T

In our studies of simulated non-clay fault
gouge, crushed Westerly granite with a median
initial grain size of 100 um was repeatedly
cycled to its failure stress at constant
effective confining pressure of 200 MPa and
pore pressure of 50 MPa. The critical parameter
controlling deformational behavior of this
material was initlal porosity, which was
controlled between approximately 10 and 25
percent. Both peak stress and post-failure
softening markedly increases with decreasing
initial porosity.

Permeability, measured during the deformation
experiment, decreased dramatically. From
starting values at zero shear stress of about
10-°m?, permeability decreased monotonically
with shear strain, even though the sample
dilated. As a result, values less than
107'%n? (1 microdarcy) were achieved for
strains of around 45 percent, even though
porosity was still about 15 percent. These
low values have interesting implications for
active fault zones in granitic rock. Physi-
cally, they imply a continuous decrease in
pore size, and therefore grain size during
shear.

T 146

PERMEABILITY OF FAULT GOUGES UNDER CONFINING
PRESSURE AND SHEAR STRESS

L. Q. Shi (Institute of Geology, State
Seismological Bureau, PRC)

Carolyn Morrow

Diane Moore

James Byerlee (U.S. Geological Survey, Menlo
Park, California 94025)

The permeabilities of 4 clay-rich San Andreas
fault gouges (taken from surface and borehole
depths to 408 m), a serpentinite fault gouge
from San Francisco, and 2 pure clays were
measured at confining pressures from 5 to
200 MPa and during shearing with shear
displacement up to 9 mm at 200 MPa confining
pressure. Samples consisted of 1 mm thick
gouge layers placed between 30° sawcut surfaces
of sandstone cylinders 25.4 mm in diameter and
63.5 mm in length. Permeability was strongly
dependent on grain size distribution.
Homogeneous, fine-grain San Andreas gouge
(98.6% grain dismeters < 0.075 mm) taken from
borehole depth of 408 m, had a
permeability < 1.0 nD at 200 MPa confining
pressure, whereas the serpentinite gouge with
mixed grain sizes (grain diameters ranged from
0.09 mn to 1 mm) was 2 orders of magnitude more
permeable. Permeabilities for San Andreas
gouges ranged from .2.1 to 22 nD at 50 MPa
confining pressure and from 0.3 to 2.3 nD at
200 MPa. Only a fraction of the permeability
{typically 50%) was recoverable upon unloading
oonfining pressure. In addition, samples were
deformed in steps and at each step permeability
was measured in 2 ways: at constant
differential stress and after unloading
differential stress. The permeabilities
obtained by these two methods were in close
agreement with each other. In all cases,
application of differential stress reduced
permeability (23 to 87%). This reduction in
permeability was primarily due to increased
normal stress and was nearly independent of the
amount of shearing. That is, most of the
decrease in permeability occurred when
differential stress was first applied and
normal stress was increasing rapidly.

T

PORE VOLUME CHANGES ASSOCIATED WITH FRICTIONAL
SLIDING OF FRACTURES AND SIMUIATED JOINTS WITH
AND WITHOUT GOUGE*

L. W. Teufel (Geomechanics Division 5532, Sandia
National Laboratories**, Albuguergue, NM,
87185)

Diletancy is well esteblished as accompanying
the fracturing of intact rock in the laboratory,
but few detailed experiments have been done at
high pressure to determine if dilatancy occurs
prior to and/or during frictionsl sliding of
Joints. Accordingly, the general problem of
dilatancy associated with joint movement has been
investigated in drained, triexial compression,
pore-preggure experiments of Jointed specimens of
Coconino sandstone. The Jointed specimens con-
sisted of right circular cylinders with either a
single induced fracture at 280 to 31° to the
cylinder axis, & sawcut at 359 to cylinder axis,
or 35° sawcuts separated by simulated gouge of
quartz sand. Tests were conducted at effective

confining pressures to 90 MPe, an axial displace-
ment rete of 5 x 10°2 em/s and joint displace-
ments up to 8 mm. Volume changes were measured
by monitoring the adjustment in pore fluid (dis-
tilled water) volume required to maintain a con-
stent pore pressure during the course of the
test. For the fractured specimens and 35° pre-
cuts there was an initial compaction of the
specimen upon application of the axial load. As
the peak stress for the onset of slip was reached
and sliding began, compaction decreased to zero
and dilatancy occurred, The smount of dilatancy
increased with increasing normal stress and in-
creasing Joint displacement. The dilatancy is
correlated to cbserved microfracturing along the
Joint sliding surfaces. In sharp contrast the
35© precuts separated by quartz gouge showed only
compaction prior to end during sliding et all
stress and displacement conditions. Observa-
tional studies indicate that cateclasis and com-
paction of the gouge is the dominent deforms-
tional process,

