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Slip Movement Simulations of Major Fualts
Under Very Low Strength

Moochoon Park* and Uk Han*

ABSTRACT : Through modeling fault networks using thin plate finite element technique in the San Andreas Fault
system with slip rate over Imm/year, as well as elevation, heat flow, earthquakes, geodetic data and crustal
thickness, we compare the results with velocity boundary conditions of plate based on the NUVEL-1 plate model
and the approximation of deformation in the Great Basin region. The frictional and dislocation creep constants of
the crust are calculated to reproduce the observed variations in the maximum depth of seismicity which corresponds
to the temperature ranging from 350°C to 410°C. The rheologic constants are defined by the coefficient of friction
on faults, and the apparent activation energy for creep in the lower crust. Two parameters above represent
systematic variations in three experiments. The pattern of model indicates that the friction coefficient of major
faults is 0.17~0.25. We test whether the weakness of faults is uniform or proportional to net slip. The geologic data
show a good agreement when fault weakness is a trend of an additional 30% slip dependent weakening of the San
Andreas. The results of study suggest that all weakening is slip dependent. The best models can be explained by
the available data with RMS mismatch of as little as 3 mm/year, so their predictions can be closely related with

seismic hazard estimation, at least along faults where no data are available.

INTRODUCTION

Hubbert and Rubey (1959) debated over the
strength or weakness of faults that is showing the
impossible faults to explain large overthrusts with
conventional theory. According to the previous stu-
dies, there are restriction in local solutions sho-
wing very low stress.

Bird (1978a) showed two oceanic subduction
zones which have a mean shear stress of 20 MPa
using force balancing calculations. A variant of this
me- thod gave the same value for the thrust faults
for- med during Indian Plate collision against the
Eura- sian Plate (Bird, 1978b). Henyey (1968)
searched unsuccessfully for a heat flow anomaly
along the San Andreas fault (Fig. 1), however, he
successfully suggested that its mean shear stress
must be less than 20 MPa (Henyey and Wasserburg,
1971; Lachenbruch and Sass, 1980). Mount and
Suppe (1987) compiled stress orientation data along
the San Andreas fault and showed that the nearly
orthogonal relation is required to obtain very low
friction (M<0.1). The result suggests that the
standard model often predicts higher stresses by an
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order of magnitude.

It is important to decide whether these cases of
low strength are local anomalies or regional repre-
sentative. Furthermore, it would be helpful to de-
termine faulting condition in as many tectonic se-
ttings as possible. For example, in thrusts, it is
possible to explain that the low faulting strength
can be caused by high pore pressure within the
shear zone, as Hubbert and Rubey (1959) men-
tioned. In the case we might invoke low friction

central
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Fig. 1. Location map of the study area.
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hydrated clays in fault gouge. We might be forced
to consider unknown sources of pore pressure, or
even to question the relevance of the friction law
(Williams, 1995; Hickman et al., 1995; Han and
Keehm, 1997). In order to solve experimental pro-
blem, we tried to make three attempts to develop
finite element codes that would permit computa-
tional trial with different hypothesized fault rheo-
logy. Every computed model has an assumed rheo-
logy and plate tectonic boundary conditions, and
predict present surface velocity, strain rate, and
stress. This paper aims that one will be to test whe-
ther its predictions of mean fault slip rates, stress
directions and geodetic data are close to the reality.

THE RHEOLOGIC MODEL

In the rheological model, shear stress in the
upper crust is given by the friction law:

|css]Su(—csn—BPp)+(sC )

where G, ¢, and G, designate shear stress, nor-
mal stress and cohesion on the same plane, and is
p the coefficient of friction, B is the Biot coe-
fficient (close to 1 in porous rocks), and Pp is the
pore pressure. Usually, the pore pressure is assu-
med to be hydrostatic (P,=p,gz, where p,, is
water density, g is gravity, and 7' is depth). For
most rocks tested in the laboratory, the friction (1)
is approximately 0.85 (Brace and Kohlstedt, 1980;
Han, 1991). This enables to predicted shear stress
of 215 MPa on a purely strike slip fault about 15
km.

The base model is one in which the entire crust
shares a common rheology, both in fault zones and
in the blocks between. This common rheology
includes both frictional and dislocation creep part,
with the “brittleductile” transition between them
depending upon temperature and strain rate. In the
frictional part, the base coefficient of friction is
0.85, the Biot coefficient is 1, and the pore pressure
(Pp) is assumed hydrostatic. For dislocation creep,
we compute the shear stress O, from

0,=CI24M” exp(QURT))e, )

where C is a constant parameter, II is the second
invariant of the strain rate tensor, n is the stress

exponent, Q is the molar activation energy, R is the
gas constant, T is absolute temperature, and & is
the shear strain rate. The creep activation energy Q
varies from 100 to 400 kJ/m. This is approximated
from experimental results using plausible lower
crustal rocks (Kirby, 1983). For initial e)épen'men-
tation, the creep values were C=1.9x10 Pm and
Q=150 kJ/m; we will describe how better values
were obtained empirically.

Each computed model induces results: long term
average slip rates of faults, principal directions of
stress, and relative velocities of geodetic benchmarks.

