R,r; and rg as illustrated in figure 4. The wave vectors k; ko k5 and
k, have magnitude of 2mw/X\; the projection of a wave vector upon its
corresponding position vector yields the phase of the light when it arrives at
the end of thé position vector. The phases of the light reaching H after
being reflected from P for the first exposure and P’ for the second exposure

are given by (Sollid (1969a, 1969b), Vest (1978)):
(1) @=kyry+ky(R -1y
and
(2) ® =kgrg+ ky(R - ry).

The phase difference: § = ®' - &, between the ray paths for the first and

second exposures may then be given as
(8) 6=(ko-ky)(r1-13)+ Akyrzg+ Aky(R ~ry)

where Ak, = kg—k,; and Aky =k, k,. Note the displacement occur-

ring between the exposures in the movement of P to P’ is given by
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Figure 4?. Ray Path Diagram Illustrating Double Exposure Process.
Object beam laser light propagates from the source point (S) to a point (P)
on the borehole wall and is reflected to a point on the holographic emulsion
(H) for the first exposure. The point P is displaced to P’ a distance given by
L and the second exposure with the new ray path: S-P’-H, is taken. R, r,
and rg are the distances as defined in the figure. The ray propagation vectors,
of magnitude 27/\, are k,k,, ks, and ky. K = (ko — k) is the sensitivity
vector. A dark fringe is produced when the light propagating along the S-P-H
ray path and the light along the S-P’-H ray path destructively interfere. The
magnitude of L is on the order of microns in contrast to r; and r; which are

several cm allowing the approximation of equation (4) to be wvalid (Sollid
(19692.1969b)).
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L = r, - rg(figure 4) with a magnitude of microns in contrast to the several
centimeter magnitudes of the postion vectors. As a result, the vectors
(k3 — k;) and (k4 — ko) are nearly perpendicular to the position vectors 75 and
(R - r3), respectively, and their projection upon the position vectors vanish

to simplify equation (3) to:
A dark fringe order: N is thus given by:

(5) N = 1/2(% 1)

and a dark fringe exists when N is any integer.

To reconstruct holograms for purposes of data analysis, the two
dimensional real image is created by propagating a laser beam through the
developed emulsion (figure 5). The advantages of this technique are twofold.
The position on the hologram (H) (figure 4) from which the image is recon-
structed, necessary for determining ray paths during data analysis, is easily
determined to an accuracy of 4+ 1.0 mm, and the diffracted real image may
be directly projected onto sheet film with a minimum of spatial image dis-

tortion.
DATA ANALYSIS AND THEORY OF DISPLACEMENTS

FORWARD MODELLING PROCEDURE

In an ideal analysis of a double-exposure hologram, the observed fringe
pattern is inverted to determine the three-dimensional displacement vector L

for a given point P on the borehole wall. Rigorous methods require at least
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Projected
Real Image

Figure 5). Two-dimensional reconstruction of real image in order to
make photographs for analysis of fringe patterns. Laser beam propagates
through film emulsion at hologram point H (figure 4), a portion of the beam
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three observations of L, either from multiple holograms at different locations
about an object (Ennos (1968)) or from several points on a single large holo-
gram (Aleksandrov and Bonch-Bruevich (1967), Dhir and Sikora (1974)). This
is due to the fact that, by equation 4, one observation of the fringe order
for a given object point P yields only the component of the displacement
vector L projected onto the sensitivity wavevector: K = (ko - k;) (Vest
(1979)). Three phase measurements for an object point P: §; &, and &3 are
therefore required to find the three independent components of L. Since the
relative positions of the source point (S) and a defined object point (P) (figure
4) do not change, an independent sensitivity vector K demands that a new
hologram point be selected (figure 6). k, ko', ko2, and k,> are the wave vec-
tors of magnitude 27/X\ as shown, H,, Hy, and Hj are three separate points
on the hologram, K;= (ko' - ki) Ko =(kp* - &), snd K, = (k°— k)
are  the  sensitivity  vectors for the independent ray paths
(S-P-H,), (S-P-H,), and (S-P-Hj), respectively. The unknown displace-
ment vector L may then be determined by the system of equations of equa-

tion (4) (Veest (1979)):
(6a) 6, = KL
(6b) 6, = KoL
(6¢) 8+ KoL

since 6; ¢, and 63 are found from the fringe pattern and K| K,, and K are
known given the positions of S and P and H,, H,, and Hj, respectively.
The displacement field of the object surface may thus be determined by

finding the displacement vector L for a number of surface points P to the
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Figure 6). The use of three different hologram points to find the dis-
placement vector L of point P between holographic exposures. See text for
details.
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desired spatial resolution.

The present experiments are conducted within the confines of a
borehole; the luxury of multiple or large holograms for the determination of
the borehole wall displacement field is not available due to experimental
constraints. For these reasons, a forward modelling data analysis method
has been developed. Instead of finding L for a number points on the
borehole wall, the desired parameters (borehole wall stresses or elastic moduli)
are input directly into an algorithm which computes a synthetic
double-exposure fringe pattern. The unknown parameters are varied until

the synthetic fringe pattern and the observed fringe pattern spatially match.

The first step of the forward modelling algorithm selects a grid of
borehole wall object points (P,;) with positions relative to a stressmeter
instrumental cartesian co-ordinate system x, y, z (figure 7). Note that the x-z
plane through the origin includes the source point (S) and is perpendicular to
the borehole axis. The x-y plane and the y axis are tangent to the borehole
wall and parallel to the borehole axis. For each point P;; a displacement

vector L;; is found by:
(7) Lijj =T + I

where T is the optics module translational displacement vector (constant
for all P;;) and I;; (dependent upon P;;) is the induced (i.e., stress-relief or
normal force) displacement vector discussed in more detail below. The sensi-
tivity vector K;; for the ray path S—P,;;—H is then calculated and combined
with L via equation (4) to find the phase difference 6;;. The dark fringe

order: NV;

ij» for the point P;; is then found using the criteria for a dark fringe
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Figure 7). x-y-z co-ordinate system with respect to the borehole wall and
source point S and hologram point H for purposes of calculating a forward
modelled fringe pattern. O is origin of cartesian co-ordinate system x-y-z with
the x-y plane tangent to the borehole and the x-z plane containing the source
point S. In the forward modelling, for each grid point P;; on the borehole wall
a displacement vector L,; and sensitivity vector K are found, and when
combined via equations 8 and 9 determine fringe existence at P;;.
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that the phase difference be a odd number of half wavelengths of the laser
light used and, as in equation (5), expressed as:

(8) Nt.]. — l |:5L - 1}

2 T

Let M be an the closest integer to the real number NN;

ij» then the algorithm

declares the existence of a dark fringe of order M at P;; if:
(9) | M-N;; | <b

where b is the maximum dark fringe order limit and typically has a value of
0.15 determined upon the basis of experience with forward modelling of
holograms. Upon declaration of a dark fringe, a black mark is plotted over the
position on the synthetic fringe pattern corresponding to P;;. Nothing is plot-

ted if a dark fringe is not declared.

Input values to the algorithm are of two types: those premeas-
ured and initialized during the forward modelling procedure and those

varied in order to determine the desired parameters (Table 1).

ELASTIC MODULUS DISPLACEMENT MODEL

To find the induced displacements I;; the elastic moduli measurement
experiment relies upon the theory of surface displacements on an infinite,
isotropic, elastic halfspace subjected to a normal point load: the Boussinesq

problem given by (Timoshenko and Goodier (1970)):

(10} U, = M

§ mE p

_ =F{l —29)l1 + ¥

1
(1) ¥, 2nE p
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Table 1) Initialized and Varied Parameters for Forward Modelling

INITIALIZED VARIED
Elastic S = Source Position E = Modulus of Elasticity
Modulus H = Hologram Position v = Poisson’s Ratio

Experiment |F = Applied Normal Force |T = Translational Displacements

S = Source Position 0gg | Borehole
Stress H = Hologram Position th‘f Wall
Measurement |a = Drilled Hole Radius Toh LStresses

Experiment [t = Analytic Plate Thickness

E = Modulus of Elasticity T = Translational Displacements
v = Poisson’s Ratio
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where U is the displacement normal to the surface, U, is the radial displace-

p
ment from the point of indention, F is the applied normal force, p is the radial
distance from the point of indention, E is the modulus of elasticity, and v is
Poisson’s ratio. The relationship of the cylindrical co-ordinate system p, @, ¢
with origin O’ at the point of force application to the x-y-z Cartesian co-
ordinate sytem described above is illustrated in figure 8. Anisotropy of the
rock has not been considered in this study. For rock, E commonly ranges
from 10 to 100 GPa; point forces of 50 to 500 N are required to achieve
sufficient displacements (0.5 to 5um ) for holographic measurement. Typi-

cal Boussinesq displacements (figure 9) are plotted for an applied normal

force of 5000 N on an elastic halfspace E = 50 GPa and v = 0.3.

The Boussinesq solution is an approximation of the true response of the
material to the force; for example, the displacement equations (10) and
(11) are singular at the point of force application. In reality, a finite area
exists at the indenter-rock contact in which nonelastic processes (plastic defor-
mation and fracturing) may dominate the induced displacements near the
force application point. Therefore, the solution for an elastic halfspace sub-
jected to a distributed load is more appropriate. The steel indenter typi-
cally leaves marks on the borehole wall which are < 1 mm in diameter pro-
viding a conservative estimate of the area of contact. The solution for the
response of an elastic halfspace to a circular distributed load (Timoshenko and
Goodier (1970)) is found by superposition of an infinite number of point loads
over the area of contact. A comparison of the point and distributed load
solutions with the parameters of figure 9 (table 2) indicates rapid conver-

gence past 0.2 cm from the point of force application; i.e., the distributed
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Figure 8). Relationship of cylindrical induced displacement co-ordinate
system p, ¢, and¢ to hologram Cartesian co-ordinate system x-y-z.
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Table 2) Comparison of Point and Distributed Load Displacements

Force of 5000 Newtons applied to a material of E = 50 GPa and v = 0.3.

Radial Distance
from
Force Application
(cm)
0.25
0.50
1.00

1.50

Point Load
Normal
Displacement
(um )

11.58
5.79
2.896
1.9307

Distributed Load
Normal
Displacement
(um )
11.83
5.82
2.898

1.9309
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load values fall within the thickness of the lines drawn for the point load in
figure 9. The region less than 0.5 ¢cm from the force application point is
blocked by the steel indenter in the reconstructed holographic image; there-
fore use of the simpler point load solution is justified in holographic deter-

minations of E.

In principle, both E and v may be found with the holographic technique.
In practice, however, the force induced displacements are only weakly depen-
dent upon the value of v, the number and size of the fringes are strongly con-
trolled by the magnitude of E (figure 10a) whereas variations in v over the
range commonly encountered in rocks (0.25 to 0.35) produce minimal change
in the fringe patterns (figure 10b). Figure 11 illustrates quantita-
tively the differing effect of E and v on the normal force displacements cal-
culated by equations 10 and 11 as a function of radial distance from the
point of force application. Up is the magnitude of the displacement vector

with the components of U, and U

1

(12)Up = [UZ + U2,
Values Ugp for a constant v of 0.3 are plotted as a function of radial dis-
tance from the point of force application for normal force-modulus of elasti-
city ratios (F/E) of 10, 5, 3.33, and 2.5 N/GPa (figure 11a) , e.g., for a force
of -100 N the value of the modulus of elasticity would be 10, 20, 30, and 40
GPa, respectively, typical for many rocks. For comparison, Uy, for a con-
stant F/E of 4 N/GPa, is plotted for values of v of 0.15, 0.25, 0.35, and
0.45 (figure 11b). These plots illustrate that the displacements induced by

application of a normal point force to the borehole wall surface are
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F/E=1.5x10"%m?

Figure 10a). Sensitivity of the Boussinesq holographic fringe pattern to
variations in the modulus of elasticity: E.
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Figure 10b). Sensitivity of the Boussinesq holographic fringe pattern to
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Total Displacement uy (um)

Total Displacement u; (um)

Radial Distance From Point of Force Application (cm)

Figure 11). Uy as a function of distance from point of force application
for value of F/E of 10, 5, 3.3, and 2.5 N/GPa. Thick horizontal line represents
displacements required to produce zeroth order fringe with present optical
arrangement. 11b. Up as a function of distance from point of force applica-
tion for changes of Poisson’s ratio for two cases of F/E of 10 and 3.3 N/GPa.
Thick line same as in 10a.
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more dependent upon E than upon v. The position of the center of the zeroth
or first fringe, as determined by forward modelling of fringe patterns, occurs
when the magnitude of the induced displacements are 0.230 4 0.005 pum
given the present geometry of the optical recording system; for example,
for a typical applied normal force of -100 N on a material of E = 10 GPa
(F/E = 10 N/GPa), a change in v from 0.45 to 0.15 results in a shift of
the zeroth fringe center by 0.9 cm; with the same force on a material of v =
0.25 an increase of E of 3.5 GPa is required to effect the same change in pos-
tion. This effect is more graphically illustrated in figure 12 a and b in
which the position of the zeroth and first order fringes, determined by
forward modelling of fringe patterns, with respect to the point of force appli-
cation are plotted, in figure 12a the F/E ratio is held constant and v is the
independent variable whereas in figure 12b v is held constant and F/E is
varied. The plot quantitatively illustrates that although the position of the
fringes are affected by both E and v the effect of E is much larger, i.e., small
changes in E produce fringe postion shifts larger than those due to extreme

changes in v.

The fringes of an actual reconstructed holographic image have finite
width on the order of 1 em for the zeroth order fringe with poorly defined
edges (see figures 18 and 19) making impossible sufficiently accurate deter-
mination of the center of a fringe by visual observation.  The present for-
ward modelling of fringe patterns is unable to resolve differences in the
fringe patterns due to small changes in v at present; the technique is applied
to the determination of E only and a reasonable value of v for the material

under study is initialized in the algorithm.
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Figure 12). Position of zeroth and first order fringes from point of force
application. 12a. Postion of fringe center versus Poisson’s ratio: . 12b Posi-
tion of fringe center versus force/elastic modulus ratio: F/E.
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STRESS MEASUREMENT DISPLACEMENT MODEL

The analytic stress-relief displacement model is based upon the response
of an infinite, isotropic, elastic plate with a throughgoing hole and with
a thickness dependent upon the stress-relief hole depth (figure 13). The dis-
placement equations (Bass et al. (1986)), are given in terms of the three

nontrivial borehole wall stresses:

1 a?
(13) U, = 2= (o0 + o0 0 + )

4q2

4
+ (005 - oy )| —— - (1 + v)=]cos 2¢
p

4a* &
+ 27, [_a_ -1+ I/)-a?]sm 2(;5}
P p

1 242 g* .
(14) Uy = T { [(1-v) ; + (1 +I/)—p?][(099 — Oy )SIN 2¢ — 27y, coquS]}
2
(15) U, = 2‘1 Qt [(0gg — opp Jcos 26 + 275, sin 2¢)
p

where U,, U, and U, are the displacements relative to the cylindrical
co-ordinate system p, @, ¢ centered on the stress-relief hole of radius a and
depth ¢t /2 (figure 13). In the forward modelling procedure, the three
borehole wall stresses: ogy, 04, , and 75,  are varied until a suitable match is

found.

The stress-relief displacement model is not as well understood
as simpler normal point force Boussinesq model above. Displacement models
commonly applied to blind hole drilling with strain gauges consider only dis-

placements parallel to a surface (Flaman and Manning (1987), Rendler and
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Figure 13). Isotropic, homogeneous, infinite, elasitic plate which forms
basis of analytic stress-relief displacement model. Stress-relief hole of radius a
and centered on origin of co-ordinate system p, ¢, and¢. Plate subjected to

nontrivial borehole wall stresses: 04,04, ,75, - See figure 14b and equations 13,
14, and 15.
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Vigness (1966)). Since the holographic technique records a three-
dimensional displacement field, motions perpendicular to the borehole surface
must also be considered. The model presented must be considered prelim-
inary, however, calibrations of the double-exposure stress-relief experiment
indicate the model is a good approximation to the actual displacements (Bass
et al., (1986)). For example, in an aluminum block under an uniaxial compres-
sive stress of -120 MPa, the holographically determined stress was -80 MPa,
suggesting an uncertainty of 35% with the analytic displacement model.
Recent two dimensional finite element analysis of the problem suggests that
the analytic model wunderestimates stress-relief displacements resulting

in overestimated borehole wall stresses by up to 10% (Smither et al., (1987)).

