mary object, otherwise the resultant
change in brightness will not be detect-
able. For example, although Pluto’s
eclipses are expected to be deep and nar-
row, they are detectable only during five
or six apparitions around the time of pas-
sage of Earth through Pluto’s orbital
plane (15), that is, approximately 4 per-
cent of the time. Even during these fa-
vorable apparitions, however, eclipse
phenomena are occurring less than 7 per-
cent of the time. It is no wonder then
that, whereas we have known Pluto’s ro-
tation period for over 20 years (/6), its
rather large satellite has been discovered
only recently and from images on photo-
graphic plates, and not through light-
curve observations. Herculina’s satellite
would have been similarly difficult to de-
tect since a brightness drop of 0.10 mag-
nitude may go unnoticed if the primary
object is appreciably nonspherical. Nev-
ertheless, now that we know what to
look for, it may indeed be possible to de-
tect eclipse events in asteroid light-
curves.

Examples of effects that may be attrib-
utable to eclipse events include the fol-
lowing: (i) the contact binarylike light-
curve of 44 Nysa (/7), (ii) lightcurve
maxima sharper than minima seen for
129 Antigone (/8), (iii) the complex light-
curves seen for 29 Amphitrite (/9) and 51
Nemausa (20), (iv) the lightcurve with
triple maxima and minima observed for
1580 Betulia (21), (v) the increasing light-
curve amplitude with increasing solar
phase angle seen for 349 Dembowska,
354 Eleanora (22), and 944 Hidalgo (5),
and (vi) asteroids such as 532 Herculina
(20, 23) whose lightcurves show two
maxima and minima per cycle at one ap-
parition but only one maximum and one
minimum per cycle at another appari-
tion.

Binzel and Van Flandern (6) note that
binary systems are gravitationally stable
for the lifetime of the solar system. Bi-
nary systems will be disrupted by colli-
sions, however, on a shorter time scale;
thus, few such systems would be primor-
dial. Where do they come from then? I
suggest that, whereas at least three of the
13 Themis family asteroids for which I
obtained lightcurves show evidence of
being binary (3), this being a larger pro-
portion than is true of asteroids in gener-
al, and since the origin of at least each of
the first three Hirayama dynamical fami-
lies, of which the Themis family is one,
from single parent bodies in catastrophic
events is well established (3, 24), the evi-
dence strongly suggests that the forma-
tion of binary asteroids is connected with
these catastrophic events. These families
are thought to be no more than half the
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age of the solar system (25), and perhaps
much younger. Steins (26) suggested a
lower limit on the age of the Eos family
of only 1.5 X 10° years. The escape ve-
locity from the surface of a 150-km
spherical asteroid having a density of 3 g
cm™ is on the order of 100 m sec™,
whereas the root-mean-square speed of
the fragments at the time of disruption
has been estimated by Williams (27) to
be 270 m sec™ . Thus the idea that binary
asteroids formed in the relatively recent
past during multibody interactions oc-
curring immediately after the catastroph-
ic event which produces an asteroid fam-
ily is consistent with the known facts.

Binary asteroid pairs could be directly
detected through additional occultation
observations, space telescope imaging,
or interferometric techniques. Addition-
al lightcurve observations at a number
of phase angles and at several different
apparitions would allow the densities of
these binary asteroids to be determined.
These observations would provide valu-
able information, unavailable from any
other presently known method, on the
bulk properties of asteroids.

EpwarDp F. TEDESCO

Lunar and Planetary Laboratory,
University of Arizona,
Tucson 85721
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Strain-Softening Instability Model for the

San Fernando Earthquake

Abstract. Changes in the ground elevation observed before and immediately after
the 1971 San Fernando, California, earthquake are consistent with a theoretical
model in which fault zone rocks are strain-softening after peak stress. The model
implies that the slip rate of the fault increased to about 0.1 meter per year near the

focus before the earthquake.