As for prediction of long term average slip rates,
we used fault data with large offsets (>40 m on long
faults, >5 m on short faults) in order to average
several seismic cycles. Although late Quaternary
rates are ideal, in many cases it was necessary to
average as far back as the late Miocene in finding
data. Most of the rate limits were already tabulated
by Bird and Rosenstock (1984). Available data and
data from northern California are listed in Table 1.
Altogether, there are 79 rate limits that each model
follows. The scalar measure of misfit that we ado-
pted is the root mean square (RMS) prediction error,
€geologic» IN Mm/year.

Directions of principal stresses were obtained
from the compilation of Zoback and Zoback
(1989). There are 221 stress data available in the
region. Plots of this data show much local scatter
which is not mechanically plausible, and may re-
present either technical problems or failure to
average over sufficient depth. To quantify the mo-
del, we computed a variogram, which is a graph of
the variance of the differences in stress orientation
between all possible pairs of data versus the dis-
tance between them. From the value of linear varia-
tion diagram, we estimate whether the dataset con-
tains errors with standard deviation of 17 degrees.
Calculated relative velocities between pairs of points
are not immediately comparable to geodetic results,
because most geodetic data were obtained over
short time periods during which there were no
large earthquakes.

Thus, model velocities are discontinuous across
faults, while most geodetic profiles are continuous.
We must correct the one after the other before
comparison; we correct the model predictions for
more complete knowledge of the model than of
the reality. In each fault element, we modify the
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Table 1. Geologic slip rate.

Rate

Slip* ( vear) References

Fault

Sarma-Wojcicki et al.
(1986)

RL 20£? Paul Segall (1995)
E. CA shear zone RL 6-12 Dokka and Travis (1990a)
W. Great Valley RL  31x1 Paul Segall (1995)
Hayward RL 7-10  Lienkaemper et al. (1989)

Calaveras RL 3+?

Coast Ranges

Panamint Valley RL 1.6-3.2 Zhang et al. (1990)
Panamint Valley RV <4.7 Zhang et al. (1990)
Rodgers Creek RL 22.1 Budding et al. (1991)
N. San Andreas RL 10-30 Cummings (1968)

N. San Andreas RL  3.75+? ?{“;gg;w“mk‘ et al.
N. San Andreas RL <25 Prentice (1989)

N. San Andreas RL  27.5 Ward and Page (1989)
N. San Andreas RL  39+3 Paul Segali (1995)

S. San Andreas RL 13-28 Prentice et al. (1986)
S. San Andreas RL 14-25 Yeats and Matti (1989)

San Cayetano RV  5.2-13.8 Harden and Huftile (1990)
San Jacinto RL  13.3-24 Morton et al. (1986)
San Jacinto RL 6-14 Prenrice et al. (1986)
San Jacinto RL 27  Rockwell er al.(1990)
San Jacinto RL 21.7 Wesnousky er al.(1991)
Santa Cruz Island RV  1.27-2.5 Pinter and Sorlien(1991)
*Slip component directions: RL=right-lateral; RV=relative ver-
tical (which is less than true dip-ship)

long term average solution by adding rectangular
patch dislocations extending from the surface down
to the brittle and ductile transition on the model.
We take the rate of slip on these dislocation
patches to be the opposite of the model long term
average slip rate, so that the fault becomes tem-
porarily locked in the upper crust. Then, the sum
of the far field elastic displacements from these
dislocations (Mansinha and Smylie, 1971) is a
vector field of velocity corrections due to tem-
porary fault locking. This vector field is added to
the original long term average velocity predictions
before scoring the model.

For simplicity, and to avoid any problem asso-
ciated with an arbitrary choice of a reference
frame, we compare geodetic data with corrected
predictions in the secular rates along baselines. We
use two complementary data sets of baseline rates.
From the U.S. Geological Survey Reports (Michael
Lisowski, personal communication, 1992), we obta-
ined 796 baseline rates along laser geodimeter
lines in networks lying along the San Andreas
fault system. Most of these data were graphically

presented in Savage et al. (1990) and Lisowski ez
al. (1991). The laser geodimeter data had been
processed to remove coseismic slips before the
determination of rates. Both rate datasets conta-
ined estimated rate errors, which we used as wei-
ghts in calculating weighted RMS prediction errors
as the scalar norms of the misfit of our models,
€y g and €., in mm/fyear.

Because these three datasets may not always
point to the same conclusion, we also created a
scalar measure of global mismatch, &g, (in mm/
year), by combining the three individual error
measures. The formula of study, which is designed
to give equal weight to geologic, geodetic, and
stress data, is:

Egloba]=

1/3[Sgeologic-*'(EVLBI +£lasery2+(€stress_17 )Q 1 (3)

FINITE ELEMENT TECHNIQUES

The computed codes based on assumptions and
approximations are as follows;

1. Flat earth. For simplicity and speed of exe-
cution, our models are created in a Cartesian coor-
dinate system attached to a nominally flat Earth,
with unidirectional gravity along x; (or z) direc-
tion.

2. Creeping flow. We neglect all insignificant
acceleration in comparison with gravity. We will
instead attempt to compute the long term average
stress and average slip rate of each fault.