These three borehole wall stresses: oy, 0, , and 74, , are concentra-
tions of farfield stresses ( with respect to the X, Y, Z co-ordinate frame
(figure 14a,b) by the borehole defined by ((Hiramatsu and Oka (1962), Lee-
man and Hayes (1966)):

(16) 04g(0) = oxx + oyy — 2(0xx — Oyy )cos 20 — Txy s1n 20
(17) ahh ((9) e —V[.?(O'XX = Uyy)COS 29 + 47'Xy «Sl"n 29] + O'ZZ
(18) 74, (6) = 2(7yz cosd — Txz sinb)
where 6 is the azimuth of the hologram in the borehole. Inspection of equa-
tions 16, 17, and 18 reveals that at least three observations of the borehole
wall stresses:: oy, 04, and 75, at independent azimuths around the
borehole (figure 14b) are necessary to determine the complete farfield stress

tensor with normal components : oyy, 0yy, and 075 and shear components

Txys Txz, and 7yz. If data from more than three holograms are available
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Figure 14a Relationship of borehole and borehole wall stresses to farfield
stresses and X-Y-Z Cartesian co-ordinate system.
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Figure 14b). Placement of model plate in borehole and relationship of
cylindrical borehole co-ordinate system: r—6-h, to borehole Cartesian co-
ordinate system: X-Y-Z.
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Figure 14c). Relationship of borehole of present field experiments to
directions North-South (Z axis), East-West ( X axis), and Up-Down (Y axis).
Hologram field of view with hologram co-ordinate system: x-y-z, at azimuth: 4.



- 40 -

the farfield stresses may be determined via the method of least squares
(Smither et al., (1987)). The relationship of the X-Y-Z co-ordinate system to
the North-South horizontal borehole in which the field experiments were con-

ducted is shown in figure 14c.

FIELD EXPERIMENTS

In the prototype borehole instrument which has been constructed (Bass
et al., (1986)), stability is a critical consideration. Motion of the optical
recording system between holographic exposures yields additional rigid
body displacement fringes in the final image. To minimize this problem, the
instrument is composed of two mechanically separated modules. The
drill/force module drills the stress-relief hole for the stress experiment or
applies a known normal point force to the borehole wall for the elastic
modulus experiment. The second, or optics module, contains a He-Ne
laser (632.8 nm), holographic film, and the optics required to create an off-
axis hologram. To maintain stability, the two modules are mechanically
separated to reduce vibrations experienced by the module during drilling or

force application and are separately locked via rams into the borehole.

During a stress measurement experiment, after the instrument is locked
into place an initial holographic exposure is made of the borehole wall. A
drill is lowered into the view of the hologram and a small (approximately 1
cm diameter) stress-relieving hole is drilled into the wall. In response to
the new boundary conditions, the rock elastically deforms (figure 2). The drill
is removed from the field of view and the second holographic exposure

is made. The film is then advanced and the instrument moved to another
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location within the borehole for another experiment.

The elastic moduli experiment differs only in that, instead of drilling
the stress-relief hole, a known force is applied perpendicularly to the
borehole wall by a steel indenter and maintained through the second expo-
sure (figure 1). Conversely, the force may be applied during the first expo-

sure and released prior to the second exposure.

During a field experiment, the amount of force applied is propor-
tional to nitrogen cylinder supplied air pressure of 70 to 790 kPa supplied
to two air pistons (Bimba #FO-31-1.5) and measured to an accuracy of 0.25%
by air pressure gauges (Glasco). In a horizontal borehole the amount of force
applied the the borehole wall is dependent upon the instrument azimuth (6)
as the air pistons must lift the mass of the steel indenter against gravity.
Additionally, there are frictional losses. Calibration of the applied force was
carried out in the laboratory in a concrete tube mock borehole using a can-
tilever beam load cell (figure 15a) consisting of four strain gauges (Meas-
urements Group, #CEA-06-500UW-350) bonded with epoxy (Devcon ”Super
Glue”) to a steel strip (0.47 cm thick) and configured in a Wheatstone bridge
(figure 15b). Care is taken to account for and reduce hysterisis and tempera-
ture effects. The load cell was activated with a potential of 10 volts provided
by a regulated DC power supply (Lambda #LH-124 FM) and can measure
loads up to 2000 N without permanent deformation. Voltage imbalances of
2.55 to 41.30 mV across the strain gauge wheatstone bridge were monitored
by a digital voltmeter (Keithly #173 DMM) with a resolution of 0.01 mV
which corresponds to a sensitivity of 0.5 N/mV. Force as a function of

cylinder air pressure determined by comparing load cell response during
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Figure 15b). Schematic diagram of Wheatstone bridge configuration of
strain gages, V', is the input or activation voltage and V is the output vol-
tage of the bridge. Small change in the resistances R, R,, R3, and R, due to
the deformation of the load cell result in a change in V, for constant V.
Wiring diagram illustrates strain gage configuration which obtains maximun
sensitivity.
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Figure 15a). Schematic of load cell for calibration of forces applied to
borehole wall showing position of strain gages on steel cantilver beam.
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force application at a variety of air pressures from 70 to 760 kPa and
borehole azimuths: 6, (figure 14c) to the response of the system to a series of
known masses from 6.0 kg to 88.5 kg (figure 16) via a sytem of pulleys with
no mechanical advantage. The results of this calibration of the n situ
applied forces at ¢ = 0 and 90 degrees (figure 17) yields the following formula

for the field experiments:
(19) F = g(C-P - (Wsin(8) + [))

where F is the applied force in N, g is the acceleration of gravity (9.8 m /s?),
P is the air pressure supplied to the cylinders in kPa, C is a constant related
to the area of the pistons (0.30 kg/kPa), W is the mass of the steel indenter
which must be lifted against gravity in a horizontal borehole (5.2 kg), f is a
mass equivalent of the frictional forces within the pistons (3.0 kg), and 6 is the
azimuth within the borehole. In figure 17, data collected at § = 0 ° are
represented by error bars centered on black dots and data collected at § = 90
° are simple error bars. The error bars represent the range of the maximum
and minimum masses which were applied to the load cell to obtain the same
response as the normal force supplied by the pistons for several tests at a
given air pressure. Comparison of the lines lines of § = 0 ° and § = 90 °
calculated using equation 19 and the observed force-air pressure relationship of
the data points suggest that the uncertainty in the determination of the force
when equation 19 is applied is 10 %. The datum at =90 °, F = 600 to 700
N, and P = 300 kPa deviates significantly from the line calculated for

=90 ° and is believed to be an error in the measurement of the mass

applied to the load cell.
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Figure 16 a. Schematic of load cell with no normal force or masses
applied yielding low voltage. b. Load cell after application of normal force
with indenter, voltage is noted. ¢. Normal force removed and sufficient mass
applied to achieve same response and give force supplied by indenter in b.
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Figure 17?. Calibration curves of normal force applied by steel indenter
to borehole wall at azimuthes of § = 0 (error bars centered on dots) and § =
90 degrees (simple error bars) vs. air pressure supplied to pistons which drive
steel indenter. Lines calculated at constant 6 of 0 and 90 degrees using equa-

tion 19 derived from this data.
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LABORATORY EXPERIMENTS

Elastic modulus measurement holographic experiments were con-
ducted in the laboratory to evaluate the applicability of the method and to
gain experience with the data analysis procedures. Briefly, well-known normal
forces from 50 to 2000 N were applied to aluminum and brass blocks (2.54 cm
thick, 25.4 cm square). In these bench tests, the indenter was a specially
built steel lever with adjustable mechanical advantages of 0.5, 1.0 and 2.0
which magnified the force supplied at one end by a compressed air piston
(Bimba #FO0-125-4-EE2) (figure 18). The optics module was placed over, but
not in contact with, the apparatus in order to make holographic exposures for
the tests. Force magnitudes during a test were monitored by a Wheatstone
bridge configuration of strain gauges (Measurements Group, #CEA-06-
500UW-350) in a manner similar to those of figure 15 allowing resolution of
forces to better than 2%: the resolution accuracy of the hydraulic load cell
(Enerpac model LC-102 with a Enerpac series L-1 gauge with a resolution of +

10 N is used to calibrate the system.

RESULTS and DISCUSSION

Forces from 206 to 1576 N were applied to yellow brass (Muntz metal,
59.5% copper, 40% zinc, 0.25% tin, 0.25% lead, ASTM B171, alloy #365)
(figure 19, table 3) the modulus of elasticity was determined at 100 + 10 GPa
near a published value of 103 GPa for a composition of 60% copper and 40%
zine (Gray (1963)). The change in the fringe pattern with increasing force
is apparent. The large circular outer fringe is of zeroth order, fringe order

increases as the point of force application is approached. In general, the
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Strain

Indenter Gages

Strain |
Gages Piston

Figure 18 Schematic drawing of bench apparatus for testing of elastic
modulus experiment. Metal or rock sample is securely mounted on apparatus
and a normal force applied by a lever powered by an air piston. Applied force
is measured by strain gauges in a manner similar to figure 15.
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Figure 19). Laboratory Observed and Corrsponding Synthetic Fringe
Patterns for Elastic Modulus Experiment. Centimeter grid scribed in brass is
seen in photographs. Circular point force induced fringes are centered on steel
indenter in photograph foreground.
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Table 3) Laboratory Calibration on Brass

Test Hologram

Applied

Number Co-ordinates (cm) Force (N)

X y
1 -2.675 5.800
2 -0.450 5.650
3 0.200 5.650
4 0.175 5.700
5  -0.450 5.450
6 0.300 5.450

7 2.000 6.050

8 3.250 4.700

Z
18.56
18.56
18.56
18.56
18.56
18.56
18.56

18.56

206
366
446
572
945
1070
1237
1576

Translations

X
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.200

(um )

y VA
0.000 0.025
0.000 0.050
0.000 0.025
0.000 0.025
0.000 0.000
0.000 0.000
0.000 0.000

-0.200 0.000

Elastic Modulus

(GPa)

100 + 10
100 + 10
100 £+ 10
95 + 5
100 £+ 5
100 + 5
100 £+ 5
100 £+ 5

Note: Force Application Point: x = 0.00, y = -2.75 ¢m, z = 0.00.

Source co-ordinates: x = -6.19 cm, y = 0.00, z = 8.20 cm.
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diameter of the zeroth order fringe increases with force, however, there are
anomalous cases in which this fringe is larger for smaller applied forces.
These situations are a result of small translations (table 3) of either the optics
module taking the holograms or the brass block to which the force is
applied. The translations affect the zeroth order fringe more than higher
order fringes because the latter are a result of larger displacements, i.e., the
signal (Boussinesq displacement magnitude) to noise (translational displace-
ment magnitude) ratio increases with fringe order. This is further apparent
in the uncertainty inferred from fitting fringe patterns to obtain E which
appears to slightly decrease with increasing force; this uncertainty reflects

the resolution of the forward modelling technique.

Similar results are observed in tests on aluminum (alloy 2024, 3.8-4.9 %
copper, 0.5 % max silicon, 0.5 % max iron, 0.3-0.9 % manganese, 1.2-1.8
% magnesium) (figure 20, table 4) with applied forces from 525 to 1989
N. These holograms are of particular interest in that the larger applied
forces produced sizable translations which are evidenced by the long
subhorizontal parallel fringes across the photographs. Despite the addition
of these additional fringes to the hologram, the modulus of elasticity of the
aluminum block was found to be 70 + 5 GPa in close agreement with the pub-
lished value of 73.1 GPa for an aluminum alloy with similar composition (4.5
% copper, 1.5 % magnesium, and 0.6% manganese, Gray (1963)). Unex-
pectedly, the translational fringes allow a greater confidence in the result
due to the fact that if these fringes are readily observable (as in the last
three photographs of figure 20) they may easily be modelled and accounted

for and directly yield the dark fringe order. In contrast, the accuracy of
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1164 N
1769 N
1989 N

525 N
559 N
752 N

— i

Figure 20). Laboratory Observed and Corresponding Synthetic Fringe
Patterns for Elastic Modulus Experiment in Aluminum. Circular fringes
are due to displacements by known point force. Translational fringes are
apparent in last three holograms and were successfully accounted for in the
data analysis.
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Table 4) Laboratory Calibration on Aluminum

Test Hologram Applied Translations Elastic Modulus
Number Co-ordinates (cm) Force (N) (um) (GPa)
% y z X y z

1 0.075 5.500 18.56 525 0.000 0.000 0.000 67.5 + 2.5

2 0.900 5.400 18.56 559 0.000 0.000 0.000 70+ 5

3 0.075 5.550 18.56 752 0.000 0.000 0.000 704+ 5

4 3.175 4.700 18.56 1164 0.000 0.700 -0.080 70+ 5

5 2.275 5.500 18.56 1769 0.000 1.000 -0.060 70 £ 5

6 1.900 5.500 18.56 1989 0.000 1.000 -0.080 70 £+ 5
Note: Force Application Point: x = 0.00, y = -3.75 cm, z = 0.00.

Source Co-ordinates: x = -6.19 ¢cm, y = 0.00, z = 8.20 cm.
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the measurement on some of the brass holograms was low due to the fact that
the size of the zeroth order fringe was slightly changed by translational
displacements of insufficient magnitude to produce a fringe over the viewing

area of the hologram.

LABORATORY RESULTS ON ROCK

Laboratory holographic experiments were also conducted on a block of
dolomitic marlstone (figure 21, table 5) taken from the same mine in the
Mahogany formation in Garfield County, Colorado, in which earlier (Bass et
al., (1986), Schmitt et al., (1986)) and present field experiments have been
carried out. The rock is a keragenaceous dolomitic marlstone (oil shale);
density of our sample was measured to range from 2.24 4+ 0.01 ¢ /cm3 to
2.31 + 0.01 g/cm3 for three cores with axii perpendicular to the bed-
ding plane of the rock taken from the block for ultrasonic measurements
(table 6). Reported porosities of the rock are < 2 % as found by com-
parison of wet and dry sample weights (Blair (1955)). Ultrasonic (1 MHz)
compressional wave velocities (V) together with the measured densities (d)
and assumed values of v (table 6) via the formula:

V,d(1-v)
1+ v)(1-2v)

(20) Ep =

yield dynamic modulus of elasticity: Ep, values for the rock of 13.5 to 19.1
GPa. Values measured by the holographic technique are static compressional

determinations.

In the holographic test, normal forces, applied perpendicular to the bed-

ding plane, ranged from 79.8 to 455 Newtons. The values of E were
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Figure 21. Laboratory Observed and Corresponding  Synthetic
Fringe Patterns in Dolomitic Marlstone.
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Table 5) Laboratory Calibration on Dolomitic Marlstone

Test Hologram Applied Translations Elastic Modulus
Number Co-ordinates (cm) Force (N) (um) (GPa)
X y % % v z
1 1.675 5.100 18.56 80 0.275 0.800 -0.180 16.5 £+ 2.5

2 0.225 4.500 18.56 93 0.050 1.200 0.000 16.25 4+ 1.75
3 1.725 4.100 18.56 146 0.300 1.600 -0.070 18.25 + 1.25
4 0.800 4.800 18.56 266 0.800 3.050 -0.200 17.6 & 1.0
) 0.575 4.050 18.56 339 0.600 3.600 -0.200 17,0 &+ 1.0

6 0.000 5.050 18.56 455 1.000 4.550 -0.225 17.5 £ 1.0

Note: Force Application Point: x = 0.00, y = -3.75 c¢m, z = 0.00.

