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The diverse aftershock sequence of the 1989 Loma Prieta earthquake is inconsistent with
conventional models of mainshock-aftershock interaction because the aftershocks do not
accommodate mainshock-induced stress changes. Instead, the sense of slip of the af-
tershocks is consistent with failure in response to a nearly uniaxial stress field in which the
maximum principal stress acts almost normal to the mainshock fault plane. This orientation
implies that (i) stress drop in the mainshock was nearly complete, (i) mainshock-induced
decreases of fault strength helped were important in controlling the occurrence of after-
shocks, and (jii) mainshock rupture was limited to those sections of the fault with preexisting

shear stress available to drive fault slip.

Because they are aftershocks, relatively
small earthquakes that occur in and adja-
" cent to the rupture zone of a large earth-
quake are related to the mainshock that
brought them about. Two heuristic models
of mainshock-aftershock interaction that
relate the location and sense of slip of
aftershocks to those of the mainshock are
the barrier and asperity models (1) (Fig. 1).
In the barrier model, the shear stress that
acts in the plane of a fault before the
mainshock is relatively uniform, but the
fault strength is spatially variable. During
an earthquake, slip occurs on weaker parts
of the fault but does not propagate through
relatively high-strength barriers. Shear
stress along the fault decreases where slip
occurs but increases in the unbroken barri-
ers. Aftershocks represent the eventual fail-
ure of these barriers in response to the stress
increase imposed by the mainshock. In the
asperity model, the shear stress before the
mainshock is spatially variable and the
highly stressed asperities break in the main-
shock. Aftershocks occur in response to
stress transfer from the asperity to surround-
ing regions. In both models, aftershocks
occur in response to a static stress change:
either an increase in shear stress or a de-
‘crease in normal stress that results from the
mainshock.

A number of investigators have shown
that aftershocks surround areas of high slip
in mainshocks (2) (Figs. 1 and 2). This
observation is consistent with both the
barrier and asperity models. To perform a
more rigorous test of these models and to
investigate the causal relation between a
large earthquake and its aftershocks, we
studied the 1989 Loma Prieta, California,
mainshock and its aftershock sequence. Be-
cause the Loma Prieta earthquake occurred
in a densely instrumented region, detailed
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knowledge of the slip in the mainshock and
of the locations and focal mechanisms of
the aftershocks is unprecedented. If stress
changes induced by the mainshock cause
aftershocks, then the aftershocks should
occur either in areas where the mainshock
increases shear stress or decreases normal
stress.

The Loma Prieta mainshock occurred in
the southern Santa Cruz Mountains on a
southwest-dipping plane (3). The P-wave
polarities (4), long-period teleseismic data
(5), and geodetic data (6) all indicate that
the overall sense of slip was oblique, with
components of both right-lateral and re-
verse slip. A surprising aspect of the Loma
Prieta aftershock sequence was that many
aftershocks that occurred near the main-
shock fault plane showed diverse mecha-

Fig. 1. Schematic representation of aftershocks
that surround areas of high slip (2) in terms of
two models of inhomogeneous faulting and
aftershocks. Parts of the fault that undergo
large changes in the static stress field are the
areas of high aftershock activity. In the barrier
model, slip in the mainshock occurs on weak
parts of the fault bounded by barriers and
aftershocks represent the eventual failure of the