3. Inelastic deformation. Our finite element mo-
dels neglect elastic strain. This enables our code to
be structured differently from nonlinear viscoe-
lastic codes. However, when such codes approach
a quasi steady state under constant velocity boun-
dary conditions, it is typically found that the el-
asticity is not important in the viscoelastic solu-
tions, and was only a means to an end.

4. Constant phase. No metamorphic or melting
processes are considered.

5. Incompressibility. Neglecting the elastic strain,
we treat the volumes and densities of rocks con-
stant except when applying short term elastic co-
rrections.

6. Constant thermal properties. We assume con-
stant thermal conductivity and radioactive heat
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production in all parts of the crust.

7. Steady state, vertical heat conduction. The
geotherms computed beneath each surface point
are assumed to depend strictly on local heat flow
and the regional thermal constants.

8. Inelastic rheology. All rocks are assumed to
deform either by frictional sliding on fault sur-
faces, or by nonlinear dislocation creep. The selec-
tion is made by evaluating the shear stress required
under each mechanism at the current strain rate,
temperature, and stress, and selecting the lower
value. There is no cohesion.

9. Fictitious viscous compliance. All finite ele-
ment codes lead to linear systems, which become
ill-conditioned if their coefficient matrices have
excessively large condition numbers. To prevent
this, we restrict the shear stress at all points not to
exceed the product of strain rate and an artificial
uniform viscosity. This viscosity is then set high
enough that fictitious viscous compliance has little
effect on the solutions.

10. Lithostatic vertical stress and isostasy. We
neglect any horizontal gradients of the vertical
integrals of vertical tractions on vertical planes.
We approximate the vertical normal stress G,, as
lithostatic at all points. The vertical traction on the
base of the crust is computed to support the topo-
graphy, allowing for the local density structure of
the crust.

11. Vertical integration of stresses. We use “thin
plate” models, in which the horizontal components
of the force balance are vertically integrated thro-
ugh the crust. As a consequence, stress output is
naturally expressed in terms of vertical integrals.

The first set of models in this series was pre-
sented by Bird and Baumgardner (1984). In their
study only the San Andreas fault was represented,
and this was done very crudely with a thin belt of
weaker faults. The models were compared to three
very preliminary data sets which represent his-
torical seismic moment distribution, direction of
shortening (or stress), and rates of vertical move-
ments. The best model found was one in which the
shear stress of San Andreas fault material was
12% of the strength of surrounding crust at equal
temperature and strain rate. Also unacceptable
slumping was predicted if the assumed strength of
unfaulted crust was reduced more than 50%.

In the second effort, we incorporate mantle drag

by assuming .various patterns of the horizontal
velocity field on the top of the mantle. These assu-
med flows were linked to the surface velocity
solutions by the dislocation creep rheology which
is assumed for the lower crust. Additionally, the
studies introduced a fault element for thin plate
models, in which any orthogonal component of the
horizontal projection of fault slip is assumed to
result from dip slip, and the shear traction on the
fault plane is required to be parallel with the slip
Vector.

The finite element grids are composed of two
types of elements: isoparametric triangular conti-
nuum elements, and isoparametric curvilinear fault
elements.

Positions along the trace of the fault, within any
one element, are defined using an internal variable
s, which varies from O at the node-1,6 end to 1 at
the node-3,4 end. Internal coordinate positions are
related to external coordinate positions by a super-
position of the 6 nodal functions f; (s):

x(s)= Z xfi(s)=— 2 x,£(s) 4
i=1,3 i=4,6

y®)=Y yifi(s)== Y y£(s)
=13 i=4,6

where i refers to the local node numbers (1-6), x;
and y; are the external coordinate of the 6 nodes.

The dip angle © is not defined quite as in
geology; it is measured from horizontal on the
node 2 side, so in any fault element where the
hanging wall is on the node 5 side, the dip will be
greater than m/2. Dip at any internal point is
determined from the same kind of superposition of
nodal functions, using data values 6; at nodes 1-3:

8(s)= Z 8,fi(s) (&)
i=1,3
The same method is used to interpolate other
necessary parameters, such as crustal thickness, heat
flow, and topography. Because of the way the nodal
functions are defined, the horizontal components of
the fault slip are easily obtained from:

AV,(9)= Y (V,)E(5) ©6)
i=1,6

AVy(s)= 2 (Vy)ifi(s)
i=1,6
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where V, is the x component of velocity and
(Vy); is the V, value at node i (local numbering),
and A refers to the motion of the node 1-3 side
with respect to the node 4-6 side.

The experiment will evaluate the frictional trac-
tion on the shallow parts of the fault element,
based on the Mohr Coulomb Navier friction law of
equation. We will assume that the vertical stress
o, is lithostatic, the pore pressure P, is hydro-
static, and the Biot coefficient B is spatially uni-
form. Under this law the lithostatic deviatoric stress
tensor is proportional to depth. Lithostatic devia-
toric stressAcl; is defined as:

Ao-l!j' = Gij_czzlij @

A second constraint is that the shear traction on
the fault plane must be parallel to the slip rate
vector. It follows geometrically that the lithostatic
deviatoric normal stress on the fault, at unit depth, is:

AcL*=tan@ sin'¥ T, ®)

where T," is the unknown shear traction on the
fault at unit depth, and ¥ is the rake angle of fault
plane. According to friction theory, the second equa-
tion relating AO‘{} and 7, is:

T; =u(—0:Z—Aor';*—BP;) ')

We adopt the weak fault model of Turcotte et al.
(1980) in which 90% of the shear falls within a
zone whose full width can be described by W (the
width of the shear zone):

W=z72 ; '<17km (10)

25-2.837+0.117" . '>17km

After the brittle and ductile zones are located, it
is useful to compute (by numerical integration) the
ratio of the integral of the shear traction down the
fault dip to the slip velocity. This will be referred
to as T

rz{ | inf(Tgricrion,Tgreep)df»}f (av2+av?)  (11)

where AV,AV, is the motion of velocity which
+B (perpendicular to the +c), +o (parallel to the
fault strike) are toward to the fault.