Source Co-ordinates: x = -6.19 cm, y = 0.00, z = 8.20 cm.
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Table 6) Parameters of Ultrasonic Experiments on Dolomitic Marlstone

Core Core Transit
Sample Density Length Time
g/em? cm ©s

1 2.2840.01 1.91240.001 6.25+0.11

2 2.31+0.01 2.921+£0.001 9.5040.11

3 2.24+40.01 2.271+0.001 7.10+0.07

Longitudinal
Velocity
km /s
3.08+0.05

3.084+0.04

3.2040.04

Dynamic

Modulus

v=0.25 v=0.35

GPa
18.0
18.2

19.1

GPa
13.5
13.6

14.3
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determined by forward modelling of the observed fringe patterns (figure 21,
table 5) to be 16.8 + 2.8 GPa. Good matches between the observed fringe
patterns in the photographs and the calculated fringe patterns in the syn-
thetics were obtained. The holographically determined E is in excellent agree-
ment with a value of 17.2 &+ 2.0 GPa for a static compressive E
predicted on the basis of the density of our ultrasonically tested samples
(Blair (1955)).

The ratio of the static E to dynamic (Ep ) modulus for a Colorado oil
shale is reported to be ~ 0.7 and decrease slightly with increasing confining
pressure to 220 MPa (Cheng and Johnston (1981)), this is anomalous
behavior as, for most rocks, the ratio approaches unity with increasing pres-
sure due to closing of microcracks within the rock mass. Although lack of
knowledge of v precludes an accurate determination of E/Ep in the present
study, the above data yields a value for the ratio of 0.88 + 0.15 which is

consistent with the results of Cheng and Johnston (1981).

FIELD RESULTS

Field tests of both the elastic modulus measurement experiment and
the stress measurement were made with the stressmeter in a 30.5 cm diame-
ter , north-south, horizontal borehole drilled into a mine pillar composed of

the marlstone used in the above laboratory experiment.
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ELASTIC MODULI EXPERIMENT

Twelve elastic modulus holograms from four different positions within
a horizontal borehole in an oil shale mine pillar in the Mahogany formation
of Garfield County, Colorado, and with a variation of applied forces have
been analyzed (figures 22, 23, 24, and 25 and table 7). The novelty of the
present technique dictates that a complete presentation of the data be
given including the observed and synthetic fringe patterns. The in situ
values of E, averaged at each of the four test postions within the borehole,
ranged from 26.9 + 2.9 GPa to 34.0 + 2.0 GPa with a maximum uncer-
tainty of + 5.8 GPa or approximately 20 %. An independent measure-
ment of these in situ values is not available, however earlier laboratory
static compression tests yielded values which range from 8 to 39 GPa (Blair

(1955), Windes (1950)).

Although the present data set is small, a dependence of E on azimuth
(6) within the horizontal borehole cannot be precluded (figure 26). The
four data points in figure 26 represent the extremum values (i.e., the top and
bottom of each error bar are the maximum and minimum values, respectively,
when uncertainties are considered) of the holographically determined in situ
Young’s modulus at each of the four locations within the borehole studied
(table 7). Fitting a straight line through the data of figure 26 yields a
Young’s modulus azimuth relation (a linear relationship is not suggested
between 6§ and Young’s modulus, data quality does not warrant, however, a
more complicated relationship and the fits were made to illustrate only that

Young’s modulus appears to depend upon 6):

GPa

= A47.7 - (0.07 .032
(21) E(0) = (111£7.7GPa) - (0.077£0.0827 2%

0.
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3-5 197N

Figure 22). Field Results of Elastic Modulus Experiment in Hor-
izontal Borehole in Mine Pillar. Existence of crack seen by discontinuous
fringe pattern. Experiment at depth of 3.25 m and azimuth: 6 of 90 ° from a
horizontal vector pointing East (figure 14c).
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Figure 23). Borehole Elastic Modulus Experiment Results. Taken at a
depth of 2.20 m and an azimuth of 135 °.



- 62 -

— Z
O (@)}
1 QN
~—
OOZ = =
1 © Al
0 < o0
— e

Figure 24). Borehole Elastic Modulus Experiment Results. Taken at a
depth of 1.625 m and an azimuth of 180 °.
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Figure 25). Borehole Elastic Modulus Experiment Results. Taken at a
depth of 1.625 m and an azimuth of 135 °.
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Figure 26). Borehole azimuthal dependence () of holographically deter-
mined n situ Young’s modulus.
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where the uncertainties are determined from the extremum values. Equation
21 and its maximum and minimum values (plotted as lines in figure 26) sug-
gests that the rock is less compressible normal to the bedding planes than
parallel to them, in contrast to laboratory measurements in a calcareous,
dolomitic marlstone of low kerogen content which give 41.0 GPa parallel
and 25.2 GPa perpendicular to the bedding planes (Blair (1955)). A depen-
dence of E on 6@ is not unexpected as the rock is visually anisotropic with

well defined bedding planes.

A small crack in the rock mass is seen in the holograms taken at a
depth of 3.25 meters into the borehole (Figure 22). Borehole television log-
ging did not to find any cracks at this position. The crack is seen only by
the discontinuous fringes in the hologram photographs; the borehole wall
displacement field is disrupted across the crack. Although the applied force
activates motion across the crack, it is sufficiently removed from the force
application point to have little impact upon the induced Boussinesq displace-
ments. These holograms point out an important advantage of the optical
holographic technique over more conventional methods; the entire dis-
placement field is recorded and data quality, is easily assessed by inspec-
tion of the holographic image. Defects in the rock mass may not be as
readily apparent in methods which require the application of strain gauges

to the material and could seriously affect results.
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IN SITU STRESS TENSOR DETERMINATION

The complete farfield stress tensor (six components) was deter-
mined from five stress-relief holographic experiments taken at a single station
4 m within the borehole (figure 26). Although the in situ elastic modulus
measurement above indicates that E should be independently determined for
each stress-relief experiment, the fringe patterns were calculated (Smither et
al., (1987)) assuming a value of E for the rock of 25 GPa (Schmitt et al.,
(1986)), a v of 0.345 (Horino et al., (1982), and using the analytic theory
presented above for stress-relief displacements. The determined nontrivial
borehole wall stresses (table 8) are of unequal uncertainty due to the relative
position of S with respect to P (figure 4) resulting in greater sensitivity of
the fringe pattern to displacements parallel to the borehole circumfer-
ence. Thus the magnitude of the hoop stress (og), which provides a
significant fraction of the stress-relief borehole circumference displacements,
is the best resolved; the borehole axial stress (o}, ) with the greatest stress
relief displacements parallel to the borehole axis has the largest uncer-
tainty. Again, the uncertainties are estimated on the basis of the range of
forward modelled synthetics which best match the observed fringe pat-

terns.

Although only three holograms are needed at a given station, the
present data at five azimuths (Table 8) have been combined via least
squares for an overdetermined problem (Smither et al., (1987)) to find the
complete stress tensor (Table 9). The vertical stress found was in agree-
ment with earlier results of - 9.75 MPa (Schmitt et al., (1986b)) and a

value of -11.2 MPa, predicted on the basis of the lithostatic pressure and
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-10.0

-20.0

Down

=T 5.0

Figure 27). Best Forward Modelled Synthetic Holograms for Five
Stress-Relief Experiments at a Single Station within the Borehole. Depth of
experiments was 4 m, borehole azimuth of each hologram, numbered 1-5,
shown for an observer facing North into the borehole. Determined borehole
wall stresses (in MPa) and directions are indicated for each synthetic fringe
pattern.
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Table 8) Borehole Wall Stresses (in MPa)

Hologram Azimuth o)) Ohh o,
1 90 * -22.5 £ 2.5 5.0 £ 5.0 -15.0 £ 5.0
2 45 ° -10.0 + 5.0 -16.0 £+ 8.0 -28.0 £+ 2.0
3 0° -20.0 £ 4.0 -7.0 £ 5.0 -10.0 £+ 2.5
4 180 ° -22.0 £ 4.0 0.0 + 4.5 5.0 + 5.0

5 225 ° -22.0 £ 4.0 3.5 + 6.5 5.0 + 5.0
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Table 9) Pillar Stesses (in MPa)

OEw

O Vert

ONS
TEW - Vert
TEW -NS§

TNS -Vert

Note: Negative stresses are compressive, positive stresses are tensile.

-10.06 + 0.765
-10.23 + 0.996
-2.51 + 2.48
-0.64 £ 0.54
7.76 £ 1.05

-3.64 + 0.713
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mine geometry by the relation:
(22) o, = (dgh)A

where o, is the vertical compressive stress within the mine pillar, d is the
average density of the rock above the mine pillar to the surface, g is the
acceleration of gravity, h is the depth of the pillar, and A is the mine pillar
stress concentration factor equal to the ratio of the area of mine roof sup-

ported by the pillar to the pillar area.

CONCLUSION

1) Laboratory tests of the holographic Young’s modulus measure-
ment by application of known normal forces to well defined metal samples
confirmed the wvalidity of the holographic method. Additionally, these
tests demonstrated that translational displacements, introduced between
holographic exposures and considered as noise, may readily be accounted in
the forward modelling of fringe patterns based upon the Boussinesq
theory of surface displacements. An advantage of the present technique is
the straightforward data quality control obtained via viewing of the holo-
gram; discontinuities in rock mass which have the potential of adversely

affecting the results are easily seen in the fringe patterns.

2) Both elastic modulus and stress-relief field experiments have been
conducted with a holographic borehole instrument deployed in a hor-
izontal borehole in a mine pillar in the Mahogany formation of Garfield
County, Colorado. Measured values of the in situ Young’s modulus of the
borehole wall rock are from 26.9 + 2.9 GPa to 34.0 + 2.0 GPa with a

maximum uncertainty of 20 %. Laboratory holographic measurements on a
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sample of rock taken from the same mine yielded a Young’s modulus of 16.8 +
2.8 GPa consistent with ultrasonic velocity measurements which gave values
for the dynamic Young’s modulus of 13.5 to 19.1 GPa for values of Poisson’s
ratio from 0.35 to 0.25. The complete farfield stress tensor was found from
analysis of five holograms taken at different azimuths at a single hole depth
of 4 m. The measured vertical stress of -10.2 MPa is in agreement with the
predicted value of - 11.2 MPa obtained from the mine depth and geometry

and rock density.

SYMBOLS USED IN STUDY

Symbol Definition

X-y-2 Hologram cartesian co-ordinate system
@) Origin of x - y - z co-ordinate system
p—¢-¢ Induced displacements cylindrical co-ordinate system
o' Origin of p — ¢ — ¢ co-ordinate system
X-Y-7 Borehole cartesian co-ordinate system

r —0-nh Borehole cylindrical co-ordinate system
E Static compressive modulus of elasticity
Ep Dynamic modulus of elasticity

v Poisson’s ratio

Cegs Ohn s Ton Borehole wall stresses

OxxsOyys Ozz Farfield in situ stresses

TxYys ™xz5 722
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OEW» Oy ONS Farfield in situ stresses referred to east-west,

TEW-vs TEW-NS s Ty_Ns Vertical, and north-south directions

N Wavelength of laser light used in holograms

S Source point of laser radiation

iy Object point (point on borehole wall)

o New position of object point P after displacement
Py Grid point ”"P” for forward modelling algorithm
H Viewing point on hologram

H, H, Hj Hologram points required for inversion of

fringe patterns to find displacement fields

ki, ko, kg ky Wave propagation vectors of magnitude 27 /X
Ak, ks—k,y

Ak, ky—Fko

kst kQQ, k‘23 Wave propagation vectors for inversion of

fringe pattern to find displacement fields
K Wave propagation sensitivity vector
K, Ky Kg Sensitivity vectors for inversion of

- fringe pattern to find displacement fields

R Position vector between S and H

¥ Position vector between S and P

T3 Position vector between P and H

P Phase change for ray path (S-P-H) of first exposure

ol Phase change for ray path (S-P’-H) of second exposure
L Displacement vector of point P to P’

- between holographic exposures
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Displacement vector of grid point P;;
Translational displacement component of L
Induced (stress-relief or normal force)
displacement component of L

Dark fringe order‘

Dark fringe order for point P;;

Closest integer value to N or N;;

Induced displacement components of I;;
Magnitude of I;;

Normal applied force

Ratio of normal applied force to modulus of elasticity
Ultrasonic compressional wave velocity
Density

Acceleration of gravity

Depth of mine pillar

Stress concentration factor of mine pillar
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Chapter 2.

SHOCK TEMPERATURES IN SILICA GLASS

ABSTRACT

Greybody temperatures and emittances of silica glass under shock compres-
sion between 10 and 30 GPa are determined. Observed radiative tem-
peratures are higher than computed continuum temperatures for shock
compressed fused quartz; however, below ~ 26 GPa observed emittances are
< 0.02. This suggests that fused quartz deforms heterogeneously in this
shock pressure range, as has been observed in other minerals. Between 10
and 16 GPa, radiative temperatures decrease from 4400 K to 3200 K, above
16 GPa to 30 GPa greybody temperatures of ~ 3000 K with low emit-
tances are observed. The emittances increase with pressure from 0.02 to 0.9.
The pressure range from 10 to 16 GPa coincides with the permanent
densification region while the 16 to 30 GPa range coincides with the mixed
phase region along the fused quartz Hugoniot. The differing radiative
behaviors relate to these modes of deformation. Based upon shock recovery
experiments and a proposed model of heterogeneous deformation wunder
shock compression, the temperatures associated with low emittances in the
mixed phase region probably represents the melting temperature of the high
pressure phase. Above 20 GPa to 30 GPa the melting temperature of
stishovite would therefore be 3000 K + 200 K and almost independent of
pressure. The effect of pressure on melting relations for the system Si0 ,-

Mg ,S10 4 are considered together with the proposed stishovite melting curve
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and suggest that the maximum solidus temperature within the mantle is ~
2370 K at 12.5 GPa and ~ 2530 K on 20.0 GPa. Using the proposed stisho-
vite melting temperatures (7,,) and reasonable upper mantle temperatures
(T), the effective viscosity, which is a function of the homologous temperature:
T,./T, appears to remain nearly constant from 600 to 200 km depth in the
Earth.

INTRODUCTION

The temperatures of silica glass subject to shock pressures between
10 and 30 GPa were investigated by observation of shock induced radiative
thermal emissions. In this pressure range brittle materials deform hetero-
geneously under shock compression with the formation of localized zones of
intense deformation and high temperatures surrounded by relatively
undamaged cooler material. The study of these zones which are referred to as
hot spots, shear bands, or microfaults is important because they play a role
in the shock deformation process in minerals and particularly in shock
production of glassy and high pressure polymorphs. Spectra of light emitted
from silica glass in this pressure range reveal the temperature, and to some
extent, the density of these microfaults. Observed temperatures relate to
the deformation occurring and, based on models of heterogeneous deforma-

tion, constrain the melting curve of minerals with pressure.

Quartz was chosen as a candidate for study for two major reasons.
The first is the importance of quartz as both a crustal and a model mantle
mineral. High pressure phases of quartz have been discovered at sites of

large meteorite impacts and of explosive volcanism, these phases are



- 80 -

presumably produced by the action of shock waves. Knowledge of the shock
effects in quartz provide information for deducing the effects of large

impacts on the Earth.

Although, estimates of whole Earth composition based upon cosmo-
chemical abundances suggest that approximately 35% by weight of the entire
Earth, core included, is S1O,. In the mantle, free 510, most likely does
not exist as it is incorporated into the high pressure phases of pyroxene,
olivine, and garnet. However, since the lower mantle is ofter described in
terms of high pressure phase oxide mixtures (Al'tshuler et al., (1965)), a
better understanding of the high pressure properties of S:¢O, yields infor-

mation pertinent to the study of mantle constitution and dynamics.