nisms (4, 7, 8). There were large numbers
of right-lateral, left-lateral, reverse, and
normal faulting aftershocks (Fig. 2). This
diversity persists even when only after-
shocks with nodal planes subparallel to the
mainshock fault plane are considered. Sev-
eral investigators (4, 8) suggested that a
heterogeneous post-mainshock stress field
was the most probable explanation for the
various mechanisms. An important aspect
of the diversity is that it occurred both in
areas that ruptured during the mainshock
and in adjacent areas that did not (Fig. 2).
In many locations, seemingly incompatible
types of earthquakes (that is, right- and
left-lateral or reverse and normal) occurred
in approximately the same place. For exam-
ple, in a limited area about 15 km north-
west of the hypocenter at depths of 12 to 16
km, aftershocks with all four types of mech-
anisms were observed. In terms of conven-
tional faulting theory, this diversity is pos-
sible only if the fault zone is extremely weak
(9). More puzzling, the diversity of the
aftershock mechanisms was inconsistent
with mainshock-induced stress changes.
That is, because slip in the mainshock was
right-lateral and reverse, aftershocks in the
mainshock fault plane that surrounded the
slipped zone should also have been right-
lateral and reverse. However, numerous
left-lateral and normal aftershocks (Fig. 2)
were observed (10).

The abundant on-scale, near-source rec-
ords of ground motion for the Loma Prieta
mainshock made it possible to infer the
spatial variation of slip and several models
of the slip distribution that are based on
these data are available (11-13). We adopt-
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high-strength barriers. In the asperity model aftershocks occur around the strong asperity. A
fundamental assumption in both models is that aftershocks occur in response to mainshock-

induced changes in shear and normal stress.

Fig. 2. The total slip amplitude for the
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Loma Prieta earthquakes in side
view, with 979 well-located after-
shocks that had well-constrained fo-
cal mechanisms. Depth is in kilome-
ters. The aftershocks are plotted by
mechanism: (+) right lateral, (x) left
lateral, (A) reverse, and (<) normal.
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Table 1. Sign of interpretation of M:AT; MIS,
mainshock-induced shear.

MAT >0 MAT <0

AT > 0 Consistent with Inconsistent with
MIS MIS

AT < 0 Complete Delayed mainshock
dynamic rupture
overshoot

ed the rupture model of Beroza (11) (Fig. 2)
to interpret the aftershocks. In this model,
most of the coseismic slip occurred in two
regions on either side of the mainshock
hypocenter; slip was primarily right-lateral
to the southeast and primarily reverse to the
northwest. Although some important dif-
ferences exist between different slip models
of the Loma Prieta earthquake (11-13), the
spatial extent, amplitude, and direction of
slip are similar (14).

We calculated the mainshock-induced
stress change, AT, from the slip distribution
shown in Fig. 2 (15). The stress change
over most of the mainshock fault plane is
on the order of 5 MPa (16), with peak
values of 10 to 40 MPa. We calculated the
stress change at each aftershock hypocenter
and used this value to determine the trac-
tion change on the aftershock plane in-
duced by the mainshock. We then calcu-
lated the projection of the traction change
vector onto the slip vector to test whether
this change could have induced slip in the
observed direction. The aftershock relieves
mainshock-induced shear stress only if
there is a component of slip in the same
direction as the traction change. To test
this condition, we evaluated the sign of the
tensor dot product, M:AT, between the
aftershock moment tensor M and the stress-
change tensor AT (17). The interpretation
of M:AT depends on the sign of the stress
change (Table 1).

To visualize the four cases in Table 1,
consider the result of right-lateral slip on
the mainshock fault plane. For aftershocks
that occur on this plane, only right-lateral
aftershocks in the region of right-lateral
traction increase that surrounds the slipped
patch are consistent with mainshock-in-
duced shear (AT > 0 and M:AT > 0). On
the other hand, if a right-lateral aftershock
occurs in a region where slip took place and
caused the right-lateral traction to decrease
(AT < 0 and M:AT < 0), then the
aftershock must represent delayed rupture
of the fault, which implies that the main-
shock weakened the fault plane. If a left-
lateral aftershock occurs in a region that
slipped and right-lateral stress decreased
(AT < 0 and M:AT > 0), then the
aftershock implies a complete reversal of
the shear stress acting on the fault plane
(that is, complete dynamic overshoot). Fi-

nally, if a left-lateral aftershock occurs in a
region of right-lateral traction increase (AT
> 0 and M:AT < 0), then the mainshock
could not have caused the aftershock, at
least through a change in shear stress.