In this study, 56 geologic estimates of long term
fault slip rates are used for modeling. The best

models were achieved when the mantle drag was
convergent on the Transverse Ranges, and a low
friction is set to the San Andreas Fault (u=0.3).

In most cases, faults were forced to connect with
other faults, even where the actual intersection is
obscured by Quaternary sediments. It is important
to figure out the locations of fault if the intention
is to perform numerical experiments with faults
much weaker than intervening blocks.

The dip values that we assigned to most faults
were either 90° for strike slip faults, 65° for normal
faults, or 25° for thrust faults. These values should
be corrected if the faults are initiated following the
friction law (Equation 1), in rocks with a “stan-
dard” friction coefficient of 0.85. Presumably, any
lower friction developed later during gouge forma-
tion, weathering, and/or infiltration by fluids. The
dip of the Loma Prieta segment of the San An-
dreas was assigned to 70° according to the 1989
aftershock distribution.

To approximately represent the three dimensio-
nal structure of California, each node of the grid
was assigned values of elevation, heat flow, and
crustal thickness; at other point, these values were
interpolated using the quadratic nodal functions.
Crustal thickness is actually quite controversial,
and we selected the map of Mooney and Weaver
(1989) partly because of its simplicity and lack of
short wavelength features which (if incorrect) might
bias the behavior of particular faults. The heat
flow distribution which we assumed is shown in
Fig. 2; it was hand contoured from references
listed in Bird and Baumgardner (1984), plus nor-
thern California values obtained from Lachenbruch
and Sass (1980). In the Ventura Basin area, we
adopted the argument of De Rito et al. (1989) that
through most of the crust the heat flow is higher
than the surface value.

For simplicity, we assigned uniform intensive pro-
perties to the whole crust. The rock density (p) is
2800 kg/m>, and the density of pore fluids (pp) is
1000 kg/m>. The volumetric thermal expansion
coefficient (o) is 3 X 107°°K~!. The thermal con-
ductivity (k) is 3.0 Wm '°K™'. The radioactive
heat production (A) is 0.3 pWm™. To evaluate
these values, we computed model temperatures on
the Moho, and found a good correspondence
between model Moho temperatures over 900°C and
volcanic areas.
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Fig. 2. Heat flow distribution used in the calculations. Great Valley and Peninsular Ranges show low value, Coast Ranges,
Basin & Ranges province and Salton trough show high value. High heat flow region is weaker, as strength is inversely is

inversely proportional to the square of heat flow.

The boundary conditions on the sides of the
model are either prescribed velocity or (deviatoric)
traction free. All along the southwest side, we
impose the Pacific plate velocity from the NU
VEL-1 model of DeMets et al. (1990). Along the
Northeast side, we adopt a simple model of Basin
and Range extension in which the strain rate is
uniform 34° and 41° N, direction and the along
extension direction N56° W. The integrated strain
rate is 10 mm/year. Most nodes on the southeast
and northwest margins are left free, so as not to
impose slip on any particular fault. However, the
experiment shows that for reasonable results it is
necessary to limit the northwestward velocity of
the large rigid Sierra Nevada or Great Valley
block. We do this by limiting the velocity com-
ponent along N56° W to 10 mm/year at a single
node along the northwestern margin, This has di-
sadvantage of creating a local stress singularity,
but the advantage of not imposing any particular
rotation or NE-SW velocity on this large block.

In this study, we correct the two technical pro-
blems compared with previous work and take ad-
vantage of faster computers to present three set of
experiments totaling 155 models, all of which are
fully converged. We also use two new datasets of
stress direction and geodetic in addition to geo-

logic slip rates for objective scoring of the quality
of these models. Finally, we present tests of a third
fault flow law parameter, a possible weakening
proportional to net slip, in addition to those para-
meters previously considered.

COMPUTATIONAL EXPERIMENTS

In the first set of models, the base of the crust
was free from shear tractions. The friction coe-
fficient of all fault elements was reduced in nine
steps from 0.85 to 0.085, with all other parameters
held fixed. Subjectively, this reduction in friction
caused a huge improvement in the realism of the
output. In the model with fauit friction 0.85, all
faults were locked except the Elsinore and the
central California segment of the San Andreas;
these are nearly aligned with relative plate motion.
The many faults trends are not predicted by ele-
mentary friction theory only became active very
gradually as the friction was reduced. The geo-
logic and stress data confirm our subjective impre-
ssion by showing minimum error at fault friction
of 0.17. The two types of geodetic data seem to
have no ability to discriminate, and fit all models
well with 3 mm/year error. This is apparent be-
cause the velocity field of elastic strain around a
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set of temporarily locked faults is similar to the
velocity field of permanent inelastic strain around
a set of permanently locked faults.