Secondly, StO, has been extensively studied in both high pressure
static and dynamic experiments with high pressure polymorphs coesite
(Coes (1953)) and stishovite (Stishov and Popova (1961)) having room pres-
sure densities of 2.92 Mg /m? and 4.29 Mg /m?® (Kuskov and Fabrichnaya
(1987)), respectively. Except for the discovery of coesite in kimberlites and
deep-seated metamorphic rocks, the only natural occurrances of these
minerals are at the sites of major impacts on the Earth’s surface, sug-
gesting formation from quartz by shock wave. Evidence (reviewed by
Stoffler (1972,1974)) demonstrate that shock damage in  quartz s
nonuniformly distributed; shock compression in quartz below 35 GPa is a
heterogeneous process. Observation of the radiative temperatures of fused
S10 4, under shock compression will aid in further understanding of shock

processes in brittle minerals.
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BACKGROUND

We consider the microscopic effects of the passage of a shock wave
through a solid brittle medium with emphasis on silica glass. Covalently
bonded minerals of geophysical interest undergo brittle deformation
according to Grady (1980). Shock deformation of partially covalently
minerals, such as S:0,, MgO, Al,03 and CaCO g, is characterized
by all or some of the following features: 1) the existence of large Hugoniot
elastic limits, 2) fluid-like release from high pressure, 3) nonequilibrium
Hugoniot in the mixed phase region for minerals with a primary co-
ordination phase change, and 4) the observation of heterogeneities in

minerals recovered from a shock wave experiment.

The Hugoniot elastic limit (HEL) is the shock pressure at which
dynamic yielding occurs; shock compression below the HEL is an elastic pro-
cess, plastic deformation occurs above the HEL (Davison and Graham
(1979)). This results in a first shock propagating slightly faster than the
longitudinal sound speed (elastic precursor) with magnitude equal to the HEL
followed by a slower second shock described as a plastic wave with amplitude
of the final shock pressure. Two wave shock structures have been reported
in shock compression experiments on both alpha and fused quartz to 75
GPa (Wackerle (1962), Fowles (1967), Sugiura et al., (1981)). They attri-
bute the two-wave structure, observed over a wide pressure range, to
anomalously high HEL in quartz which has been measured by a variety of
methods to range from 5.5 to 15 GPa for differing crystal orientations
(Fowles (1967), Graham (1973)). Similarly the HEL of fused quartz ranges
from 8.8 to 9.8 GPa (Wackerle (1962), Barker and Hollenbach (1970),
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Sugiura et al., (1981)).

In contrast to metals which retain a finite shear strength above the
HEL, evidence was presented in the above studies indicating that silica
loses its rigidity above the elastic limit, i.e., the Hugoniot of quartz col-
lapses to predicted static compression curves. Silica compressed above the
elastic limit may be characterized as fluid-like. Graham (1973) demonstrated
a substantial loss of strength within 10 ns after passage of the shock wave
for stresses well above the HEL. Thus quartz shocked above the HEL

behaves hydrostatically.

This fluid-like behavior is best observed during the release of a
shock compressed quartz crystal from high pressure. Grady et al., (1975)
measured sound  velocities  from rarefaction wave profiles on the
Hugoniot for a quartz rock (novaculite). The observed low sound veloci-
ties implied a fluid-like response behind the shock front. From these results
and the work of others, they suggested that dynamic yielding in quartz
involved adiabatic shear processes accompanied by partial melting behind

the shock front.

The Hugoniot of alpha quartz (Figure 1, filled symbols) supplies
evidence for the quartz to stishovite phase transition. In the shock
wave velocity-particle wave velocity plot of figure 1b, shock velocities
remain constant over a range in U, of 1.4 to 2.25 km/s. Although Wack-
erle (1962) and Fowles (1967) reported data for both the elastic precursor
and the plastic shock, figure 1 shows results for only the second or
plastic wave. Trunin et al., (1970) supplies information on one

arrival only which may lead to the discrepancy between the data sets at
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Figure 1a) Shock pressure vs volume data for crysta.l]ine (filled sym-
bols) and fused (open symbols) quartz. Static compression curves for
alpha quartz (Qz) (intital density = 2.65 g /¢m 3, bulk modulus = 37.1 GPa,
bulk modulus %ressure derivative = 6.0) and stishovite (St) (initial densxty
= 4.288 ¢ /ecm*®, bulk modulus = 305 GPa, bulk modulus pressure deriva-
tive = 4.5) (Kuskov and Fabrichnaya (1987))calculated with Birch-Murnahan
finite stain theory are shown for comparison. The fused quartz and crystalline
quartz Hugoniots co-incide above 30 GPa suggesting that they are in the
same phase state. Key to regions along Hugoniot: E - elastic deformation
below HEL, PD - permanent densification of fused quartz, MP - mixed phase,
St - stishovite, T - stishovite to melt transition under homogeneous shock
melting, HM - homogeneous shock melting.
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Figure 1b) Shock wave velocity vs particle velocity for crystalline
and fused quartz. Symbols have same meaning as in a). Fused quartz data
from Lyzenga et al. (1983) - (open triangles), Jackson and Ahrens (1979) -
open squares), Wackerle (1962) - (open pentagons), and Marsh (1980) -
open circles). Crystal quartz data from Lyzenga et al. (1983) - (filled 5 point
star), Ahrens and Rosenberg (1968) - (filled inverted triangle), Grady et al.
51974) - (filled circle), Fowles (1967) - (filled 4 point star), Marsh (1980) -

filled pentagon), Trunin et al. (1971) - (filled square), and Wackerle (1962) -
filled hexagon).
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Up < 1.4 km/s. All data sets display a region of constant shock velocity
characteristic of a phase change in alpha quartz as labelled in figure 1. This
range of particle velocity is equivalent to the pressure range of 14.4
GPa to approximately 38 GPa and is hereafter referred to as the mixed
phase region of the Hugoniot of alpha quartz. Within this range the
incompressibility of quartz increases dramatically as is seen in figure la

of shock pressure vs. specific volume.

Wackerle (1962) first suggested that the produced high pressure
phase was stishovite, or a like-co-ordinated liquid. Stishovite, with a six-
fold co-ordination structure similar to rutile, was first reported at 16
GPa and 1473 K (Stishov and Popova (1961)). Based on the comparable
large density increase found in both the static and shock wave experi-
ments, and on the fact that the shock wave and static pressures of phase
initiation were similar (approximately 14 GPa) McQueen et al., (1963) sug-
gested shock production of stishovite occurred. They further suggested that
the short time scale of the shock experiments prohibited large stishovite ery-
stal growth and that instead a fluid with a short order stishovite-like struec-

ture was created.

Between the HEL (~ 8.8 to 9.8 GPa) and approximately 16.0 GPa,
fused silica undergoes a permanent densification as evidenced by shock
recovery (Wackerle (1962), Arndt et al., (1971)), and profiles in time of
particle velocity (Sugiura et al., (1981)). Gibbons and Ahrens (1971),
however, find increased refractive index, indicative  of permanent
densification, in recovered fused quartz shocked between 10 and 30

GPa. This permanent densification has been studied in  static
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compression experiments on fused quartz (Bridgman and Simon, (1953)) and
is attributed to a rearrangement and tilting of the S:O, tetrahedra (Cohen
and Roy (1961), MacKenzie (1963), Arndt and Stofller (1969), Grimsditch
(1984), and Hemley et al., (1986)). This densification is observed to reverse
upon annealing of both shock and statically compressed fused quartz to pres-

sures in excess of 10 GPa.

Above 16 GPa the Hugoniot of fused quartz passes through a region
in which the material may be in a mixed phase with stishovite. The
inherent properties of shocked fused quartz have not yet been determined.
Note that at approximately 30 GPa and above the Hugoniots of both
crystalline and fused quartz converge providing compelling evidence that
both are at the same phase state at higher shock pressures. This sug-
gests the fused quartz mixed phase region may contain some stishovite.
Sugiura et al., (1981) suggest compression above 16 GPa is that of a high-
density silica glass, they find little evidence for production of stishovite
below 22 GPa. However, in recent reshock and release experiments on
fused quartz (Chhabildas and Grady (1983)) at 13 GPa and 21 GPa
stishovite transformation was found to initiate at 13 GPa and to progress to

a more fully mixed phase state at 20 GPa.

A release wave defines the thermodynamic path taken by a shock
compressed material upon isentropic decompression. The release wave
path in the pressure-volume plane yields estimates of the zero pressure den-
sity of the high pressure phase. Experiments on crystal quartz
(Ahrens and Rosenberg (1968), Grady et al.,, (1974), Chhabildas and
Grady (1984), Chhabildas and Miller (1985), and Podurets et al., (1976))
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indicate: 1) The transformation to the high pressure phase occurs within
the shock front, little further  transformation occurs  during the
remainder of the compression, 2) the release path for quartz shocked to
less than 10 to 15 GPa returns to the initial density, 3) the release path of
quartz shocked into the mixed-phase region (15 to 34 GPa) follows a
path indicative of mixed quartz-stishovite, the ratio of stishovite increasing
proportionally with pressure, and upon release to less than 8 GPa, reversion
to a lower density approximately that of crystal quartz, and 4) above 50
GPa the release path is essentially that of the high pressure phase until a
released pressure of 5 to 8 GPa is reached whereupon a reversion to a
lower pressure phase with a density of ~ 2.2 Mg /m? occurs.

The most compelling evidence for the transformation to the high
pressure phase are the recovered phases from both natural impact
craters and laboratory shock experiments. Abundant coesite and smaller
amounts of stishovite have been detected in rocks subjected to high
shock pressures during meteorite impacts (Chao (1960,1962), Kieffer
(1971)). Shock laboratory production of stishovite from quartz in single
crystals, novaculite, and sandstone was reported by DeCarli and Milton
(1965). The lack of coesite in their recovered samples is not understood. Klee-
man and Ahrens (1973) pointed out that the direct transformation from
quartz to stishovite should occur at a pressure of ~7.5 GPa and not 14 GPa
and identified stishovite from quartz shocked above 9.0 GPa; increasing
quantity was found with increasing pressure until at pressures
above 23.4 GPa the production of stishovite decreased with more glass

produced. A single shot with fused quartz at 16.6 GPa yielded the largest
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percentage of stishovite. Most recently, Ashworth and Schneider (1985)
report bands of polycrystalline stishovite, producing rings in electron

diffraction, associated with densified glass in shock recovered quartz.

Mashimo et al., (1980) suggest that stishovite is not readily observed
in shock recovered material due to its rapid annealing to fused quartz at the
elevated residual temperatures upon shock release. Above 600 K stishovite
readily transforms to fused quartz at standard pressure (Dachille et al.,

(1963)).

MODEL OF HETEROGENEOUS DEFORMATION IN QUARTZ

Anan’in et al.,, (1974a) examined recovered crystal quartz and found
the material in a plane perpendicular to the direction of shock propagation
was broken up into 5-20 micron blocks separated by layers of quartz glass.
The plane parallel to the shock front revealed larger (100-200 micron) blocks.
Anan’in et al., (1974a) suggested that above the HEL compression occurs by
fragmentation into blocks which then move relative to one another. A
consequence of this movement is frictional heating and melting at the surfaces
of the blocks. They further speculated that increases in atomic co-
ordination can occur rapidly within the melt and therefore the melted com-
ponent, which increases with increasing pressure, accounts for the mixed

phase region of the quartz Hugoniot.

Anan’in et al, (1974b) in shock recovery experiments on fused
quartz found that it undergoes deformation similar to that of crystalline
quartz. As in crystal quartz, they note that at shock pressures above the

HEL, the fused quartz splits into blocks separated by layers of melt.
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The blocks are thus subjected to hydrostatic compression and are
permanently densified. The melt takes on the characteristics of a high
pressure phase.  Moreover, Wackerle (1962) found that fused quartz
shocked to 25 GPa transformed to fine particles with densities in the 2.4-
2.5 Mg /m?® range whereas material shocked to higher pressures had the nor-
mal 2.2 Mg /m3 density in agreement with earlier results (Gibbons and

Ahrens (1971), Arndt et al., (1971)).

Gratz (1984), consistent with an earlier study (Schall and Horz
(1977)), observed planar microfaults of thickness of ~1 to 10 microns
oriented at 45 to 55 degrees to the shock wave propagation direction in
approximate agreement with the orientation of the maximum resolved
shear stress with respect to the shock propagation direction (Jones and Gra-
ham (1971)). These microfaults are filled with glass; displacement across
these microfaults is seen by offset of broken rutile needles separated by a
microfault. The observations of steps emerging from the surface perpendicu-
lar to the shock direction in scanning electron micrographs (Ashworth and
Schneider  (1985)) are consistent with the production of microfaults

characterized by relative displacements.

The microfaults are to be distinguished from shock lamellae (Stoffler
(1972,1974)), the latter occur in sets of 4 to 12 and are narrow planes of
lengths to 50 microns and thicknesses of 0.5 to 500 nm (Gratz (1984)). Addi-
tionally, the shock lamellae have an orientation nearly perpendicular to the
shock propagation direction and appear to be crystallographically con-
trolled. Lamellae are apparently formed at the same time as the

microfaults.
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Alternatively, a series of tensile cracks, also filled with glass, and
oriented perpendicular to the shock propagation direction are observed.
These are features of the release of the material from high pressure. These
tensile remnants of the shock recovery experiment are smaller than the
microfaults and the glass they contain appears to have originated in the
microfaults and then migrated into the connected tensile cracks upon

release (Gratz, personal communication).

Wackerle (1962) found that fused quartz shocked to near 50 GPa
were recovered in single pieces. Furthermore, samples composed of
several initially divided pieces of fused quartz were recovered as a continuous

mass.

Ashworth and Schneider (1985) shock loaded quartz along the a axis
to pressures of 30 GPa and although they make no mention of microfaults
(Anan’in et al., (1974), Gratz (1984)) they note regions of patchy glass which
could be microfaults when the differences in magnification of the studies
are considered. Numerous glass filled lamellae of thicknesses less than 1
micrometer and a crystallographically controlled orientation, as seen by
Gratz (1984), parallel to the shock direction were noted. The amorphous
material within the lamellae is similar to that produced by the irradiation of

quartz (metamictization).

The above observations are compelling evidence for the proposed
model of heterogeneous deformation as shown in figure 2a. In the figure, a
shock wave is shown propagating towards the right in a brittle material. The
shock compressed region on the left has experienced a heterogeneous compres-

sion and is comprised of blocks of solid material separated by layers of melt.
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Figure 2) Schematic of model of heterogeneous shock compression in
brittle materials, after Grady (1980, 1975).a) Large scale view with shock
wave of magnitude P, propagating towards the right in a sample. Behind
the shock wave material is compressed and heterogeneous yeilding has
occured on planes zt 45 degrees to the direction of shock propagation. b)
Microfault containing melt and surrounded by undamaged material.
Upon cooling high pressure solid phase nucleates.
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The melt layers are oriented at 45 degrees to the direction of shock propaga-
tion (i.e., the direction of maximum shear stress) The solid blocks are sub-
jected to volumetric compression due application of a hydrostatic stress via

the regions of melt.

Figure 2b displays an enlarged view of a microfault. Most of the
material within the confines of the microfault is melt of pressure dependent
co-ordination. As cooling of the microfault occurs, high pressure phase
begins to nucleate (black squares) within the region of melt (light grey
region) reminiscent of the observations of Ashworth and Schneider (1985).
In quartz, a change in co-ordination from 4 to 6 would most easily and
rapidly be accomplished in a melt. Further, this nucleation of high pres-
sure solid phase in equilibrium with the melt may constrain the temperature
of the microfault to that of the fusion curve. The observed temperatures
from mixed phase regions along the Hugoniot would be the melting or liquidus

temperature of the equilibrium solid phase.

At a high enough shock pressure the volumetric density of these
melted or sheared zones becomes large relative to the volume of the
undamaged blocks such than rapid equilibration of the shocked material
takes place on a time scale much less than the shock wave experiment. At

this point the deformation would appear much more homogeneous (Grady

(1977,1980)).

This model explains the loss of shear strength behind the shock

front, and the phase transformation by shock wave in quartz.
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EXPERIMENTAL

Experiments were conducted on the 40 mm powder gun at the
Seismological Laboratory of the California Institute of Technology in a
configuration similar to that of Kondo and Ahrens (1983). Planar shock waves
were generated within the samples by impact of metal flyer plates (table
1, figure 3) with velocities of up to 2.5 km/s. The sample shock compres-
sion resulted in heating such that significant visible light was emitted.
This light propagates through the unshocked portion of the sample and is
directed outside of the experimental chamber to a spectrometer whose out-
put is recorded wusing a charge coupled device (EG&G Princton Applied
Research optical multichannel analyzer, model 1257) to give a visible spec-
trum. This  digitally recorded spectrum is then wused to determine
a greybody temperature for the material while it is under shock compres-
sion. In addition to the spectrometer a photodiode, which supplies a
record of intensity vs. time and a framing camera (Schmitt et al.
(1986)), to supply short exposure images of the sample under shock

compression, are used.