* This work was supported by the U.S, Dept, of
Energy (DOE) under Contract DE-ACO4-76-DPOO789.
*¥A U.3, DOE Facility.
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STRENGTH OF SATURATED CLAYEY GOUGE, ITS
DEPENDENCE ON STRAIN RATE AND PERMEABILITY

Chaw-long Chu (Department of Geology and Geophy-
sics, University of California, Berkeley, Cal.
94720

Chi~-yuen Wang (Department of Geology and Geophy-
sics, University of California, Berkeley, Cal,
94720)

Wunan Lin (1-350, Lawrence Livermore Laboratory,
Livermore, Cal. 94550)

The behavior of active faults is thought to be
controlled in part by the mechanical properties
of fault gouge. Experiments on clayey gouge in
rock joints to approximate natural faults have
been carried out under 2kb confining pressure
to determine the relationship between ghear
strength, strain rates and drainage conditions.
Permeability of clayey gouge is determined at
pressures up to 250 bar. Experimental results
show that: (1) at a given loading rate, a thinner
clayey gouge sample is stronger than a thicker
one; (2) in experiments in which drainage con~
ditions vary, better drained samples support
greater deviatoric stresses; and (3) permeabil-
ity decreases with pressure, reaching 0.1 nino-
darcy at about 250 bar.

In order to explain the differences in shear
strength, numerical analysis based on a one-di-
mensional consolidation model is used to esti-
mate the pore pressure in the clayey gouge as a
function of loading rate and drainage condition.
The observed differences in shear strength are
interpreted in terms of the excess pore pres-
sures generated in the clayey gouge under dif-
ferent loading rates and drainage conditionms.

T149

LARGE ANGULAR ROTATIONS OF BLOCKS ALONG STRIKE-
SLIP ZONES AS SHALLOW DECOLLEMENT FEATURES

D.G. Gallo, A.M.C. $engor, H.S. Sloan and W.S.F.
Kidd (Department of Geological Sciences, State
University of New York at Albany, Albany, NY
12222)

Large angular rotations of crustal blocks (90°
or more) are often associated with major strike-
slip zonmes and discrete strike-slip faults (e.g.
western U.S. and Canadian Cordillera). Such
rotations have been used in the past to recon-
struct former positions of lithospheric blocks
assumed to have been associated with the out-~
crops on which the rotations have been measured
without evidence that the rotated block was in-
deed a lithospheric plate. We argue here, based
on field, geophysical and experimental data that
at least the largest portion of all such rota-
tions are confined to shallow crustal flakes
generated as a part of systematic shear zone
evolution and in no way indicates a rotation of
the lithospheric plate from which the flake was
sliced off.

The initial stages of shear zone evolution may
be characterized by the generation of en echelon
ruptures which trend obliquely (10°-45°) to the
general shear direction. Continued displacement
along the shear zone results in oblique exten-
sion of the en echelon rupture segments and
oblique compression of the material between them.
Such compression results in folding and thrusting
of shallow level crustal flakes which are syn-
kinematically rotated in a sense compatible with
the general sense of strike slip displacement.
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SURFACE TRACE OF
THROUGH GOING