Before conducting further experiments on fault
friction, we used the best model from group as a
tool to experiment with the dislocation creep law
of the lower crust. Our goal was to obtain a
relationship between its two unknown parameters
(C and Q) by matching the observed depth of the
brittle and ductile transition in California, San An-
dreas tectonics.

There have been a number of publications pre-
senting accurate hypocenters on particular fault
segments in Table 2. In each case, we picked an
estimated depth of deepest real seismicity by using
the shoulder of the frequency and depth distribu-
tion to allow for event mislocations. Then, we com-
pared these depths with the local heat flow, esti-
mated from Fig. 2. Fig. 3 shows a definite su-
ggestion of an inverse relationship, as we would
expect if the brittle and ductile transition fell on an
isotherm. If model thermal parameters are correct,
then the best fitting isotherm temperature would be
410°C. In theory, the transition should not fall
exactly on an isotherm because different faults
have different strain rates, and because thrust
faults have higher stresses than most strike slip
faults. Thus, our next step was to adjust the C and
O creep parameters of our model keeping fault
friction at 0.17 until the RMS error in predicted
transition depth was minimized. We found that the
models which best fit this criterion had

C= De—2.80>< 10-5Q

(12)
for C in P'?, Q (creep activation energy) in J/m
and D is e'*?. This implies a mean transition
temperature of 350°C which should be more accu-
rate than the 410°C mentioned above, because it
comes from a much more sophisticated model. On
the laboratory rheologies cited by Kirby (1983),
this line passes closest to those of Westerly granite
(on the low Q end), aplite, albite rock, and anor-
thosite (on the high Q end), but our rheology is
much weaker than the laws reported for diabase,
quartz diorite, and clinopyroxenite.

In the second set of models, group, we used this
relationship to vary C and Q together without viol-
ating the seismic constraint. The importance of

Table 2. Depths to brittle-ductile transition.
Heat Flow Deepest 410°C Model*

Faularea  * i) Events Depth 1991-12
San Jacinto 61 19 17.5 20.9
Elsinore 65 21 163 19.1
San Jacinto 67 17 15.8 18.0
Banning 67 20 15.8 16.5
W. Trans. Ranges 69 15 153 16.0
San Andreas
(Central Area) 73 12 143 159
San Andreas
(Basin and Range) 4 14 14.1 1_7'2
San Jacinto 78 13 13.3 16.9
San Andreas
(Coastal Ranges) 80 10 13.0 15.6
Hayward 83 11 12.5 15.8
N. San Andreas 86 12 12.0 15.6
Rodgers Creek 90 12 11.4 13.2
N. San Andreas 94 13 10.9 124
Coso Range 96 9 10.7 13.0
Imperial Valley 130 12 7.8 11.2
Geysers 130 4 7.8 9.0
*Data sets adopted from Bird (1989) as a result of exper-
iments
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Fig. 3. Maximum earthquake depth versus surface heat
flow (from Fig. 2) for regions in California. There is a
suggestion of an inverse relationship, which would be
expected if the brittle and ductile transition fell on an
isotherm. Curve shows model depth of 410°C isotherm,
based on assumed thermal conductivity of 3.0 Wm™' °K™%.

varying Q is that it determines the extent of cou-
pling between the upper crust and the upper man-
tle across the lower crustal shear zone. If the shear
stresses at the brittle or ductile transition are fixed,
a low value of Q means that a base of the crust is
almost as strong, and the coupling to the upper is
firm. Conversely, a high value of Q means that



68 Moochoon Park and Uk Han

there are decades of strength decrease between
mid crust and Moho, and the upper crust is essen-
tially decoupled.

In all of the following models, we assumed a
common pattern for the horizontal velocity field of
the Moho. This was pattern suggested by Bird
(1989), Bird and Baumgardner (1984). They have
developed models to solve some relations about
the “mantle San Andreas™ at the Transverse ranges,
with downwelling occurring from the west end of
the Santa Monica Mountains to the east end of the
San Bernadino Mountains. One important excep-
tion was that we only prescribed the Moho velo-
city at west of the “mantle San Andreas” (where
there is Pacific plate lithosphere) and at east of the
central Mojave Desert (where there is North Ame-
rican plate lithosphere). The remaining area is co-
vered by the huge Sierra Nevada or Great Valley
block, and there is so low heatflow that any Moho
velocity we imposed would be directly transferred
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to the surface; this seemed mechanically unreaso-
nable because the upper mantle is not part of large
plate like the Pacific or North American.

We wished to see if the conclusion of low
friction value is robust when the possibility of crust
or mantle coupling is considered. That is, the
strange pattern of southern California faults might
be due to mantle drag rather than to inherited wea-
kness? In model group, we used 81 calculations to
test 9 different values of fault friction together with
9 different values of Q. The high Q models of this
group are almost identical to those of group I,
while the low Q models have increasingly large
amounts of mantle drag. For example, in the Q=
100 kJ/m models, the Moho tractions around the
Transverse Ranges are mostly 8~14 MPa.