Several precise theoretical models for
earthquake instability and associated
precursory deformation have recently
been proposed. The models that postu-
late a strain-softening fault zone after
peak stress either lack a stress-free
ground surface (/) and thus are not easily
compared with geodetic observations or
are for long, vertical, strike-slip faults (2,
3) for which few observations have been
made. Because the most complete, al-
though still limited, observations for the
time before and after an earthquake were

0036-8075/79/0302-0907$00.50/0 Copyright © 1979 AAAS

those made for the 1971 San Fernando
thrust event ¢, 5), I have formulated a
thrust fault version of an earlier strike-
slip instability model. The agreement
between theoretical and observed val-
ues of uplift and earthquake parameters
implies that the slip rate of the fault in-
creased near the focus before the earth-
quake. Aseismic fault slippage before the
San Fernando earthquake has been pos-
tulated ¢, 6).

Instability models may be useful for
anticipating earthquakes. In theory, the
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Castaic

Aftershock
zone

ground deformation rates near the fault
change in time as the remotely applied
displacement or stress increases. When
the fault zone weakens during straining

faster than the nearby elastic stress can

decrease, an inertia-limited instability —
an earthquake analog—occurs. In con-
trast, when the fault weakens slowly
enough, a rapid but entirely quasi-static
fault slip episode results. Because insta-
bility models admit both unstable and
stable faulting modes according to the
values of geometric and constitutive pa-
rameters used, mathematical inversion of
the geodetic observations may make it
possible to estimate the likelihood of
earthquake instability.

Figure 1 shows the location of the epi-
center of the San Fernando earthquake
(local magnitude M; = 6.4), the trace of
coseismic ground surface breakage, the
area of aftershock epicenters, and the re-
surveyed level lines AB, BC, and BD
used here. Analyses of coseismic verti-
cal and horizontal ground displacement
changes based on the use of dislocation
theory (6-8) and the finite element meth-
od (9) indicate that left-lateral thrust slip-
page occurred on fault planes of average
dip between 30°N and 45°N and strike
N10°E. The inferred average left-lateral
and thrust components of slip are 1 to 2
m. The probable hypocenter depth is es-
timated to be 8.4 km, although a greater
depth is not ruled out (/0). The most re-
cent study (//) gives a depth of 13 km.
Whitcomb et al. (10) suggested that seis-
mic slip occurred on the eastern segment
of a fault surface that steps down several
kilometers to the west. The entire pro-
jected fault surface coincides with the af-
tershock area in Fig. 1, and the nearly

908

Palmdale

D

Fig. 1. Location of the San
Fernando earthquake epicen-
ter, the ground breakage (line
with barbs on the upper plate),
the approximate aftershock
area, and survey line end-
points A, B, C, and D.

Los Angeles

vertical downstep strikes N10°E coinci-
dent with the north-south line. The ob-
served maximum slip at the ground rup-
ture was about 1 m for the left-lateral and
1 m for the thrust components south of
point M (/2). The maximum coseismic
uplift at point M was 2 m.

Level lines AB and BC were surveyed
in 1964, 1965, 1968, and 1971 and tied to
a nearly stationary benchmark south of
Los Angeles (Tidal 8). Figure 2a shows
the line elevation data for 1965, 1968,
and 1971 with respect to the 1964 level-
ing; the uplift data are taken unaltered
from figure 3 of (5). In 1968 and 1969, line
CBD was also surveyed. The 1969 data
for line BC (Fig. 2a) are tied to the 1964
datum on the basis of the assumption
that the negligible uplift rate at point D of
0.005 m/year from 1965 to 1968 contin-
ued through 1969 [figure 2 of #)]. The
elevation errors of the lines after 1964 in
Fig. 2a have a standard deviation of less
than * 0.02 m ¢). I will compare the
succession of observed pre- and post-
earthquake uplift profiles (Fig. 2a) with a
similar theoretical set from the two-di-
mensional instability model that has a 30°
dipping fault plane. For the comparison,
benchmark positions on line ABC are
projected onto the north-south line
normal to the fault trace. Because the
level line ABC neither intersects the
fault trace at the maximum offset nor
passes through the maximum uplift, the
model fault slip probably underestimates
the actual fault slip by about five times.