Cylindrical fused silica samples (T12 Optosil 1, Amersil Corp.) of
2.54 cm diameter and 0.6 cm thickness were purchased prepolished to an
optical grade flatness. The specific gravity of the samples was measured to
an accuracy of 0.02% by the Archimedean method. Silver was vacuum-
deposited on one face to mask light flashes on arrival of the shock wave at
the driver-sample interface due to gaps (Kondo and Ahrens (1983)). The
silver-coated sample face was mounted to a metal driver plate (table 1)

(polished to a mirror finish with a final corundum grit of 0.3 micron),
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Figure 3) Shock radiation experimental configuration.
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Table 1: Experimetal Parameters

Shot Flyer Driver Flyer Vel. Pressure Temp. Emittance ILF.E. Field

# (km/s) (GPa) (°K)

634 Al, Al 1.44 + 0.02 9.840.2 4390+£500 0.01240.004 none 1
635 W w 1.543 + 0.02 152403 3590+200 0.0047+0.0005 small 1
684 W Mg 2471 + 0.05 257+07 21904200 0.056+0.006  small 3
685 W Mg 1.995 + 0.03 20.04+0.4 29504200 0.0058+0.0006 severe? 2
686 w Mg  1.750 + 0.02 17.4+04 b - - -
687 W Mg 1.400 + 0.02 137403 3240+200 0.0025+0.0003 moderate 1
638 Al Mg  1.488 + 0.02 100+0.2 42104200 0.0064+0.0006  severe 1
689 W Mg 2492 + 0.05 258406 2930+200 0.055+0.006 small 2
691 W Mg 2295 + 0.04 222406 32704200 0.0035+00004  small 2
695 A% Mg 2.086 + 0.03 21.04+05 26204200 0.0023+0.0002 small 2
708 W Al 2.455 + 0.05 29.3+0.7 2030+200 0.780+0.08 moderate 3
709 W Al 2.346 + 0.04 275406 24004200 0.04140.004 none 2
710 W Cu 2.492 + 0.05 29.6+1.0 29304200 0.030+0.003 severe 2
711 W Al 2.507 + 0.04 302405 2883+200 0.022+0.002 small 2

L.F.E. : Interface Flash Effect
3. W = Tungsten, Al = Aluminum, Cu = Copper, Mg = Magnesium.
> : No detected light emitted
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with epoxy or phenyl salicylate. An opaque mask with an hole of inside
diameter of 13.0 mm was centered on the sample free surface to eliminate

light emissions from regions near the edges of the sample.

Shock pressures were determined with the impedance match
method (Duvall and Fowles (1963)) and using the Hugoniot data for fused
quartz, magnesium, aluminum, copper, and tungsten in Marsh (1980) and the

experimentally determined projectile velocities.

Light recorded by the optical multichannel analyzer passes through
a series of photocathode intensifiers which are controlled by a high vol-
tage pulse; the detector may thus be gated to record spectra on time scales
as short as 100 ns. Gate times during an experiment are typically 300 to
500 ns and normally occur while the shock wave is near the center of the

sample.

A portion of the beam is focused by a series of lenses into a TRW
framing camera which images the sample during shock propagation. The
framing camera allows up to three 100 to 500 ns exposures to be taken

during propagation of the shock wave in the sample.

During setup of each experiment, the image of the fused silica
sample is focused on the spectrometer slit (figure 4). Magnification of the
image was approximately 1:1, however this varied due to movement of the
experiment chamber between éuccessive experiments resulting in slightly
different light paths which changed the focus.  The image of the
unmasked region of the sample was ~15 mm in diameter and covered the slit

with a 13 mm height.
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‘ . .
Image at Slit | l‘/—Callbrohon |
Image at Slit

Figure 4) View of spectrometer slit. Images of fused quartz sample
and filament of calibration ribbon lamp shown. Light accumulated by
spectometer during experiment originates only within the region of the sam-
ple which is focused directly over the slit. Region of sample to right of slit
is reflected by a mirror to the photodiode.
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Calibration of the spectrometer was accomplished before each
experiment with a standard of spectral radiance (Optronics model number
550, lamps IR-30 and IR-159). As small variations in current affect the
radiance of the lamp considerably, current to the lamp was monitored to +

0.03 %.

Values of the calibration lamp spectral radiance were supplied by
the manufacturer (Figure 5). However, the spectrometer required a value
of spectral radiance over each of the 500 channels representing a
different wavelength. Appropriate values were supplied by a fit of the given
calibration lamp radiances to the linearized Planck greybody radiation
law. The curves through the known radiances represent the equivalent grey-
body function for the lamp, this function was used in the reduction of the
spectrometer data. Although the maximum error introduced by use of the fits
shown is below 2% over the most sensitive spectrometer wavelengths (550 to

750 nm).

During calibration, all controllable variables (light path, spectrometer
delay (200 to 700 ns), and spectrometer gate (300 to 500 ns)) were identical
to those of the experiment in order to reduce errors. A camera shutter set
at 1/500 second exposure was used to trigger the system and to limit the
amount of dark current into the spectrometer. Based upon tests using
longer shutter open times it was found dark current radiance errors are less

than 5% of the magnitude and independent of wavelength.

Light levels from the fused quartz samples during an experiment
were less than 25% the level of light emitted by the calibration lamp. Since

the CCD spectrometer had a limited light level sensitivity range, low
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Figure 5) Spectral radiances of calibration lamps (triangles: lamp #1
(2680 K), circles: lamp #2 (2713 K).
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light levels resulted in large signal to noise problems, whereas high light lev-
els could saturate the detector.  Co-ordination of the calibrated light level
with the expected light level for an experiment involved maximizing the
amount of light arriving at the spectrometer during calibration with
neutral density filters. The spectral characteristics of the neutral density
filters were carefully accounted for by taking a number of tests through

various light paths through the system.

The wavelength function of the spectrometer was determined by
use of common spectral lines (Weast (1982)) of hydrogen (656.2 nm),
helium (587.6 nm, 667.8 nm, 706.5 nm), oxygen (777.3 nm, 844.6 nm) and
mercury (578.6 nm, 546.1 nm) . Low intensities from the standard gas
lamps made calibration at experimental gating times (~ 300 ns) difficult,
several tests were conducted for each lamp to reduce the signal to noise ratio.
The accuracy of the wavelength function changed with wavelength and
was inversely proportional to the density of standard lamp lines used in a
given region of the spectrum; the maximum uncertainty encountered
in the positioning of the spectral lines was approximately 3 nm. Cur-
vature of the vidicon intensifiers results in a variation of the wavelength
interval per spectrometer channel, on average, the range was ~ 0.8

nm/channel.

A single photodiode was used to obtain a record of light intensity
vs. time during the shock wave experiments. Output of this photodiode was
simultaneously recorded with on oscilloscopes and a LeCroy transient
recorder which samples data every 10 ns. The photodiode and the spectrom-

eter view different but adjacent areas of the sample (figure 4).
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DATA REDUCTION

The observed number of counts at each spectrometer channel is pro-
portional to the time-integrated intensity of the emitted radiation at the
given wavelength. To obtain a spectra, the raw data in counts were mul-
tiplied by a conversion factor relating spectral radiance intensity to
number of counts derived from the calibration procedure (figure 6). The
temperatures of the standard lamps are approximately 2700 K, calibration fac-
tor thus is very sensitive to errors towards the red and violet ends of the

observed spectral range.

The determination of shock temperatures from the observed spectra
assumes: 1) the material radiates as a Planck greybody, 2) the emis-
sivity of  the material under shock compression is independent of
wavelength, 3) the temperature range of the experiment is such that a Wien’s
law spectral radiance distribution may be used. Assumptions 1) and 2) are
based on the shape of the observed fused quartz spectra which, in general,
are indicative of a thermal radiation: no line or band emissions are noted
and the spectra monotonically decrease from the infrared to the ultra-
violet. The complete Planck greybody function is given by:

€€,

W = e e T) - 1)

where R is the spectral radiance, ¢ is the emittance, T is the temperature of
the emitting body, X is the given wavelength, and ¢; and ¢, are constants
with values of 1.191:107* Wm 2/stemdian and 0.01438 mK, respectively. For
assumption (3) it is presumed that the simplification of equation (1), given by

the Wien’s greybody function:
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Figure 8) a) Raw data: response of spectrometer during experiment. b)
Spectrometer response to calibration lamp. c¢) Output of spectral radiance
lamp. d) Observed spectra derived from a), b), and c).
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Noexp (co/\T)

2) R =

in order to facilitate linearization of the formula is justified. Errors
introduced by use of this formula are larger for higher temperatures and
longer wavelengths; however, for the temperature range encountered in the
experiments (2000 K to 4500K) and for the range in wavelengths (450 nm
to 880 nm) the maximum error is less than 2% and for most cases many ord-
ers of magnitude smaller. As a check on the validity of the linearized results,
an iterative least squares routine was implemented with the full Planck grey-

body formula; results were always within 50 K of the linearized version.

The linearized Wien’s law is given by:

¢ Co 1
R X5

(3) In(

where In(c;/(RX°) and c¢,/\ are the dependent and independent variables
and a standard linear regression is then applied to find the slope 1/T and

intercept —In (¢) which yield temperature and emittance, respectively.

Since data at either wavelength range extreme has a larger uncer-
tainty due to the reasons mentioned above, each datum is relatively weighted
by its corresponding raw data count (see figure 6). The raw data func-
tion supplies a reasonable weighting scheme as it inherently accounts for
both sensitivity of the system and spectral regions of maximum emission

(i.e., lowest signal to noise ratio).

Standard deviations derived from the least squares routine yield
temperature uncertainties on the order of £ 30 K. This is unrealisti-

cally small and on the basis of experience with the data suggest an
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uncertainty of £ 200 K is more appropriate for the observed temperatures.

RESULTS

Figure 7 shows the spectra observed for x-cut crystalline shots
#611 and #615 at shock pressures of 10.6 and 7.6 GPa respectively. The
shape of the spectra are greatly influenced by a non-thermal emission centered
at approximately 500 nm and cannot be fit to a greybody curve. The shape of
the spectra, however, is indicative of broadened line emission superimposed
upon a greybody spectra. Since the determination of shock temperatures was
the primary motivation for this study and X-cut quartz does not lend itself,
in this pressure range, to accurate temperature determinations due to the
large non-thermal component of the spectra, further experiments on cry-

stalline quartz were discontinued.

Brannon et al., (1983) reported spectral and imaging data for shocked
crystalline quartz from 6 to 26 GPa. They also observed a nonthermal
bandlike spectral feature with peaks at 400 and 600 nm. Present observations
displayed an emission at 500 nm, the difference in data may be due to
the higher wavelength resolution of this study. The source of this nonthermal
radiation in unclear and may be related to photoluminescence or catho-
doluminescence (Brannon et al., (1983)). Since no nonthermal component
was observed from fused quartz, the 500 nm emission of crystalline quartz
may be tied to breaking of long range order within the crystal or the

inherent piezeoelectricity of quartz.

Another proposed explanation may be related to the production of

the shock lamellae in crystalline quartz. Because fused quartz is a
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Figure 7) Spectra observed for shots #611 and #615 for x-cut cry-
stalline quartz. A large non-thermal component to the spectra centered near
500 nm makes temperature determination infeasible.
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homogeneous, isotropic, amorphous material, it has no structural preferences
and perhaps no shock lamellae are produced in fused quartz. Conceivably,
thermal radiation may be associated with the shear heating within microfaults
(in both fused and crystal quartz) and nonthermal radiation could arise
from the formation of the diaplectic glass within the shock lamellae (in crystal

quartz only).

The framing camera photograph consists of two exposures of shot
#634 under shock compression, each of 100 ns duration and separated by
300 ns. The first exposure was initiated 50 ns after entry of the shock wave
into the sample. The corresponding photodiode record for #634 (Figure 8)
commences with zero intensity at the entry of the shock wave into the
fused quartz sample and builds in a linear fashion with time. This furnishes
convincing evidence that the bright spots observed in the photograph
originated within the compressed fused quartz and not at the driver-sample

interface.

Figures 9, 10, and 11 and table 1 present the spectra and related
data for the present experiments on fused quartz. These spectra are indica-
tive of thermal radiation, no line or band emissions are observed as in cry-
stalline quartz. The best fit Planck greybody function is plotted through

each spectrum.

Figure 9 are the spectra obtained in the pressure range from 10 to 16
GPa which is the region of permanent densification along the fused quartz
Hugoniot. Unexpectedly, the temperatures are highest in this lowest of pres-
sure ranges studied. Shots #0688 and #634 display a marked drop in inten-

sity at lower wavelengths (less than 450 nm). This is attributed to the poor
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Figure 8) Framing camera photograph for fused quartz shot #634

at 9.8
Gl‘lPa. Two exposuies each of 100 ns duration and separated by ;%)0 ns are
shown.
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sensitivity of the spectrometer in this wavelength region and further
points out the importance of weighting the data in least squares fits.
This effect may also be seen at the high wavelengths where there is a
noticeable increase in the signal to noise ratio. The level of noise for shot
#635 is particularly high as in this experiment most of the light was routed

to the TRW framing camera.

Figure 10 displays spectra over the pressure range of 16 to 30 GPa ,
the spectra in this figure are included on the basis of their emittance and
their shock pressure within the mixed phase region of fused quartz. The
two spectra in figure 11 for shots #708 and #684 are within the same
pressure range but both had much lower temperatures and emittances an

order of magnitude larger than the spectra of figure 10.

Photodiode records for this series of experiments are shown in figure
12. These are the combined results from both the oscilloscope and tran-
sient recorder data. Since the photodiode supplies only a qualitative
response, all intensities have been normalized. The response of the photo-
diode is dependent upon the amount of light allowed to reach the spec-
trometer, the calibration lamp therefore gives a response of 200 mV to 700
mV and the typical peak amplitude during an experiment ranges from 100
mV to 300 mV. It should be noted that the photodiode and the spectrometer
view different but adjacent regions of the sample during an experiment

(figure 4). The photodiode records are discussed below.

It should also be noted that shot #686 at 17.4 GPa had no observ-
able light emitted during the accumulation time of the spectrometer.

Additionally, the photodiode recorded essentially no intensity until 500 ns
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Figure 12) Normal.iz.ed intensity vs time, fused quartz. Fiducials a,b, and
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of accumulation, and first shock wave arrival at sample free surface.
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Figure 12) Normalized intensity vs time, fused quartz. Fiducials a,b, and
¢ represent times of initiation of spectrometer light accumultation, end
of accumulation, and first shock wave arrival at sample free surface.
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after entry of the shock wave into the sample. This is followed by a large
flash when the shock wave reaches the free surface of the sample at

approximately 1 microsecond.

Least square temperatures fit to equation (3) for the above spectra
are plotted in figure 13 and the corresponding emittances vs pressure are

plotted in figure 14 and given in Table 1.