Only about half (52%) of the after-
shocks of the Loma Prieta earthquake re-
lieved the mainshock-induced stress chang-
es (Fig. 3), which is essentially no better
than the 50% expected from a random
population of aftershock mechanisms (18).
More problematic, many of the aftershocks
require complete dynamic overshoot (10)
and the many normal and left-lateral mech-
anisms remain unexplained. The precise
values of the traction changes vary with
gradients of the slip distribution (which are
not well constrained). However, the results
shown in Fig. 3 depend primarily on the
orientation and spatial extent of the net
stress change in the plane of the fault,
which in turn depends primarily on where
slip occurred in the mainshock. Significant-
ly different results would not have been
obtained had another slip model been used
(19).

A decrease in normal stress could be just
as effective as an increase in shear stress in
the -initiation of failure. We tested the
hypothesis that the Loma Prieta aftershocks
were induced by decreases in normal stress
that resulted from mainshock slip. The
expressions AT:nn and AT:ss represent the
tensor dot products of the stress change
tensor with the outer products, nn and ss,
of the two possible aftershock fault-normal
vectors. If the sign of either of these tensor
products is positive, then a normal stress
change could have facilitated failure in the
aftershock. In this case, 75% of a random
assemblage of aftershocks should satisfy this
criterion for one of the two possible normal
vectors. Because one of these quantities is
positive for only ~67% of the aftershocks, a
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decrease in normal stress cannot explain
the aftershock mechanisms.

The mainshock-induced stress changes
clearly do not account for the diversity of
aftershock mechanisms. Therefore, we
sought an alternative model in which the
aftershock mechanisms could be explained
by a uniaxial normal stress that acts across
the mainshock fault plane (20). By inves-
tigating this case we can test two hypothe-
ses at once. For aftershocks that occurred in
the region of mainshock slip, we are inves-
tigating the hypothesis of complete stress
drop. Complete stress drop is consistent
with the idea that the San Andreas fault is
weak and moves at extremely low levels of
shear stress (21). For aftershocks on parts of
the fault that did not slip in the mainshock,
consistency between the sense of slip in the
aftershocks and a uniaxial stress field im-
plies that rupture did not occur in these
areas during the mainshock because shear
stress was absent.

If T, represents a uniaxial, fault-normal
stress field, then aftershocks for which
M:T_ > O are consistent with the uniaxial
fault-normal compression hypothesis and
aftershocks for which M:T, < 0 are incon-
sistent with it (Fig. 4). Comparison of Fig.
4A with Fig. 3A shows that the percent of
mechanisms consistent with fault-normal
compression (75%, including most of the
left-lateral and normal events) is signifi-
cantly greater than that consistent with
mainshock-induced shear (52%). Thus, it
is possible to explain most of the mecha-
nism diversity with a simple, uniform fault-
normal compressive stress.

We performed a more rigorous test of the
consistency of the aftershock data with a
uniform post-mainshock stress field by in-
verting the aftershock mechanisms to ob-
tain the best-fitting stress tensor (21). The
method we used to determine the stress

Fig. 3. Aftershocks plotted by mech-
anism for (A) those events that re-
lieve the mainshock stress change

and (B) those that do not. Only 52%
of the aftershocks relieve mainshock-
induced stress change. Mechanisms
and slip amplitude indicated as in
Fig. 2.
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Fig.4. (Aand B) AsinFig. 2butfora A
stress field of pure fault-normal com-
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Fig. 5. (A and B) As in Fig. 2 but for the
best-fitting uniform stress field. This
model explains 84% of the after-
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shocks, and the average misfit is only
11°.