As shown in Fig. 4, mantle drag does improve
the models, but it does not eliminate the need for
low fault friction value. As before, the geologic
and stress data give the clearest indications. Geo-
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Fig. 4. Calculated prediction errors for the model. a) Geologic (fault) slip rate RMS prediction errors. There is a clear
prefernce for fault friction coefficient of 0.255 or less. Low crustal creep activation energies are also favored. Contour
intervals are 1.0 mm/year. b) Most compressive stress direction (weigted mean errors). At least, 17° of RMS error is due to
problems in the dataset. Fault friction coefficients of 0.17~0.255 are preferred. Contour intervals are 1.0 degree), c) VLBI
Baseline rate (weighted RMS prediction errors). Using this data alone, the very weakest faults in friction of 0.085 could be
rehected. Contour intervals are 0.25 mm/year. d) Geodimeter baseline rate (weighted RMS prediction errors). This is the
dataset which shows a preference for strong faults, Contour intervals art 0.5 mm/year.
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logic data in Fig. 4(a) show a preference for fault
friction of 0.255-0.17, and as mantle drag is in-
creased this optimum friction may actuaily decre-
ase; it certainly does not rise. Mantle drag slightly
improves the quality of weak fault models, but has
the opposite effect on strong fault models.

The stress data in Fig. 4(b) also show a pre-
ference for fault friction of 0.255~0.17, and the
minimum error now found is about 17° in the data.
Stress data also show a preference for strong man-
tle drag in the strong fault models, but not in the
weak fault models. The geodetic data are less use-
ful. The primary conclusion from VLBI data in
Fig. 4 (c) and laser data in Fig. 4 (d) is that the
lowest fault friction value of 0.085 can be rejected.
Aside from this, the range of misfit variation is
only about 1 mm/year. Furthermore, the two data
types suggest different conclusions: VLBI alone
confirms the weak fault, strong drag corner of
parameter space already identified from geologic
and stress data; laser data is best fit by strong fault
models. When these scores are combined accor-
ding to our formula for €404, the net result is that
scores are best fit at the fault friction coefficient of
0.255~0.17, independent of the level of mantle
drag. This shows that the conclusion of low friction
value is robust with respect to possible mantle
forcing of the surface velocity field.

Although this conclusion seems firm, it is not
quite intellectually satisfying. Many authors have
pointed out that fault networks have a fractal
character, and that in fact all outcrops are faulted
on some scale. We have made a binary division
between “large” faults which are weak and crustal
blocks containing “small” faults, which are strong;
yet in nature there is likely to be some transition
between these. If we know the reason and me-
chanism of this transition, it might well imply that
there should be strength variations among the
faults already included in our grid.

The one hypothesis of this kind that we have
tested is that, “Effective fault friction decreases li-
nearly with increasing net slip, independent to the
strain rate”. Also there is objective geologic data
on the net slip of most faults in Table 3 which may
be used in testing the hypothesis.

This hypothesis also has an underlying mecha0
nical model, although it very speculative. Byerlee
(1990) has pointed out that fault gouge has non-

Darcy hydrology below a threshold pressure gra-
dient, at which the water forms a gel in fine pores.
Thus, fault gouge may sustain anomalous pore
pressure for very long times between earthquakes.
Rice (1990) has argued that there is a source of
pore water at near lithostatic pressure in the lower
crust or mantle, and that it rises preferentially along
faults. Assuming a constant threshold pressure gra-
dient for all gouge, this fault can sustain a higher
pore pressure anomaly at the center if there is a
source of pressurized fluids. If the fault obeys
friction theory and continues to have an intrinsic
friction of 0.85, it will be greatly weakened by this
P, term. According to this theory, the amount of
anomalous weakness should be proportional to net
slip until it reaches some poorly understood asym-
ptotic limit.

We have tested this hypothesis in model group
III, which is comprised of 64 models. We formed
all possible combinations among intrinsic fault fric-
tion (IFF) of 0.68, 0.51, 0.34, 0.17, slip dependent
weakening (SDW) on the San Andreas of 0%, 30%,
60%, 90%, and crustal creep activation energy (Q)
of 100, 150, 200, 300 kJ/m. Faults other than the
San Andreas had a smaller slip dependent wea-
kening in proportion to their estimated slip from
Table 3.

The geologic data are invariably better fit by
models with slip dependent weakening; the impro-
vement is greatest at 30%, and less at 60% or 90%.
The strong preference for low friction on all faults
is unchanged. The best fit is at IFF 0.17, SDW
30%, @ 100, with RMS mismatch of 3.9 mm/year.

The stress data always fit better when slip de-
pendent weakening is included. By this measure,
the improvement is continuous, and the best model
is IFF 0.34~0.68, SDW 90%, Q 100 where the
error is reduced to 19°. Thus, unlike the geologic
data, the stress data alone fit well by a model in
which only the San Andreas fault zone is extre-
mely weak, while “smaller” faults of less slip may
have intrinsic friction only slightly less than the
surrounding blocks. To explain this, it should be
remembered that the locations at which the stress
data were collected are strongly concentrated aro-
und the San Andreas.