CRUSTAL }LT

T150

PHOTOELASTIC AND ROCK MODEL STUDIES OF THE RAMP
BEGION OF THRUST FAULTS*

J. D. Morse (Dept. of Geology, Texas A&M Univ.,,
College Station, TX 77843)

L. W, Teufel (Geomechanics Division 5532, Sandia
National Laboratories**, Albuquerque, NM 87185)

The upper-plete deformation in the ramwp regions
of large-scale thrust faults is gimuleted in ex-
periments using photoelastic models subjected to
plane stress deformation and rock models (not
scaled mechanically) deformed under confining
pressure to 50 MPa. Both types of models bagi-
cally consist of three unwelded layers with the
middle layer containing & lubricated precut ramp
inclined at angles of 20 to 35 to the layer
interface., The photoelastic models provide a
atress analysis of the ramp region up to the ini-
tiation of fault movement. The deformed rock
models provide insight into the kinematics and
deformation mechanisms associated with thrust
sheet migration through the ramp region. . Accord-
ingly, the rock models indicate that the primery
mechanism by which the thrust sheet bends in the
lower hinge to move up the ramp is by the forma-
tion of reverse faults (back-thrusts) that dip
opposite to the ramp, The back thrusts initiate
at the lower hinge of the ramp and propagate
‘toward the overlying layer interface. The photo-
elestic models show & large compressive stress
concentration with a redial stress distribution in
the lower hinge where the back-thrust initiates.
Correlations with the rock models suggest that a
back-thrust forms initially as an extension frac-
ture parallel to the trajectory of the maximum
principal compressive stress lying along the locus
of maximum stress difference. As the material
beging to move through the lower hinge, shear dis-
placement occurs along the incipient extension
fracture, producing the back-thrust. With con-
tinued displacement, the first-formed back-thrust
is translated up the ramp as material behind it
migrates through the lower hinge principelly by
the formation of additional back-thrusts.

#* This work was supported by the U,S. Dept. of

Energy (DOE) under Contract DE-ACO4-76-DPO0789.
**A U,8, DOE Facility.
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SIMULATION OF CREEP EVENTS AND EARTHQUAKES ON &
SPATIALLY VARIABLE MODEL

Gerald M. Mavko (U.S. Geologlcal Survey,

345 Middlefield Road, Menlo Park, California
94025)

Numerical simulations of slip on 1-D and 2-D
fault models have been made assuming a fault
zone constitutive law similar to those
determined experimentally by A. Ruina (pers.
comm.) and J, Dieterich (1980) for both clean
and gouge-filled contacts. These constitutive
laws are characterized by two competing
effects: an instantaneous dependence of fault
strength on velocity (strength increases with
velocity); and also an inverse dependence of
strength that takes full effect only after a
finite amount of slip d has occurred. The
models predict recurring rapid slip events
followed by periods of strain accumulation.
Slow stable (creep) events are favored by low
pressure, large elastic stiffness and large d,
and vice-versa for unstable events. In this
study the pressure effect is emphasized. 2-D
simulations in a plate, with increasing
pressure with depth, show a pronounced damping
of slip perturbations at shallow depths ranging
downward to steady oscllations ard downward
further to unstable growth of perturbations.
Comparison of results with creep events on the
San Andreas fault suggests that surface creep
events must be confined to approximately the
upper 1-2 km of the fault; deeper events would
tend to be unstable. In addition to the depth
dependence, model results predict that normal
stress will fluctuate with complications in
fault geometry. In certain areas, the observed



T

the retiability of near-surface tests in defin-
ing regional stress had not been established,
we declded to remeasure the stresses at the
same locations but at greater depths. We core-
drilled 200 m vertical NX holes in three of the
aforementioned quarries and carried out hydro-
frac measurements at 15 or move depths in each.
Owing to weak horizontal bedding planes many of
the tests yielded information only on the ver-
tical principal stress (consistently at 0.026-
0.028 MPa/m depth}. Sufficient tests, however,
resulted in both vertical and horizontal hydro-
fractures ‘and showed dual sut-in pressures, to
enable the calculation of all three principal
stresses. Within 40-160 m depth horizontal
stresses in all 3 quarries appear to belong to
a uniform regional stress field with °¥min?MPa)=
5 + 0.0015xDepth(m) and PHmax{MPa) = 11 +
0.005xDepth(m); the direction of O, .. is uni-
formly at N70°E £ 15°. These result&%are in
agreement with the prevailing stress regime in
the Midwest and a large portion of Eastern U.S.
The rotation of Thmax direction at one of the
quarries from 135° at 10 m depth, to 110° at

21 m, to 84° at 47 m, to 75° at 70 m, and sta-
bilizing at 65° + 15° within 70-160 m, helps
explain the discrepancy between the near-sur-
face and the deeper stress determinations.