The range of the estimated Hugoniot temperatures of fused quartz
is shown in figure 13. The high estimate is that of Kondo et al.,, (1981b)
and the low estimate is that of Wackerle (1962). We believe these esti-
mates to be extreme. It is difficult to calculate the continuum shock tem-
perature of fused quartz under shock compression by the method of
Ahrens et al. (1969) because of the lack of knowledge of an accurate
isentropic equation of state of fused quartz above 3 GPa and of the correct
thermodynamic parameters. For example, fused quartz has an extremely low
thermal Gruneisen parameter of 0.012 at 1 bar pressure due to its small co-
efficient of thermal expansion. This may not remain small with increasing
pressure. Another complicating factor is the anomalous compression of fused
quartz; the bulk modulus of fused quartz is known to decrease to
approximately 2.3 GPa (Kondo et al., (1980)) and is not well known above this

pressure.
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Figure 13a) Fused quartz temperatures vs pressure. Data is
separated into three fields: 1,2,3, as in figure 14. Coesite-Stishovite-liquid tri-
ple point based on calculations of Davies (1972) and Jackson (1976). Quartz-
Coesite line based on data of Holm et al (1967). Coesite- Stishovite phase line
from Jeanloz and Thompson (1983). Estimated shock temperatures of Kondo
et al 51981) () and Wackerle (1962% (W). Estimated stability fields of silica

melt (L), stishovite (St), coesite (Co), crystalline quartz (Q), and ecristobalite
(Cr) are shown.
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DISCUSSION

HETEROGENEOUS DEFORMATION IN FUSED QUARTZ

New evidence for the heterogeneous deformation of fused quartz
under shock compression is supplied by the framing camera photograph of
shot #634 (figure 8) in which is seen a pattern of bright regions or hot spots
in agreement with earlier studies (Brooks (1965), Brannon et al., (1983)).
The number of regions grows with time, i.e., with the distance the shock
wave has propagated into the fused quartz. Additionally, these regions per-
sist and grow for at least 500 ns: the time spanning this set of exposures.
Further, that these localized hot zones originate in the fused quartz is pro-
ven by the simultaneously recorded photodiode record (figure 12). No
sample-driver interface flash is seen; light intensity commences at zero when
the shock wave enters the fused quartz and grows linearly with time suggest-
ing a constant production of hot spots with increasing propagation of the

shock wave into the sample.

INTERPRETATION OF TEMPERATURES AND EMITTANCES

Figure 13a displays the observed shock temperatures vs. pressure.
The estimated fields of silica melt (L), stishovite (St), coesite (Co), crystalline
quartz (Q), and cristobalite (Cr) are shown. The stability fields below 5 GPa
are from Jackson (1976) and the inferred coesite-liquid and coesite-
stishovite phase boundaries are from Davies (1972) and Jeanloz and
Thompson (1983). Temperature measurements above 30 GPa of Sugiura

et al., (1982) are also included as well as the calculated fused quartz
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shock continuum temperatures (Iondo et al., (1981), Wackerle (1962)) as dis-

cussed above.
The following observations are made from this plot:

1) Temperature appears to decrease with pressure from over
4400 K at 10 GPa to approximately 3000 K at 30 GPa. This decrease
levels off above 16 GPa.

2) Observed color temperatures exceed those calculated for the con-

tinuum by nearly 1000 K.

3) three anomalous shots above 25 GPa exhibit lower tempera-

tures.

There is an approximate dependence on emittance on pressure
(figure 14). Below 25 GPa all emittances are less than 0.02. A threshold
pressure appears to be reached above 25 GPa where the emittance increases
by at least an order of magnitude. Finally, two shots have emittances which
are almost those of a blackbody. The emittance may be an approximate
measure of the areal density of the localized zones of deformation; the
density of the features of heterogeneous deformation increases with pres-
sure (Ashworth and Schneider (1985)). The approach of emittance
towards unity at the higher pressures may signal the onset of a regime of a
more homogeneous shock deformation reached when the density of

microfaults becomes high.

The observation of temperatures greatly in excess of the estimated
continuum  temperatures and corresponding low emittances suggest
that fused quartz undergoes a process of heterogeneous shock deforma-

tion (as also suggested by similar shock wave experiments of crystalline
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halite, calcite, and gypsum (Kondo and Ahrens, (1983)), and potassium
chloride, lithium fluoride, and periclase (Schmitt et al., (1986), Schmitt

and Ahrens (1983))).

Based upon observations of the observed temperatures and emit-
tances the data has been divided between three fields, each of which is
characterized by the type of shock deformation occurring, and the magni-

tude of the emittance.

The first field is within the pressure range of 10 to 16 GPa which is
the range of permanent densification of fused quartz (Sugiura et al., (1981)).
The spectra within this field have low emittances (less than 0.015) and the
highest temperatures (3200 K to 4400 K) which decrease with increasing
pressure. This anomalous behavior is not understood but appears to be
related to the transformation to stishovite which commences near 7.5 GPa
at low temperatures as noted earlier. The high temperatures may be charac-
teristic of the transformation at the initiation of the mixed phase region. This
phenomenon has been more fully observed in crystalline NaCl over the B1-B2
solid phase transition region (see chapter 3). However, the phase relations of
NaCl are much simpler than those of Si0, with the high pressure phases
of coesite and stishovite; a direct analogy between NaCl and $:0, may not

be justified.

On a speculative note, these high temperatures may be related to the
large activation energy or energy barrier (~3.5-10%J/kg of SiO,) to the
reconstructive quartz to stishovite transformation (Grady (1980)) which dic-
tates the amount of energy required to initiate the transformation. Deposi-

tion of insufficient energy by the shock wave to activate the transformation
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must result in a rise in temperature of the material. The maximum tem-
perature rise (AT ) may be estimated by the amount of energy required to

activate the process (A) divided by the heat capacity (C, ) of the material or:

Using the wvalues of activation energy and the heat capacity of table 2 the
maximum temperature rise before activation of the transformation is
estimated to be approximately 4700 K; this figure is consistent with the
observed radiative temperatures of ~4400 K near 10 GPa. If the observed
emittances (~ 0.01) near 10 GPa yield the relative volume of material under-
going the phase transformation, then the process mentioned above
requires approximately 10 to 15% of the total energy available in shock

compressed fused quartz by the Rankine-Hugoniot energy equation:

(5) AE = 2(V, - V)P

where AFE is the internal energy change upon shock compression, V, and
V', are the initial and final specific volumes, respectively, and P, is the

shock pressure.

Field #2 contains the shots which have low emittances ( less than
0.1) and are within the mixed phase region of the fused quartz Hugoniot.
The high temperatures and low emittances indicate a heterogeneous deposition
of thermal energy within the fused quartz. These temperatures would
represent the melting temperature of stishovite at high pressure. The
melting temperature of stishovite between 20 and 30 GPa is estimated to be

3000 K 4+ 200 K. To the degree of precision available in this experiment,
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Table 2: Thermal Parameters used in Calculations

Symbol Definition Value Reference
Cy Heat Capacity 753 J/°Kkg Weast (1977)
p Density 2204 kg /m?® Measured
L Latent Heat of Fusion 2.37X10%J kg Weast (1977)
k Thermal Conductivity 1.38W/m °K Weast (1977)
K Thermal Diffusivity(k/pC,) 8.33X10"m% !  Calculated
A Activation Energy of 3.5X10%J /kg

a - quartz to stishovite

reconstructive transformation

Grady (1980)
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this melting temperature is independent of pressure.

Lyzenga et al., (1983) measured shock temperatures in both fused
and crystalline quartz between 60 and 140 GPa. At these pressures silica is
believed to be well into the stishovite phase (see earlier discussion of phase
transformation in quartz ). Based on their temperature measurements,
Lyzenga and co-workers provided evidence for the melting of stishovite and
obtained an hypothetical melting curve at high pressure (Figure 13b). The
present data lie on or close to the proposed melting line of Lyzenga et al.,

(1983) supporting to the present hypothesis.

Field #3 contains the two high emittance - lower temperature data
indicative of the onset of a more homogeneous deformation. These tem-
peratures are close to those observed by Sugiura et al.,, (1982) by a similar
technique above 30 GPa. Higher emittances appear to indicate more homo-
geneous shock deformation according to Lyzenga and Ahrens (1980) who
report emittances > 0.75 and in most cases near unity for fused quartz
shocked to pressures in excess of 70 GPa. Lyzenga et al., (1983) further
demonstrate the homogeneity of the deformation at these pressures in a
streak camera record of alpha quartz at 106.5 GPa which displays uniform

emittance.

The reason for the overlap of the pressure ranges of fields #2 and
#3 is not known and may be related to differences in sample preparation
or due to the inherent difference in fused quartz samples. Within a given
sample of fused quartz the variation of the index of refraction, which is a
measure of density, can be as high as 5.0-10° (Heraeus-Amersil

Specifications). Also, small bubbles and inclusions do exist within the fused
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quartz; differences in their density may result in the observed shot to shot

variations.

PHOTODIODE RECORDS

Ideally, the present experiments are designed to prevent light generation
at the driver-fused quartz interface. Because of the opaque silver film detected
light originates only within the shocked fused quartz. The production of hot
shear deformation zones appears to be nearly constant with time. The hot
zones persist for a timescale on the order of the transit time of the material
(Grady (1980)), and the absorption characteristics of the shock compressed
material appear to be nearly identical to the as yet unshocked material.
This results in a linear increase in the emitted intensity with time
(Boslough (1985)); the ideal photodiode record would therefore have a
nearly linear increase in intensity with the propagation of the shock wave
into the sample. Such behavior is displayed by shots #634 and #709 at pres-

sures of 9.8 and 27.5 GPa, respectively.

However, many of the experimental photodiode records (figure 12)
display a more complicated structure which includes evidence of some fused
quartz sample-driver interface heating (coinciding with entry of the shock
wave into the sample). This problem has been addressed by Urtiew and
Grover (1974), Grover and Urtiew (1974), Boslough (1985), and Svendsen et
al., (1987), who demonstrate this is a potential problem with measurements
of shock temperatures in clear or translucent materials. Briefly, their model
involves deposition of a quantity of heat at the interface due to collapse of

micron scale gaps between the driver and sample. This heat results in the
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production of high temperatures at the interface which decay inversely with
(&t)l/Q, where k is the thermal diffusivity of the metal driver which is
assumed to have a higher thermal conductivity with respect to the sample.
The observed photodiode records display this behavior. Note that the rise
time of the photodiode due to its amplification is approximately 50 ns.
Thus because of the finite rise time of the photodiode electronics, the peaks

signal is nearly coincident with the entry of the shock wave into the sample.

Some photodiode signals are thus a superposition of the interface gap
flash and the light produced within the fused quartz (Boslough et al., (1986))
(figure 15, table 1). Contamination occurs when spectrometer accumulation
occurs primarily during the time of decreasing photodiode intensity due
to interface cooling. Moderate contamination occurs when the gap flash is
low amplitude and part of the accumulation time overlaps with decreasing
photodiode intensity. @ Contamination is considered to be small when
accumulation time occurs in an increasing or almost level portion of the light
intensity signal observed after the interface temperature has decayed to the
continuum temperature of the shocked sample. In table 1, none refers to no

gap flash contamination.

Although we expected that the potential effect of gap flashes on the
measured temperatures might be very deleterious, we found surprisingly that
shots at nearly the same pressure yield similar temperatures regardless of the
degree of gap flash contamination. For example, shot #634 at 9.8 GPa (with
no gap flash) and shot #688 at 10.0 GPa (severe gap flash) gave temperatures
in excess of 4000 K and similar emittances. Additionally, shots #710 and

#711 at pressure of 29.6 and 30.2 GPa with severe and small gap flashes
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Figure 15) a)Hypothetical photodiode record assuming light ori-
ginates only at driver - sample interface due to heating. b) Photodiode record
assuming light originates only from features of heterogeneous deformation
within the sample, ¢) Photodiode record similar to that observed, this is a
superposition of records a) and b).
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both gave temperatures near 2900 K and emittances between 0.2 and 0.3. A
buffering of the gap temperatures to the melting point of the compressed sil-
ica (via mechanisms similar to those operating within the microfaults
may be occurring). Another explanation may be related to the evolution of
the shock wave with increasing penetration into the sample. Hayes and
Graham (1978) calculate stress-time histories for an impact of quartz on
quartz and assume dependent shear stress relaxation occurs. The energy
density dissipated at a given depth within the sample decreases mono-
tonically until a stable shock wave is formed. Higher temperatures and densi-

ties of deformation features occur near the interface.

VARIATION OF TEMPERATURE WITHIN MICROFAULTS WITH TIME

The observed temperatures, which we here suggest to be at the tempera-
ture of the melt in the microfaults, could be dependent on the scale of the
deformation features on account of heat conduction. In melting experments
within high pressure diamond cells Heinz (1986) noted the effect of spatial
variations in temperature upon measured radiative temperatures. We now
examine the conditions where the observed radiative temperatures will not

represent the melting temperature in the microfault.

We use the theory for solidification of a dike emplaced in a body of
cooler country rock (Turcotte and Schubert (1982)). Consider  the
microfault as a layer of thickness d of molten silica, at the melting tem-
perature at a given pressure, created within the shock wave front zone.
Initially, material within the shear band is assumed to be totally molten and

at the melting temperature: 7T,,. Material outside of the shear band is
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shock

compressed solid at the cooler temperature 7, which is nearly equal to the
continuum temperature. In most cases T,, >> T,.However, heat flow from
the microfault zone at T,, and the compressed solid at 7, must occur via
phonon or radiative conduction. thus cooling of the shear band and the

release of the latent heat of fusion during freezing occurs.
The temperature, T, in the solid is given as a function of y, the distance
away from the interface and time, t as:

(T =T __erfe(v)

O T TT) = erieon

where

Ly
V=G

and the constant A for a given set of thermal parameters must be determined

by numerical calculation in the transcendental equation:

L (m)1/2 . e N
(8) (Co (T - T,)) ML+ erf\)

T is the temperature as a function of time t and position y from the
microfault. The liquid-solid shear band boundary isat y = 0 fort = 0. k is
the thermal diffussivity which is a function of the heat capacity of the

material: C

»» the coefficient of thermal expansion: «, and the density of

the material. L is the latent heat of fusion of silica, and erf and erfc are the

error function and 1 — erf , respectively.
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The above equations have been solved wusing thermodynamic
parameters for fused silica (Table 2) and for differences between the
melt in the shear band and the surrounding solid of 500K, 1000K
and 2000K. Figure 16a illustrates the growth of a frozen layer of
solid with time for wvaried temperature differences. The figure illus-
trates that for an extreme temperature difference of 2000K the thick-
ness of the solidified zone is approximately 1.6 microns 1 microsecond after
creation of the microfault. Figure 16b displays the temperatures profile
with time for an initial temperature difference of 1000K. Radiation
emitted from these cooler regions will have an effect on the spectra of the
observed light. The magnitude of this effect is dependent on the ratio of the
volume of the cooled temperature material to the volume of the initial
melted material. At maximum, the timescale for these experiments is 1
microsecond. Figures 16a and 16b therefore suggest that for a microfault
of thickness of 10 microns, which is expected on the basis of shock
recovery work on quartz (Gratz (1984)), this cooling by conduction and
freezing will have little effect upon the observed temperatures. However, if the
thickness of the microfault is 5 microns or less the cooling will have a much
greater effect on the observed spectra. A microfault of 5 or less microns
created early on in the shock experiment may freeze solid by the end of
the experiment (figure 17). The effect of this cooling on measured tempera-
tures, however, is offset by the constant production of microfaults with
time as the shock wave propagates through the sample. Spectra are
obtained from light accumulated not more than 800 ns after entry of the

shock wave into the sample. The cooling effect would result in a shift of
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the peak in the greybody curve towards the infrared resulting in excess sig-
nal in the infrared and deficient signal in the ultraviolet and resulting

in slight lowering of the observed greybody temperature.

The above modelling of microfault cooling should not be con-
sidered as the true history of a microfault. Shock recovery work favors the
nucleation of small particle of solid stishovite as depicted in figure 2b (Ash-
worth and Schneider (1985)). Additionally, the present model does not take
into account the kinetics of crystallization. It appears that only small
amounts of a silicate can nucleate from the melt on the time scale of a shock
experiment (Rigden et al., (1987)) The rate of crystallization of quartz from a
melt as a function of pressure is not yet well understood, however, recent
experimental work on the crystallization of quartz from fused quartz sug-
gests (Fratello et al., (1980)) that crystallization rate increases with pressure

up to 4 GPa.

COMPARISON OF NEW MELTING DATA WITH EARLIER RESULTS

The proposed estimates (figure 13a, table 1) for the melting temperature
of silica between 20 and 30 GPa (stippled area of figure 18) are compared to
melting data for Mg,S:0 4 to 15 GPa (Ohtani and Kumazawa (1981)), MgS:O 5
to 4.6 GPa (Boyd et al., (1964)), (Mg g,F€(1)S103 from 18 to 60 GPa (Heinz
(1986)), and Si0, to 2.5 GPa (Jackson (1976)). According to figure 18, both
Si0, and (Mg qFe(1)sS10 4, as well as the extrapolation of the melting data

for Mg 4St0 4 are nearly the same temperature.