In the model shown in Fig. 2b, the
crust is represented by two homoge-
neous and Poisson elastic trapezoidal
plates abutting at the fault plane. Bound-
ary conditions simulating initially grow-

ing regional forces are a monotonically
increasing horizontal displacement U ap-
plied at the end and bottom of the left
plate. Vertical displacements are zero at
the same two boundaries. The end and
bottom of the right plate are fixed. The
stress state depends solely on U and
fault zone properties, which here are in
the form of a slip- and depth-dependent
friction law.
By assumption, the fault friction law

T(u, {) = S exp

2 2
S e[ (552 )] o
a b
varies according to the Gaussian of fault
slip # and downdip distance {; S is the
greatest peak stress (obtained at u = u,,
L = (), u, is the slip at peak stress, a is
the friction law width in slip, and b is the
peak stress width on the farlt plane. The
first exponential term in Eq. 1 may be
thought of as a bell-shaped, stress-strain
law at a given depth; the second ex-
ponential term describes the variation of
peak stress with depth. A similar law is
used in instability models of strike-slip

faults 2, 3).

This fault law is intended to approxi-
mate the brittle deformation component
of a thin fault zone at low strain rate. A
friction law form is used for mathemati-
cal convenience and does not imply a
necessary connection with laboratory
friction experiments. However, strain-
softening after peak stress is observed in
laboratory deformation of bulk samples
(I, 2). In the laboratory the lower yield
stress at large strain is nonzero, whereas
stress in Eq. 1 vanishes at large slip.
The residual stress may be considered
part of the arbitrary stress field that
may be added to model stresses in-
duced by Eq. 1.

For the San Fernando earthquake, the
origin is at the fault trace, the plate ends
are at x = +120, —55.5km, and the plate
bottom is at y = 37.5 km. In addition,
=15 km, S{/u=1 m, and
AU/At = 0.045 m/year, where u is the
plate rigidity and AU/At is the dis-
placement rate of the remote boundary.
These parameters are estimated by re-
peated attempts at matching the ob-
served uplift and yield an acceptable vi-
sual fit to the uplift data. The con-
sequences of varying model parameters
are described below.

A sequence of fault loading and insta-
bility is simulated by repeatedly in-
crementing the boundary displacement
U by AU. At each U the quasi-static dis-
placement field in the plates is found by
an iterative finite-element method such
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that the nonlinear friction law is satisfied
(2). The fault plane is free to flex in the x-
y plane, but fault friction is independent
of changes in normal stress acting across
the fault plane. Normal stress changes
may be neglected because both shear
and normal stress changes are of the or-
der of S (10 to 100 bars), which is small
compared to the confining pressure at
focal depths. The 328 nearly equant tri-
angular elements increase in width from
about 1.5 km near {, to about 25 km at
the plate ends. Instability occurs when
di1/dU — o, where i is the average fault
slip. At instability, an arbitrarily small
increase of U causes a sudden jump of u
to a new quasi-static solution which is
taken to be an approximate analog of the
postseismic state.

The theoretical and observed uplift
profiles are compared in Fig. 2a. The
three main theoretical results are as fol-
lows: (i) the position of maximum uplift
before instability migrates leftward to-
ward the fault trace with increasing time
(increasing U), (ii) the uplift rate at the
maximum increases, and (iii) the cumula-
tive preinstability uplift change is about
one-fifth of the uplift change near the
fault trace during instability. Physically,
the horizontal migration and increasing
rate of the uplift is caused by a rapid pile-
up and updip migration of edge dis-
locations generated during slip-softening
immediately below the position ¢,.