The model best fitting the VLBI data compared
to 2.6 mm/year RMS is the same as the best geo-
logic model (IFF 0.17, SDW 30%, Q 100), but the
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Table 3. Assumed net slips of the san andreas tectonics.
Net Slip
(KM)
North San Andreas 295
Sorth San Andreas 225

Fault References

Dickinson er al. (1972)
Ehlert and Ehlig (1977)
Graham and Dickinson

San Gregorio-Hosgri 115 (1978)

Garlock 64  Davis and Burchfiel(1973)
Hayward-Rodgers Crk 44  Sarna-Wojcicki (1986)
Elsinoire-Whitter 40 Crowell and Syvester (1979)
Morales 25  Segall P. (1995)

San Jacinto 24 Sharp (1967)
Calaveras-Sunol 23 Sarna-Wojcicki (1986)
Agua Blanca 15  Allen et al. (1960)
Calico 9  Dokka (1983)

Hunter Mountain 9  Burchfiel et al. (1987)
Santa Monica 8  Lamar (1961)

Rose canyon 4 Kennedy (1975)
Newport-Inglewood 3 Yeats (1973)

Camp Rock 3 Dokka (1983)

Santa Suanna 3 Barnhart and Slosson (1973)
Palos Verdes 2 Yeats et al. (1990)

W. Great Valley 2 Segall P. (1995)

Fault Friction Coefficient

L ¥ ) 1 1 1 ]
150. 200. 250. 300. 350. 400.
Crustal Creep Activation Energy, kJ/mol

1
100.

Fig. 5. Combined prediction errors. The primary result is
that fault friction of 0.17~0.255 is preferred Low activation
energies implying stronger mantle drag are also preferred.
Contour intervals are 0.5 mm/year.

minimum in mismatch is extremely broad. The
result from this dataset is a contradiction of the
preference for large SDW displayed by the stress
data; VLBI prediction errors rise by almost 2 mm/
year as SDW increase from 30% to 90%.

The laser geodimeter data agree with geologic
and VLBI data in preferring a SDW of 30% to
higher or lower values. However, as before, this
dataset also shows a weak preference for unifor-
mly high fault friction; the best result is at IFF
0.68, SDW 30%, Q 150 which fits to 2.0 mm/year.

The reasons behind this are obscure; that model
has almost no fault slip and is clearly unacceptable
for explaining either the geology or the seismicity
of California.

In the overall best model (IFF 0.17, SDW 30%,
Q 100), all faults are weak, but the San Andreas is
slightly weaker. However, the minimum of misma-
tch is broad, and there is a tradeoff between IFF
and SDW such that the scores are respectable as
long as the San Andreas fault is weak. For ex-
ample, if one prefers a model (IFF 0.68, SDW 90
%, Q 100) because of its stronger theoretical basis,
thepenalty in terms of increased mismatch is only
0.7 mm/year. Details of the overall best model are
given in Fig. 6 (slip rates), 7 (stresses) and Table 4.

These models are most useful in suggesting
estimates for offshore and coastal faults which are
difficult to access, for thrust faults which typically
'bury their evidence', and for faults in less po-
pulous areas which have been given low priority in
funding of studies. For example, these models add-
ress the controversy over the Hosgri fault, where
Hamilton and Willingham (1977) inferred only 2-
4 mm/year from geologic evidence. We never find
rates over 3 mm/year on the San Gregorio-Carmel
Canyon-Hosgri system in our models, so the lower
rate is probably appropriate for seismic hazard
evaluation with regardless of which is the correct
mean rate for Pliocene Quaternary time.

In the southern California borderland, we con-
firm that the shoreline cutting Newport-Ingle-
wood-Rose Canyon-Vallecitos and Palos-Verdes-
Coronado Bank systems are moving at no more
than a few millimeters per year. One surprising
result here is that we have good models in which
the slip on the outer Santa Barbara Island-San
Diego Trough-Agua Balanca system increases north-
westward, from about 2 mm/year in Baja Cali-
fornia to as much as 19 mm/year at the intersection
with the San Barbara Channel structures.

It is important to estimate the slip rates of the
thrust faults along the southern margin of the
Transverse Ranges because of the high population
densities there. Geodetic data are still inconclusive,
and geologic rates must usually be treated as lower
limits because of the tendency of thrusts to spray
over a broad zone. Thus, it was ominous when
Bird and Rosenstock (1984) used rigid block kine-
matics to infer slip rates of 7~15 mm/year along
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Fig. 6. Fault-ship (displacement vector) rate predictions of the most successful model. All rate are in mm/year, and represent
the average over several seismic cycles. The relative slip direction of the hanging wall is shown by unit vector. Dashed faults
had slip rates very low under 0.5 mmy/year. These may be useful for seismic harzard evaluation.
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Fig. 7. Vertically integrated standardized deviatoric stress predictions of the most successful model. Vectors show the vertical
integrals of the deviatoric principal horizontal stresses. Circles are used to show the vertical integral of standardized
deviatoric vertical compression. Contour and shading refer to the vertical integral of the greatest shear stress. Note the
focusing of horizontal compression into the strong Sierra, Great Valley and Peninsular Ranges blocks, and a rotation toward
the normal og the San Andreas fault in northeun Califonia.

this zone. Weldon and Humphreys (1986) showed this would create in the borderland. In this study,
an alternative kinematic model with slower thru- we find rates that are about half as great as Bird
sting, but did not resolve the new problems that and Rosenstock's (1984), but still indicative of real
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Table 4. Results of slip rate estimates for major faults.