Using the melting temperatures of figure 18 and phase diagrams at the

pressures of 1 atmosphere and 2.5 GPa the solidus temperatures in the system
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Mg 3510 ~S10 4 are estimated. The room pressure diagram (figure 19a) of Chen
and Presnall (1975) displays a peritetic point at a composition of 60.6 weight
% S10,. With increasing pressure, the composition of MgSiO; becomes an
endmember component (figure 19b) (Chen and Presnall (1975)). Based on stu-
dies of two phase systems (Kennedy and Higgins (1972) and Newton et al.,
(1962)),the depth of the eutectic trough is expected to increase with increasing
pressure, i.e., the minimum difference between the melting temperatures of a
pure endmember component and the eutectic composition is observed at low
pressure. In the extrapolations to higher pressures, the depth of the eutectic
troughs are assumed to be the same as in figure 19b, thus the eutectic tem-
peratures at higher pressures represent a maximum value. Additionally, it is
assumed in the extrapolations that the composition of the two eutectics of
figure 19b is constant, this assumption appears to be valid for the M¢gS:O ;-
Si0, eutectic (Chen and Presnall (1975)) but may be in error by ~ 3% for
the other eutectic as the hydrous Mg,S5:0 ~MgS:i0 ;3 system has a eutectic
composition near 53 weight % Si0, (Kato and Kumazawa (1986)). Using the
depth of the eutectic well from the MgSiO; melting temperature as deter-
mined by Chen and Presnall (1975) at 2.5 GPa (figure 19b) and extrapolating
to higher pressures with the melting temperatures of figure 18, we infer the
maximum solidus temperatures in the Myg,S:0 ~S10, system would be ~
2500 K at 12.5 GPa and 2650 K at 20.0 GPa. Inclusion of the component FeO
would further depress the solidus temperatures; for an estimated mantle
Fe/(Fe + Mg) ratio of 10% (Jeanloz and Thompson (1983)), the solidus tem-
perature may be further depressed by ~ 130 K as estimated from the drop in

the solidus temperature in the system Mg ,S10 ;~Fe ,S¢0 4 at one atmosphere
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(Bowen and Schairer (1935)). The maximum solidus temperatures within the
mantle may thus be ~ 2370 K at 12.5 GPa and 2520 K at 20.0 GPa.

Weertman (1970) suggests that the effective viscosity of a solid at a con-

stant creep rate is given by:

Ton
9) n= Cexp(g—:-r—)

where 7 is the effective viscosity, C is a constant, T, is the melting tempera-
ture, T is the temperature of the material, and g is a dimensionless constant
empirically found to be ~ 18.0 for most metals. The ratio of T,, /T for the
proposed melting curve of Si0, (T,,) (figure 18) and an upper mantle geoth-
erm (T) (Turcotte and Schubert (1982)) is given in figure 20. At pressures
between 6.5 and 20 GPa, T,, /T is nearly constant, ranging from 1.74 ot 1.64
and suggesting little variation in the effective viscosity from 200 to 600 km at

depth within the Earth.

CONCLUSIONS
The major findings of this study are:

1) Fused quartz, like other brittle minerals subject shock compression, under-
goes heterogeneous shock deformation characterized by localized zones of
melting between 16 and 30 GPa. Evidence for this is supplied by the fram-
ing camera photographs that show hot regions which persist and grow dur-
ing shock compression and the high temperature-low emittance greybody

spectra observed between 16 and 30 GPa.

2) The observed temperatures reflect the temperature of the localized

zones of deformation. Shock recovery and release wave studies suggest that
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these zones are molten during shock compression. Shock recovery work
and the Hugoniot of fused quartz suggest that the high pressure solid phase

(stishovite) is produced within these shear bands or microfaults.

3) The melt temperature within these microfaults may be buffered by the
production of the high pressure phase and as such may reflect the liquidus
temperature of stishovite at high pressure. This suggests that this tempera-
ture is approximately 3000 K in the pressure range of 20 to 30 GPa and

is independent of pressure.

4) Shock compression becomes more homogeneous with increasing pressure

as evidenced by the general increase in emittance with pressure.

5) Shock temperatures observed in the pressure range of 10 to 16 GPa are up
to 2000 K higher than temperatures at increased shock pressure and appears
to be related to the onset of the fused quartz- stishovite phase transformation.
These high temperatures and subsequent decrease in temperature with increas-
ing pressure are not understood. Similar behavior is seen in NaCl over the B1-

B2 phase transition region.

6) Solidus temperatures for Mg ,Si0 4SO, system inferred from the present
proposed melting curve for Si0, at high pressure together with other melting
data suggest that the maximum solidus temperatures within the mantle are
close to 2370 K at 12.5 GPa and 2520 K at 20.0 GPa. Comparison of the pro-
posed Si0, melting curve with reasonable predicted geotherm temperatures
suggests that the effective viscosity between 200 and 600 km within the mantle

is nearly constant.
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Chapter 3.

SHOCK INDUCED MELTING AND MICROFAULTING
IN SINGLE CRYSTAL NaCl

ABSTRACT

Radiative color temperatures were measured in single crystal sodium chloride
under shock compression parallel to [100] over a pressure range from 20 to 35
GPa. Color temperatures from 2500 to 4500 K and emittances from 0.003 to
0.3 were determined by fitting observed spectra (450 to 850 nm) to the Planck
greybody radiation law. These data support a heterogeneous shock deforma-
tion model of shocked halite in this pressure range. A 2500 K temperature
rise ,of unknown origin, is observed over the B1-B2 mixed phase region from
25 to 30 GPa. Assuming that shock deformation occurs via yielding in local-
ized planar zones which become melt and the melting temperature at high
pressure controls the temperature, we infer that the temperature of the B2
fusion curve from 30 to 35 GPa rises from 3200 to 3300 K. The B1-B2-liquid

triple point is predicted to be at a temperature of 2250 K and 23.5 GPa.

INTRODUCTION

Halite is an important mineral as it is the proving ground of solid
state theory, especially the equation of state and the B1 (NaCl crystal struc-
ture) to B2 (CsCl crystal structure) solid phase transformation (e.g., Jeanloz

(1982), Cohen and Gordon (1975), Hemley and Gordon (1985), Froyen and
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Cohn (1993), and Bukowinski and Aidun (1985)). Theories of melting of
NaCl, especially under pressure (reviewed by Stishov (1974)), are limited
but suggest that melting in NaCl may be predicted from a first principles
approach (Boyer (1980,1981)). High pressure experiments constrain these

models and aid in their application to more complex molecular structures.

NaCl has been extensively studied under both static and dynamic

loading conditions.

Early compression work on NaCl, summarized by Fritz et al., (1968),
centered on reports of the B1-B2 phase transition occurring at a pres-
sure of less than 3 GPa, the conclusive discovery at 30 GPa and 298 °K of
this transition was finally reported in a paper by Bassett et al., (1968). Addi-
tional data on the BI1-B2 transition and compression data for the B2 phase
are reported in Liu and Bassett (1973), Sato-Sorenson (1983), Heinz and
Jeanloz (1984), and Li and Jeanloz (1987). The latter mapped the NaCl B1-B2
phase line to 670 ‘K.

High Pressure melting data for the Bl phase are reported by
Clark (1959), Pistorius (1966) and Akella et al., (1969) to 6.5 GPa.

Shock wave pressure-volume measurements for material initially
in the B1 phase are reported by Fritz et al., (1968), Alder (1963), Christian
(1957), Al'tshuler et al., (1961), Kormer et al., (1965b) and Marsh (1980)
(figure 1). The B1 to B2 phase transition is most notable in the plot of Uj
vs U, (Figure 1b). Although the Hugoniots for different crystal orienta-
tions are identical at lower pressures, shock waves propagating parallel to
the [100] and [111] orientations initiate the B1-B2 phase transformation at

26.4 and 23.1 GPa (Alder (1963), Fritz et al., (1968)), respectively.
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Figure 1) Hugoniot relations for NaCl. 1a) Pressure- Volume Hugoniot
of NaCl. Plot includes diamond cell measurements for the Bl phase of Sato-
Sorenson (1983) (filled circles) and the B2 phase of Heinz and Jeanloz
51984 (filled = triangles). Hugoniot data included are from Marsh
1980)(open triangles), Fritz et al,(1968)(open circles) for NaCl with shock
propagation perpendicular to [100], and for randomly oriented crystals of
Kormer et al,(1965b) (open inverted triangles).




- 150 -

Shock Velocity (km/s)
~
1

4 1 1 1
0.0 1.5 3.0 4.5 6.0

Particle Velocity (km/s)

1b) Shock wave velocity vs material particle velocity Hugoniot data
for NaCl, same symbol index as for 1a). B1-B2 phase transformation evident
over the range of particle velocity of approximately 2.0 to 2.5 km/s. Homo-
geneous melting of NaCl under shock conditions evident by change in slope for
particle velocities > 3.5 km/s.
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A pressure-volume relationship for a material is determined in most
shock wave measurements; however, a full understanding of the equation of
state requires knowledge of the temperature. Temperature measurements
under shock compression are difficult given the short timescale of the experi-
ments (usually less than 1 microsecond); optical pyrometry has been
applied to the measurement of temperature in transparent minerals (Kormer
et al., (1965a), Lyzenga and Ahrens (1980a), Lyzenga et al., (1983), Ahrens
et al., (1982), Brannon et al., (1983), Brannon et al., (1984), Holmes et al.,
(1984), Radousky et al., (1985), Boslough et al., (1986), and Svendsen and
Ahrens (1987)).

Recent interest has focused upon improving the spectral resolution
of the light emitted during shock propagation through transparent crystals
using multichannel optical analyzers (Sugiura et al.,, (1980), Kondo and
Ahrens (1983), Kondo et al., (1983), Schmitt and Ahrens (1983), Hasegawa
et al., (1984), and Schmitt et al., (1986)). To present, exploratory studies
have included ecrystalline and fused S:0, NaCl, KCI, anorthite glass
(CaAl,Si,054), periclase (MgO), gypsum (CaSO 4.2H,0 ), calcite (CaCO ),
fluorite (CaF,), and corundum (Al,03). In general, the minerals known to
undergo shock induced phase transformations displayed color temperatures
higher (> 1000 K) than those expected for a shocked continuum and low
emittances suggestive of localized heterogeneous shock deformation referred
to as shear banding (Grady (1980)) or microfaulting (Gratz (1984)). Low
emittances roughly gauge the degree of heterogeneity within a sample
(Kondo and Ahrens (1982)) and the observed radiative temperatures may

yield high pressure fusion curves (Schmitt and Ahrens (1983)).
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The exploratory studies above were not of sufficient resolution in pressure
to make detailed inferences of the effects of shock pressure on shock tempera-
tures in this pressure range. In the present study, the results of ten shock
temperature experiments on NaCl over the pressure range of 20 to 35 GPa are
reported. The present data shows that the temperatures are dependent upon
the proximity in pressure of the shock compression to a phase transition

region.

EXPERIMENTAL

Experimental details are discussed in Kondo and Ahrens (1983)
and Schmitt et al., (1987). Briefly, planar shock waves are produced in
NaCl samples by impact of Tungsten flyer plates, launched to velocities up to
2.5 km/s by a 40 mm powder gun, with metal driver plates. (figure 2). Ther-
mal radiation is emitted by shock compressed NaCl sample; the radiation
propagates through the wunshocked sample portion and directed to a
diffraction grating spectrometer, a photodiode, and a framing camera. The
resulting spectrum is recorded by a intensified vidicon charge coupled detec-
tor (EG&G Princeton Applied Research PARC-1257) which counts photons
as a function of wavelength. The vidicon is gated to integrate radiation only
when the shock wave is near the sample center; gate durations are typically
300 ns to 500 mns. The photodiode provides a record of the intensity of the
emitted light vs time and the framing camera obtains several images of the
light emitting regions of the unmasked regions of the sample during the time

the shock wave propagates through the sample.
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NaCl samples (5mm thick by 25.4 mm diameter, Harshaw
Chemical Co. and Janos Optical Co.) were obtained from large crystals
separated along the excellent [100] NaCl cleavage. Bulk densities, deter-
mined by measurement of mass and sample dimensions (Table 1),
agreed with the published halite single crystal value of 2165 kg /m?® (Weast
(1976)).  Both faces of the sample were polished to an optical finish and
had a flatness of 1/40 of a wavelength of 10.6 um light. A silver layer ( ~ 3
A ) was vacuum deposited on one face to reduce light emissions from the
sample-driver interface (Kondo et al., (1983)). An opaque mask (2.54 cm
diameter with a 1.25 c¢m circular hole) was mounted on the sample free surface

to eliminate light originating near the sample edges.

Raw data consist of photon counts on each of the 500 vidicon tar-
get channels from 450 to 880 nm. The vidicon response was calibrated with
a tungsten ribbon lamp (Optronics model #550) of calibrated spectral radi-
ance under conditions (e.g., lamp position and vidicon delay and gate)
identical to those of the actual experiment. For each channel, counts are con-
verted to spectral radiances using the calibration response and the supplier

provided lamp radiance by the formula:

(1) R; = C; L, |K;
where i1 is the channel index, R; is the determined experimental spectral
radiance, C; is the observed count, L; is the standard spectral radiance of the
lamp, and K, is calibration lamp count for the experimental gate time. The
resulting spectrum is assumed to be Planck greybody radiation defined by:

C €

N(eap (co/ (NT ))-1)

(2) BR(N) =



Sample

Number Material

613

641
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645

646

696

697

698

699
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Table 1) Parameters for shock temperature measurements

Flyer

= = £ = £ = 2 2 =2 =

Flyer

Velocity Material

km/s
2.2640.03
1.9840.03
2.4240.05
2.3440.04
2.3940.04
1.9840.04
2.4940.05
2.3440.04
2.16+0.03

2.484+0.05

Driver Sample(a) Pressure

Mg
Mg
Mg

Mg

Density
Mg/m3
2.14

2.14

2.16
2.16
2.16

2.16

Pressure
GPa
30.240.9
25.140.5
28.44-0.8
31.440.7
28.040.7
21.74+0.5
28.840.9
26.440.7
23.840.5

33.941.0

Color
Temperature
K
48904500
38804200
29004200
25704200
3530+200
22204200
28504200
40004200
25404-200

28704200

Emittance

0.0124£0.003

0.048+40.0048

0.28+0.028

0.1940.019

0.059+£0.0059

0.3140.031

0.0844-0.0084

0.0039+0.0004

0.01340.0013

0.01640.0016

(a) Uncertainty of density ~ 1% primarily due to error in sample volume determination.
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where R is the spectral radiance at wavelength X, € is the emittance assumed
to be independent of wavelength, T is the temperature, and c¢; and ¢4 are
constants equal to 1.191X107'®Watts -m?/steradian and 1.438X107%m - °K ,
respectively. The Wien’s law approximation of equation 2:

c €

Nexp (co/(AT))

(3) R(\) =

may be written as:
(4) In(c1/(RX°) = (co/N)T™ = In(e)

to facilitate least squares (Bevington (1969)) determination of 1/T the slope,
and —In (¢) the intercept of the resulting linear function with In(c;/(R \%))
as the dependent variable, and (co/)\) as the independent variable. Although
the formal least squares error is less than 50 /X for most experiments, a more

conservative uncertainty of + 200 °K is given for the radiant temperatures.

RESULTS

Based upon their shape, new spectra and those of Kondo and Ahrens
(1982), Schmitt and Ahrens (1983), and Schmitt et al., (1986) are of a ther-
mal nature (figure 3). Shots #641, #643, #645, and #646 (Janos Optical
Co.) display a prominent line spectra centered near 750 nm superimposed
upon greybody spectra. The effect may be due to impurities in these samples
as no non thermal radiation was observed in the remainder of the samples.
Shots #612 and #613 both have a low signal to noise ratio; for these shots
the amount of light reaching the spectrometer was reduced to maximize

light incident to the framing camera. Shot #612 has been eliminated from
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Figure 3) Observed greybody thermal spectra. Intensity in terms of
spectral radiance plotted vs wavelength. Data recorded on 500 channels over
optical spectral region, shot numbers (Table 1) shown in upper right corner of
plots. Temperatures, in Kelvin, and emittances, ¢, determined from these

spectra using Planck greybody formula. Best fit curves are plotted through
data.
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consideration due to the poor greybody fit (equation 4) of the spectrum.