Agreement between theory and obser-
vation is reasonably good for all level
lines except the postseismic line 1971.
The theoretical uplift overestimates the
observed 1971 uplift in the epicentral
area. Postinstability fault stress in this
case is everywhere 7/§ = 0.2. When Eq.
1 is used to obtain the postinstability
state, fault friction is essentially zero,
the maximum ground surface uplift is
1.07 m at the trace, and the unstable slip-
page at large { is unrealistically large.
The rationale for temporarily higher
postinstability friction stress is that Eq. 1
is most appropriate for low strain rates
long before instability, but a viscous
stress should be added during high strain
rates just before and during instability.
Even with the viscous stress approxima-
tion, the postearthquake elevation near
the epicenter is much greater than ob-
served. The cause is unknown but might
be inhomogeneity or nonlinear and non-
elastic deformation in the crust or coseis-
mic normal faulting on the San Gabriel
fault 7 km north of the San Fernando
trace (7).

In the model, the fault slip rate and ac-
celeration are greatest slightly below
{o = 15 km just prior to instability. Ne-
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glecting possible viscous effects, this po-
sition is probably a good estimate of the
earthquake focus because inertial forces
would first become important here.
Langston (/1) estimated the epicenter to
be 15 km from the fault trace (Fig. 2b)
and the hypocenter to be 13 km deep.
This epicenter projects downward to
{ = 17kmand y = 9km. At the onset of
unstable slippage, most of the fault has
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weakened and frictional stresses are near
the peak stress only close to {,.

Figure 2c shows the theoretical fault
slip taking place during successive time
intervals. The position of the greatest
fault slip rate moves updip and increases
before instability. Fault slip during insta-
bility decreases with depth more rapidly
when the postinstability friction is
7/8 = 0.2 than when Eq. 1 is used. The
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Fig. 2. (a) Comparison of
the observed and theoreti-
cal uplift for the years
1965, 1968, 1969 (pre-
seismic), and 1971 (post-
seismic) with respect to
1964. (b) Model geometry
showing the dipping fault
plane and the variation of
peak stress with depth. (c)
Theoretical fault slip dur-
ing the time intervals 1964
to 1965, 1965 to 1968, 1968
to 1969, and 1969 to 1971.
The fault slip for 1969 to
1971 has been divided by
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unstable 'slip reaches a maximum near
{ = 10. Other investigators (7, 9) have
inferred that fault slip reaches a maxi-
mum of 4 to 8 m at { = 2 km before de-
clining toward the surface.

A similar updip migration of fault slip
has been inferred by Thatcher (6) who
modeled fault slip with edge dis-
locations. That model predicts increas-
ing preseismic subsidence south of the
fault trace unless a decreasing fault dip
with depth is also proposed. Several oth-
er studies favor an increasing dip with
depth (7, 9-11). By comparison, the in-
stability model uplift agrees in sign with
the observed preseismic uplift south of
the fault trace. In addition, such dis-
location models impose the amount and
distribution of fault slip at constant
remote (boundary condition) stress,
whereas fault slip in the instability model
is part of the solution and remote
stresses increase and then decrease prior
to instability.

Scaling the friction law, Hooke’s law,
and the equilibrium equations by a repre-
sentative length (,, stress §, and dis-
placement a shows that mechanically
similar solutions are characterized by
two dimensionless variables u' = pa/S¢,
and b' = b/, for fixed plate geometry
and fault dip. Thus doubling u has the
same effect on stability as halving S. The
results (Fig. 2) correspond to u' = 0.3,
b'" = 1. As in the strike-slip fault models
(2, 3), increasing u' or decreasing b’
causes unstable deformation to be re-
placed by temporarily rapid quasi-static
deformation. The boundary between un-
stable and stable deformation is near
p' =2for b = 1.

Uplift profiles for stable cases differ
from those for unstable cases by being
broader in space and showing more
gradual changes with increasing U.
The origin of the differences is readily
seen in view of the fact that increasing
n' = wma/S¢, inhibits instability. For ex-
ample, u' might be increased by a higher
w. A less flexible crust will tend to
smooth deformation gradients.