T132

TECTONIC STRESS NEAR THE SAN ANDREAS FAULT
FROM STRAIN RELIEF MEASUREMENTS

C,E. Flaccus (All at: Dept. of Geosciences,
University of Arizona, Tucson,
AZ 85721
Randall M. Richardson
Marc L. Sbar
Terry Engelder (Lamont-Doherty Geological
Observatory, Palisades, NY 10964)
David Yale (Dept. of Geophysics, Stanford
University, Stanford, CA 94305)

During the summer of 1980, 57 strain relief
measurements were made up to depths of 29 m,
at two sites near Palmdale, Ca., one 2 km SW
of the San Andreas fault, and the other 18 km
to the NE. At depths greater than 6 m, an
orientation of N15-25°W was observed for the
maximum compressive stress(gi), and 1s inter-
preted to represent the local tectonic stress
field. This 1s in agreement with tectonic
stress orientations inferred by others from
hydrofracture measurements to depths of about
1 km near one site {(Zoback, 1980), strain
accumulation from trilateration surveys at
Palmdale (Lisowksi and Savage, 1979), and a
stress anomaly associated with the 1979 Lytle
Creek earthquake south of the study area
(Clark, 1979). A N15-25°W tectonic stress
orientation is also in agreement with fault
plane solutions from Southern California
{Sbar et al., 1979). The magnitudes of o1
below 6 m were found to be 0.4~1 MPa near
the fault and 1-6 MPa at the site 18 km from
the fault.

Within the top 6 m, considerable scatter
was observed in both the magnitude and
orientation of o;. Comparison of this data
with previous overcore data suggests that
shallow measurements (< 6 m) may be un—
reliable for predicting tectonic stress
in this region, perhaps due to thermal
stresses in the upper few m assoclated with
large seasonal temperature variations.

T133
READING STRESS FROM CATACLASTIC ROCKS

Charles G. Sammis, Robert H. Osborne, J. Lawford
Anderson, Mavonwe Banerdt (A1l at University

of Southern California, Los Angeles, California,

80007

Intrafault material having grain diameters
d < 4 mm which was produced by the brittle frac-
ture of granite in a triaxial pressure vessel is
shown to have a log normal particle size distri-
bution. The grain diameter <d> at the mean of
this distribution {s shown to decrease with in-
creasing fracture stress o, as 1gg <d>_= -Aof +
B. For dry samples A = 2.8 x 10°% WPa™! and
B =7.9 x 1072, Samples which were saturated
with water and held at o, > 0.50, for several
hours prior to fracture produced’ coarser parti-
cle distributions than the dry samples. These_
wet_samples were characterized by A = 3.6 x 107°
MPa™! and B = 4.8 x 107%. Wet samples which
were held at o; ~ 0.1o; produced even coarser
particle distributions, suggesting that the
grain size distribution depends on the stress
history of the sample. The trends defined by

the above equation are shown to be consistent
with <d> observed for gouge and cataclasite from
the San Andreas and San Gabriel fault zones,
where o was deduced from the lithostatic con-
fining gressure at the inferred depth of burial
at the time of rupture.

T 134

CHANGES IN PRESSURE ON BART TUNNEL LINING--
AN EARTHQUAKE PRECURSOR

Ian R. Brown

Tor L. Brekke (both at Department of Civil
Engineering, University of California,
Berkeley, CA 94720)

The Bay Area Rapid Transit Berkeley Hills
tunnels cross the Hayward Fault zone near
the western portal. Since construction in
1967, slow slippage along an active trace of
the Hayward Fault has cracked the reinforced
concrete lining, and shifted the track right
laterally. Total displacement is about
52 mm. During construction, pressure cells
were installed between the lining and the
surrounding ground, and readings have been
taken at irregular intervals over a period
of 13 years. Passive pressures have increased
with time due to right lateral slippage.
Superimposed on this trend, there are
periods when significant pressure changes
occur over a short period of time. When
these data are compared with the seismic
record for the Hayward Fault, there appears
to be a pressure decrease that occurs prior
to an increase in seismicity.

T1%

HAVE LARGE-SCALE MAGNETIC CHANGES OF CRUSTAL
ORIGIN OCCURRED WITHIN THE SAN ANDREAS FAULT
SYSTEM, 1974-1980% :

8. Silverman (U.S. Geological Survey,
345 Middlefield Road, Menlo Park, California
94025)

M. J. 8. Johnston

Synchronized total magnetic field
measurements of high precision have been made
throughout California since 1973. An analysis
of these data indicates that localized
anomalies with amplitudes of more than one nT
occur at both ends of the creeping zone of the
San Andreas fault in central California, the
Junetion of the San Jacinto and San: Andreas
faults, and the region near the Mission
Creek-Morongo Valley faults. A search for
general regional differences between the mean
data obtained from southern California sites
and that from central California sites
indicates that, after correction of the data
for normal secular variation during the period
1974-1980, no mean field difference greater
than 2 nT has occurred during this time in
spite of the different tectonic regimes of
these two areas, The secular variation rates
were determined by least squares line fitting
and ranged from 45 nT/yr near San Francisco to
55 nT/yr near the Salton Sea. The best fitting
plane to these data has the form
0.043X - 2.22Y + 123.18 -~ Z = O where X is the
decimal longitude, Y is the decimal latitude,
and Z 1s the secular variation per year. This
corresponds to a maximum spatial gradient of
1.5+#0.5 nT/100 ka/yr.