Available photodiode records are plotted as normalized intensity
vs. time (figure 4), photodiode intensity is important to our interpretation of
experimental results but is a qualitative measure only. We note here that
the photodiode records for shots #612 and #613 have insufficient ampli-
tude to accurately measure from the oscilloscope photographs and are not
shown; however, in both cases the light levels increased linearly with time

until the shock reached the sample free surface.

DISCUSSION
EVIDENCE FOR HETEROGENEOUS DEFORMATION
IN CRYSTALLINE NaCl

Brittle materials undergoing heterogeneous deformation are usually
thermal insulators characterized by a fluidlike release from high pressure
and the existence of a high pressure phase transformation (Grady (1980)).
Thermal energy is non-uniformly deposited in the localized zones which
achieve temperatures much higher than predicted for the shock compressed
continuum state. The low thermal conductivity allows maintenence of local
high temperatures for the shock wave experiment duration as assumed in the
models of Vineyard (1983), Svendsen and Ahrens (1986), and Grady and
Kipp (1987).

In terms of shock induced shear deformation and heating, quartz
is the most studied mineral and serves as an analog to NaCl. The loss of
strength upon release from high pressure suggests that partial melting of

quartz occurs in the shock front (Grady et al., (1975)). Shock recovered
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Figure 4) Photodiode records of intensity of emitted light vs time.
Time t==0 is time of entry of shock wave into sample. Fiducials a,b, and
c are at initiation of spectrometer  photon accumulation, end of
spectrometer accumulation, and first arrival of shock wave at free surface of
sample, respectively. Filled region represents light integrated by spectrome-
ter multichannel analyzer.
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quartz displays glass-filled microfaults at approximately 45 ° to the shock
front (Gratz (1984)) (figure 8a): the orientation of maximum shear stress
(Jones and Graham (1968)). The majority of the shock compressed
material remains relatively undamaged and experiences volumetric compres-
sion due to the pressure in the shock induced molten material which fills
microfault zones (Anan’in et al., (1974)). Also, high pressure solid phase
nucleates and grows on the time scale of the high pressure pulse (Ashworth
and Schneider (1985)) (figure 8b). The temperature of melt-filled
microfaults appears to be at the fusion temperature of the equilibrium solid
phase due to the buffering effect of the latent heat of fusion (Schmitt and
Ahrens (1983)).

The evidence for shear instability related, heterogeneous shock
deformation in crystalline NaCl is not as well documented. However, irregu-
lar  deformation features are observed in recovered natural and
laboratory shocked NaCl.  Shock metamorphism has been noted sur-
rounding cavities formed by large chemical and nuclear explosions (Short
(1961), Short (1968), Rawson (1963), Kahn et al., (1968)). Additionally,
salt from regions near explosion cavity walls is stronger than common mine
salt (Short (1968)), this effect could be a result of shock induced stiffening

not unlike the observed shock fusion of individual fused silica plates

(Wackerle (1962)).

Laue x-ray analysis of NaCl recovered from laboratory shock pressures
> 30 GPa (Braznik et al., (1969)) is indicative of a randomly  oriented
polycrystalline  material  suggesting recrystallization of both high and low

pressure phases behind the shock front. The recrystallization could not
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have been the result of total melting and rapid cooling as the contin-
uum temperature of NaCl upon release from 30 GPa is only 390 ‘K. The
occurrance of heterogeneous deformation in the shock process in NaCl is thus
not surprising considering that similar behavior of polycrystalline NaCl under
static loading conditions near the phase transformation also occurs; the
NaCl B1-B2 phase transformation has been mapped (Li and Jeanloz (1987))
by visual observation of the textural difference of the material within the dia-
mond cell due to the combined presence of both B1 and B2 grains which have

differing refractive index.

As in Kondo and Ahrens (1983a) and Schmitt et al., (1986), radia-
tive temperatures > 1000 °/K higher than those expected for the NaCl
continuum under compression and low emittances (Table 1, figures 6 and
7) are observed upon shock compression to stresses in the range of 20 to 35
GPa. This combination of emittances and temperatures are highly sug-
gestive of a nonhomogeneous deformation in the NaCl; i.e., the tempera-
tures are those encountered within the microfaults in the shock compressed
crystal. NaCl radiates as a blackbody (e=1) above 46 GPa (Kormer et al.,
(1965a), Ahrens et al., (1982)) which is in the Hugoniot B2 phase region (figure
1). In this regime deformation is believed to be homogeneous; therefore the
emittance appears to be a gauge of the areal fraction of the material sub-

jected to heterogeneous deformation.

The power radiated by by a Stefan-Boltzmann greybody propor-
tional to T% The ratio of power radiated for two greybodies at 1000 ‘K
and 2000 °K is thus 1:16; this ratio rapidly decreases as the relative

temperatures rise.  However, over the optical bandpass in these
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experiments, the ratio of spectral radiances for a given temperature
difference is more extreme; for example, the calculated spectral radiances
(equation 2) at a wavelength of 600 nm for blackbodies with temperatures of
2000 and 3000 K are 1.6X10° and 8.7 X 10° times the spectral radiance of a
blackbody at 1000 °K , respectively. Since the differential between observed
and continuum temperatures is > 1000 °K, even with an ¢ near 0.001 the
amount of radiation emitted by the shocked NaCl at the continuum tem-
perature is within the noise level of the higher temperature signal from the

localized zones of deformation.

Framing camera photographs were obtained from shot #645 at 28.0
GPa (figure 5). This NaCl sample emitted light in an irregular pattern of
light and dark zones for both exposures and provides further evidence of a
heterogeneous shock deformation of NaCl over the pressure range of these
experiments. One large cool region near the sample center persists for the
duration of the shock compression. The bright ring in the second exposure
(lower photograph) is due to interaction of the sample with the aluminum

mask upon shock wave arrival at the sample free surface.

The thermal diffussivity is defined by:
(5) &k = k/pC,

where k is the thermal diffussivity, k£ is the thermal conductivity, p is
the density, and C, is the heat capacity. An important criterion for
the production and persistence of melt, which may fill microfaults in a
shock compressed material, is retention, on the time scale of the experiment,
of energy deposited in shear related deformation features due to low thermal

diffussivity: . NaCl is included in a compilation (Table 2, after Grady (1980))
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1 cm

Figure 5) Framing camera images for shot #645, shock pressure =

28.0 GPa. Top image is 200 ns exposure initiated 100 ns after entry of shock

wave into sample. Lower image of 500 ns duration initiated 100 ns after
first exposure.
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Table 2) Comparison of thermodynamic parameters for minerals

k

Thermal

Material Conductivity

C

W/m "K 103J [kg

510, 2.5
CaCO g4 2.5
NaCl 5.6
Al,Og4 20.1
MgO 33.5

0.8

0.84

0.85

0.75

0.88

? p
Heat Density
Capacity

'K Mg /m?3 107'm?/sec

2.63

2.70

2.16

3.99

3.65

K

Thermal

Diffusivity

12

11

31

69.6

104

Melting

Temperature Reference

‘K

1710 1
1540 1
1074 2
2350 1
3100 1

References) 1: Grady (1980), 2: thermal conductivity - Gray(1963), density and melting tem-

perature - Weast(1977), heat capacity is assumed given by: C, =3nR (Dulong-Petit high

temperature approximation) where n is the number of ions of the molecular formula and R is

the gas constant.
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Figure 6). 6a) Plot of observed temperatures vs pressure for NaCl.
Filled circles are from present study, open circles from Kondo and Ahrens
(1983). (A) - Static melting data to 6.5 GPa (Akella et al., (1969)), (LJ) -
diamond cell B1-B2 NaCl equilibrium phase line (Li and Jeanloz (1987)),
(HG) - theoretical B1-B2 phase line (Hemley and Gordon (1984)), (F) -
calculated Hugoniot continuum temperatures (Fritz et al.;(1968)).
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of thermal properties of minerals known to undergo microfault melt pro-
duction (8104, CaCOj) to those which retain shear strength upon release
(Al50 3, MgO). The low melting temperature of NaCl may in part offset the
effects of a ¥ which is higher than those of Si04 and CaCO 3, but noticeably
smaller than those of Al,03 and MgO, to allow production of microfaults

accompanied by melting.

The nature of optical emissions from shocked crystals depend upon the
amplitude of shock induced deformation occurring (Schmitt and Ahrens (1983),
Schmitt et al., (1986)). For example, calcite displays a well defined thermal
spectra upon shock loading. Periclase displays a wide line spectra centered
at 700 nm believed to be due to microfracturing during compression,
no thermal component is observed. Corundum emits a spectra intermediate
to that of calcite and periclase which may be interpreted as the superposition
of a broad line spectra upon a greybody. The spectra emitted from shocked
fused quartz are thermal. Shocked crystalline quartz is a more complex
possibly due to its piezeoelectric properties. Light which is primarily thermal
in its spectrum is emitted by NaCl. When compared to the spectra and
differing shock deformation in other minerals it appears that shock defor-
mation in NaCl is also heterogeneous and accompanied by the production

of melt-filled microfaults.

In summary, the above results are suggestive of a heterogeneous
deformation process in NaCl characterized by the production of melt-filed
microfaults behind the shock front, interpretation of the results of this

study are based on the deformation model sketched in figure 8.
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Figure 8) Schematic diagram of inferred microfaulting in NaCl under
shock com%ression. 8a) View of the production of microfaults at an orienta-
tion of 45 ° to the direction of shock wave propagation along the planes of
maximum shear stress in the material. 8b) Magnified view of microfault
filled with melt and with nucleation of high pressure phase.
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INFERRED PHASE RELATIONS OF NACL

The present data (figure 6) display a marked rise in temperature
above 25 GPa with a maximum near 27 GPa followed by a decrease to 30
GPa; this pressure range coincides with the B1-B2 mixed phase region along
the Hugoniot of [100] NaCl (Ahrens et al (1982), see also figure 1). The
response of KCIl over the B1-B2 phase transition region suggests that
after  partial transformation immediately behind the shock front, the
material is quenched in a metastable state which approaches equilibrium at a
rate dependent upon the intial crystal orientation (Hayes (1974)). Since
KCl is a good structural and chemical analog to NaCl (Jamieson (1965)),
these results suggest the high shock temperatures from 25 to 30 GPa may be
related to this metastability over the NaCl Hugoniot mixed phase region.
Although the reason for the increased temperatures is not understood, the
results for NaCl suggest the high shock temperatures from 25 to 30 GPa may
be related to superheating of either melt in microfaults or in the mixed phase
solids. Similar behavior is observed in shocked fused quartz in the shock pres-
sure region of 9.8 to 16 GPa which co-incides with the onset of the quartz to

stishovite transformation (see chapter 2).

The anomalous photodiode record from shot #641 (figure 4) at 28.4 (&
0.8) GPa may place an upper pressure limit to the mixed phase region. Inten-
sity linearly increases with time to 500 ns after entry of the shock wave in
the sample whereupon a peak is reached and intensity decays. The proxim-
ity in pressure of shot #641 and the end of the mixed phase region of NaCl
is more than coincidental. The peculiar photodiode record may display

characteristics from both the mixed phase and the B2 region of the NaCl
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Hugoniot. Irregular behavior of emissions from shocked materials near
Hugoniot phase boundaries are not unknown; for example, Lyzenga et al.,
(1983) recorded a fluctuating intensity in a photodiode record from fused
quartz shocked to 73.3 GPa: the inferred homogeneous melting pressure of

shock formed stishovite.

Based upon the above model of the heterogeneous shock defor-
mation (figure 8) believed to dominate in NaCl over the pressure range stu-
died, the observed radiative temperatures above 30 GPa represent the melting
temperature of the high pressure B2 phase of NaCl (figure 6). From this
assumption, the B2 melting curve is drawn through the four data points
above 30 GPa and is consistent with earlier NaCl shock temperature deter-
minations (Kormer et al., (1965a), and Ahrens et al., (1982), figure 6b). In
contrast to the greybody temperatures, indicative of the melting only in local-
ized regions, found in this study, the earlier data are blackbody tempera-
tures indicating homogeneous shock deformation at higher pressures
above 55 GPa. The shock temperatures above 55 GPa thus represent the
equilibrium continuum temperature. The relative flatness of the slope of the
data between 55 GPa and 70 GPa is due to the latent heat of fusion and the
shape of the curve is as expected for a homogeneous melting transition
(Duvall and Graham (1977)), recently, similar results have been observed in
Csl (Radousky et al., (1985)). Increasing temperatures above 70 GPa are those
of the equilibrium temperature with shock pressure of NaCl melt. The
present four data points above 30 GPa, if assumed to represent the melting
curve of the B2 NaCl phase, yield a local Clapeyron line with slope
dT,, /dP = 72 K/GPa (figure 6).
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For shot #646 at 21.7 GPa, the observed temperature may define
a point on the untransformed Bl melting curve since the experimental pres-
sure was below the onset ot the B1-B2 shock transition for any initial NaCl
crystal orientation. This result is consistent with an extrapolation of
static melting determinations from 6.5 GPa (Akella et al.,, (1969)). The
phase state of the next highest pressure shot (#698) at 23.8 GPa is more
ambiguous; upon consideration of uncertainties in the exact B1-B2 transfor-
mation onset pressure, this datum has been included in the metastability
region of the NaCl Hugoniot. As noted above for KCIl (Hayes (1974)), the
region of metastability commmences immediately past the onset of the B1-
B2 phase transition; we therefore predict that the B1-B2-melt triple
point lies in pressure below the data point of shot #698 near 2250 K and
23.5 GPa. The shape of the inferred phase lines near the triple point are
similar to that determined for KCI (Clark (1959)) with an initial increase

in slope of the B2-melt phase line.

An inferred B1-B2 solid equilibrium transition line is extrapolated
from the predicted triple point to the room temperature static equili-
brium measurement (Li and Jeanloz (1987)). Theoretical (Hemley and
Gordon (1985) and diamond cell experimental results for NaCl (Li and Jeanloz
(1987)) indicate that this phase line has a mnegative Clapeyron slope
with increasing curvature at lower pressures (figure 6). The present inferred
triple point and equilibrium B1-B2 phase line lie at higher pressures than
would be suggested by extrapolation of the diamond cell equilibrium data (Li

and Jeanloz (1987)).
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CONCLUSIONS

1) Additional new optical observation of the shock induced optical
spectra and framing camera images provide strong evidence for the heterogene-
ous deformation of single crystal NaCl in the dynamic pressure range of 20 to
35 GPa. Present observations include: a) greybody thermal spectra emitted by
the samples during shock compression are fit to color temperatures in excess
of the continuum temperature by at least 1000 °K . This and low values of
emittances of 0.3 indicate that zones of localized deformation (microfaults,
shear bands) are produced. In analogy with results for SiO, we presume melt-
ing is occurring in these regions, b) The heterogeneous radiative pattern seen
in framing camera photographs. Other arguments (e.g., irregular
features in shock recovered NaCl) support the present evidence for hetero-

geneous deformation.

2) These microfault temperatures display a marked increase and sub-
sequent decrease over the pressure range of 25 to 30 GPa. This pressure range
corresponds exactly to the B1-B2 mixed phase region along the Hugoniot of
NaCl. These anomalous temperatures are not understood but may be due to

superheated microfault melt or mixed phase solid in this regime.

3) Based upon a model of heterogeneous shock compression charac-
terized by the production of hot localized zones of melt (microfaults) in
which nucleation of a high pressure phase would be enhanced, the observed
temperatures above 30 GPa appear to follow the fusion curve of the B2 phase
of NaCl. On this basis, the B1-B2-melt triple point is predicted to be near

2250 °K and 23.5 GPa.
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