Fault Geologic Rate Geodetic Rate  Good Models  Best Model Our Conclusion

Agua Blanca 24~5.0 0.2~1.3 0.7 =24
Banning 21.7 . 0~0.3 0.2 =17
Elsinore 0.8~0.9 8.0~16.0 0.4~18.0 715 8.0~9.0
Garlock (Mohave) . 0.3~9.9 2.8 0.3*~9.9*
Hayward 7.0~10.0 1.0~22.0 147 7.0~10.0
Hogri 2.0~19.0 . 0.2~3.1 2.1 2.0~3.1*
central Mojave group 6.0~12.0 5.4~10.0 0.1~3.4 28 6.0~10.0
Newport-Inglewood 0.4~0.8 : 0~0.2 0.0 =04
Rodgers Creek 2.1 . 022.40 14.4 2.1222.0
San Andreas (Mecca) 21.035.0 18.0~22.0 3.5~38.0 14.1 21.0~22.0
San Andreas (San Gorgonio) 13.0~28.0 12.0~20.0 0.4~36.0 44 13.0~20.0
San Andreas (San Bernardino) <29.0 . 5.6~39.0 11.1 5.6%~29.0
San Andreas (Pearblossom) 35.0~60.0 18.0~30.0 16.0~33.0 220 18.0~30.0
San Andreas (San Francisco) 10.0~38.0 16.0~24.0 8.3~46.0 18.1 16.0~24.0
San Andreas (Tomales Bay) <25.0 . 5.2~38.0 15.1 5.2%~25.0
San Jacinto 13.3~14.0 11.0~15.0 0.2~30.0 16.2 13.3~14.0
Santa Monica 0.8~1.1 . 0.3~18.0 10.8 0.8~1.1
Sierra Nevada 0.3~1.5 0.1~6.9 0.9 0.3~1.5

*marks conclusions which depend on computer models, all figures in mm/year

hazard.

The Cucamonga fault slips at about 7 mm/year
and the Sierra Madre fault rate is 3~6 mm/year.
Along the southwest branch of this system of
Santa Monica and Malibu Coast faults, the model
rates are scattered, from under 1 to over 18 mm/
year; however, since there is a geologic constraint
showing slow motion (<1.1 mm/year) on the Santa
Monica fault, this probably applies to the whole
branch. On the northwest branch (Sierra Madre-
San Fernando-Santa SusannaSan Cayetano-Red
Mountain-Santa Barbara Channel faults) the models
suggest an upper limit of 7 mm/year for the San
Fernando fault and an upper limit of 3 mm/year
for the Santa Barbara Channel fault. The fact that
the fastest-slipping models just match the lower
geologic rate limit (9 mm/year) on the central Red
Mountain-San Cayetano fault segment suggests that
these models may be the ones closest to reality.

All of these computations were completed before
the two San Bernardino Mountains earthquakes of
June 1922, so the new fault segments which they
revealed are not included in our finite element
grid. However, the grid does include the Pipes
Canyon fault, which is parallel and close to the
rupture of the larger event at Landers. Thus, the
range of model slip rates that we found for the
Pipes Canyon fault (0.2~2.1 mm/year) may be of
interest to help place these events in context.

Apparently, major events on these faults should
have long recurrence times, and the fact that these
segments now appear to be more active than the
adjacent San Andreas fault is only an artifact of
the short instrumental record.

SUMMARY AND CONCLUSION

1. The best are those with fault friction coe-
fficients of (.17, among models which have no
shear tractions on the mantle. The activity of so
many faults of diverse trend in California is proof
of strong strength contrast between faults and the
intervening blocks.

2. Models of this study can approximate the
observed variations in the maximum depth of seis-
micity without resorting to lateral variations in the
creep rheology of the lower crust; known varia-
tions in heat flow and strain rate are sufficient
explanation. The mean temperature of the brittle-
ductile transition in San Andreas tectonics, Cali-
fornia is the range of 350~410°C.

3. The upper mantle lithosphere of California is
converging on a downwelling zone along the Tran-
sverse Ranges, and shear tractions from the mantle
are necessary in a good model of current tectonics.
The magnitude of these tractions is about 8-14
MPa in the Transverse Ranges area, and less else-
where. The inclusion of mantle drag in these models
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does not affect the conclusion that, if all faults have
the same friction, that friction is low at 0.25~0.17°C.

4. A theoretical explanation for the weakness of
faults involves an up flow of pore water from the
mantle or lower crust-perhaps the water subducted
during the long Jurassic-Tertiary convergence at
the Pacific margin. If such water preferentially
rises in faults, then its weakening effect might well
be proportional to the thickness of fault gouge,
which in turn is proportional to net slip. The best
model found was one in which all faults are weak,
and the San Andreas is only slightly weaker. How-
ever, a model in which new faults are strong and
anomalous weakening is slip dependent cannot be
strongly rejected.

5. The ranges of fault slip rates predicted by the
best models from experiments sets like ours may
be useful in long term seismic hazard evaluation,
particularly for thrust faults and inaccessible faults
of the coastline and borderland.
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