I made additional simulations to deter-
mine the effect of varying the dip, u’,
and b’ in turn. In all the simulations, I
used dimensionless variables and chose
values of ¢, and S¢,/u to match the am-
plitude and position of the observed 1969
profile. Increasing the dip to 40° makes
the epicentral uplift profiles slightly more
peaked but increases by about 50 percent
the uplift jump at the fault trace. Setting
u' = 1 increases the uplift jump at the
fault two to three times, but unstable up-
lift is about one-half that for u = 0.3.
With b’ = 2, the overall fit is slightly bet-
ter than with b’ = 1, but {, must be in-

910

creased to 20 km, giving a distance from
the fault trace to the epicenter of 16 km.
For fixed dip, u', and ', halving AU/At
decreases the 1965 and 1968 uplifts by
about 1 cm. The quantity AU/At is poor-
ly constrained by field observations.

The changes in elevation shown in Fig.
2a are part of the much broader (~ 150
km wide) Palmdale uplift, which started
in 1960 (/3). The Palmdale uplift is quali-
tatively consistent with uplift expected
from slip-softening on a northeast-dip-
ping thrust fault of comparable space
scale, part of which may have slipped to
cause the San Fernando earthquake. The
temporarily rapid but aseismic Palmdale
uplift episodes may correspond to iner-
tially stable deformation modes; the San
Fernando earthquake would correspond
to a smaller-scale unstable mode.

If the instability model assumptions
are generally valid, one should expect
accelerating precursory fault slip, mainly
near the earthquake focus. Enhanced
fault slip rates may be large enough to
produce observable deformation changes
at the free surface in the vicinity of
the epicenter and ground breakage at
the fault trace. Because gound deforma-
tion is theoretically different between un-
stable and stable models, an examination

of the observations may make it possible
to estimate the probability of earthquake
instability. However, too few observa-
tions have been made thus far to permit
such an attempt.

W. D. STUART
U.S. Geological Survey,
Menlo Park, California 94025
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Protein Deficiency and Tribal Warfare in Amazonia: New Data

Abstract. Increasing numbers of anthropological studies about native Amazonian
warfare and demographic practices attempt to explain these phenomena as com-
petition over or a response to scarce game animals and other sources of high-quality
protein. Recently completed field research among the Ygnomamdo Indians living at
the Venezuela-Brazil border indicates that their protein intake is comparable to that
Sfound in highly developed industrialized nations and as much as 200 percent more
than many nutritional authorities recommend as daily allowances. Recent data on
other Amazonian tribes likewise fails to indicate a correlation between protein intake

and intensity of warfare patterns.

This report summarizes recently col-
lected data on protein consumption
among the Yanomamd, a tribe of Tropi-
cal Forest Indians living at the Vene-
zuelan-Brazilian border. While the data
contribute to a more complete under-
standing of the nutritional status of the
Yanomamé, who have been the subject
of extensive biomedical studies (/), our
main objective is directed toward the
growing tendency evident among ex-
ponents of cultural ecological theories to
assume that Tropical Forest Indians sub-
sist on a substandard diet that is deficient
in high-quality protein. The Yanomamé
Indians constitute an important example
of the possible relationship between pro-
tein consumption, warfare, and demo-
graphic practices such as infanticide and
male-female dominance relationships.

0036-8075/79/0302-0910$00.50/0  Copyright © 1979 AAAS

We have previously expressed our doubt
that a protein shortage exists and have
questioned the arguments that a protein
shortage could adequately explain the
complex relationships between demo-
graphic patterns, warfare, and social or-
ganization in this society (2, 3).

In a historical sense, the current an-
thropological interest in protein con-
sumption among Amazonian tribes rep-
resents a specific component in the more
general tendency for U.S. anthropolo-
gists to attempt to explain cultural forms
of Amazonia by invoking environmental
or ecological factors that are alleged to
limit population growth, community
size, and cultural complexity. Since the
1950’s, a prevailing explanatory theme
held that the deficient nature of the tropi-
cal forest soil accounted for the im-
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