T1%

BREAKING THE 1/4 nT SEISMOMAGNETIC SENSITIVITY
BARRIER

Stick Ware (Cooperative Institute for Research
in Environmental Sciences, University of
Colorado/NOAA, Boulder, CO 80309)

Short baaseline (<100m) magnetic gradient
observations in Colorado using self-calibrating
rubidium magnetometers (SCRs), accurate to
0.01 nT, showed 0.0023 nT rms (that's right,
2.3 pI) local stability for 1000 min. However,
similar observations using several USGS proton
magnetometers (PMs), with a 0.25 nT least count
uncertainty, showed, at best, 018 nT rms. It
therefore appears that the local gradient PM
observations are dominated by instrument noise.
For observations over longer baselines, which
are commonly used in selsmomagnetic research,
the detection threshold for PMs may also be
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limited by inetrumental noise, if noise reduc~
tion techniques are used to diminish non-
seismic magnetic noise. For example, a sta-
bility of 0.03 nT rms for noise reduced 12 km
gradients, observed by SCRs in Colorado, was
previously reported. In view of the fact that
no coselemic magnetic signals have been ob-
served in California, even in several cases
where large earthquakes occurred near operating
PMs, and considering that coseismic signals
should be the largest and most easily identi-
fied of all seismomagnetic events, the possi-
bility for improving the sensitivity to sels-
momagnetic events in California (and other
earthquake zones) should be investigated. It
is important that the noise reduction tech~
niques, which are applied to such high accu-
racy measurements in order to realize the best
detection threshold, should include a method
for reducing magnetic effects generated by
ocean tidal currents. TFourier transforms of
USGS PM gradients from central California
were used to identify these tidal effects,
which can be larger than the atmospheric mag-
netic noise, for site pairs near the ocean.

Constitutive and
Kinematic Properties
of Faults
Oregon/Nevada HlI
Thursday AM

E. G. Bombolakis (Boston
College), Presiding

T

DYJAMIC ANALYSIS OF THE HARTFORD
DIKE LANDSLIDE

E.G. Bombolakis (Dept. of Geology
and Geophysics, Boston College,
Chestnut Hill, MA., 02167)

The Hartford Dike slide is
well~documented. An understand-
ing of this slide and other
well~documented cases should help
resolve some long-standing problems
associated with overthrusts, des-
collements, earthquake-induced
landslides, and several types of
faulting. For this reason, a gqual-
itative analysis of the Hartford
Dike slide was presented previously,
and a quantitative analysis now is
presented here, This slide is a
special case of a translational
type that is not uncommon, and so
the equations of sliding distance,
travel time, and dynamic basal
shear strength are derived in a
form capable of being generalized.

An important feature of the
Hartford Dike slide is that intense
deformation did not extend any
appreciable distance above or below
the basal glide surface. This kind
of observation has been a puzzle
for many years with respect to a
number of overthrusts and descolle~
ments, The explanation in the
Hartford Dike case is that an in-
stability mechanism caused a rapid
reduction of the "internal angle of
friction" along the glide zone.
Data analysis indicates that the
strength reduction was substantial:
the "friction angle" was reduced to
a value smaller than three or four
degrees.,

T3

MECHANICS OF LOW-ANGLE NORMAL FAULTING IN
THE MINERAL MOUNTAINS, UTAH

R.L. Bruhn (Dept. of Geology and Geophysics
University of Utah, Salt Lake City,
Utah 84112)

M.R. Yusas (Utah 84112)

Roosevelt Hot Springs geothermal area is
located in the Mineral Mountains of southern
Utah, The geothermal resexrvoir was formed
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photographed near Fairbanks, Alaska, by Malcolm Lockwood.
This is a reproduction of a color plate from Majestic Lights —The
Aurora in Science, History and the Arts, by Robert H. Eather.
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