tensor from focal mechanisms allows for
errors in both the fault planes and slip
directions (22). The stress tensor we ob-
tained has a maximum principal compres-
sive stress that strikes N27°E and plunges
12°, and the intermediate stress axes are
nearly equal (23). The maximum compres-
sive stress is rotated by ~13° from the
mainshock fault-normal vector and dips less
steeply, which suggests that a small amount
of residual shear stress remains on the main-
shock fault plane; 84% of the aftershocks fit
this model (Fig. 5A). The contrast between
the results shown in Fig. 3 and those in Fig.
5 is profound, and it is surprising that such
a simple model can explain so many of the
diverse mechanisms. Because of an overall
lack of shear stress on the post-mainshock
fault plane, the 10- to 40-MPa stress drop in
the high-slip regions represents nearly com-
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plete mainshock stress drop. Although 40
MPa is appreciably higher than the average
stress drop of 5 MPa (16), it still represents
a low value of shear stress at these depths
(24). Thus, while the high-slip regions may
be stronger than surrounding areas, they are
still weak in an absolute sense.

The asperity and barrier models are in-
consistent with these observations because
they attribute aftershocks to mainshock-in-
duced stress changes. Our results suggest that
mainshock-induced changes in strength,
rather than in stress, are important in trig-
gering aftershocks. Changes in pore pressure
induced by the mainshock might have
caused this apparent strength change (25).
Another possible mechanism is the effect of
the high-amplitude dynamic strains during
the mainshock on the aftershock fault
planes. These two mechanisms may also
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explain the observed spatial distribution of
aftershocks with respect to regions of high
mainshock slip (2).

The origin of aftershocks as a response to
a uniform stress tensor that followed com-
plete stress drop is more consistent with the
asperity model (smooth post-seismic stress
field) than with the barrier model (hetero-
geneous post-seismic stress field). Moreover,
our observations are consistent for after-
shocks that occurred both inside and outside
of the mainshock rupture zone. Thus, slip in
the mainshock may have been limited to
only those sections of the fault in which
there was preexisting shear stress to drive
fault slip, an observation that is also gener-
ally consistent with the asperity model.

In addition to their suggestions of com-
plete stress drop, earlier investigators spec-
ulated that small-scale block rotations or
complexities introduced by nonplanar fault-
ing might explain the diverse aftershocks of
the Loma Prieta sequence (4, 8). Complex-
ities of the slip pattern and stress redistri-
bution in the mainshock may help to ex-
plain some of this diversity. However, a
much more simple model in which main-
shock stress drop was near complete, slip in
the aftershocks was driven by the residual
fault-normal compression (26), and main-
shock-induced strength changes helped
trigger aftershocks explains the data more
completely.
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Domain Structures in Langmuir-Blodgett Films
Investigated by Atomic Force Microscopy

L. F. Chi, M. Anders, H. Fuchs,* R. R. Johnston, H. Ringsdorf

Investigations of phase-separated Langmuir-Blodgett films by atomic force microscopy
reveal that on a scale of 30 to 200 micrometers, these images resemble those observed
by fluorescence microscopy. Fine structures (less than 1 micrometer) within the stearic acid
domains were observed, which cannot be seen by conventional optical microscopic tech-
niques. By applying the force modulation technique, it was found that the elastic properties
of the domains in the liquid condensed phase and grains observed within the liquid
expanded phase were comparable. Small soft residues in the domains could also be
detected. The influence of trace amounts of a fluorescence dye on the micromorphology
of monolayers could be detected on transferred films.

Langmuir-Blodgett (LB) and related thin
organic films have been the objects of in-
creasing technological and scientific inter-
est over the past 20 years (1—+4). Optimiza-
tion of the macroscopic physical properties
of these systems requires a detailed under-
standing of their structure-property rela-
tions on a microscopic scale, including the
structure of transferred LB films on solid
substrates, the nucleation of crystalline
phases, and their phase transitions. At the
air-water interface the phase states of lipid
morniolayers and their transitions, such as
the formation of domains in the coexist-
ence region of liquid condensed-liquid ex-
panded (LC-LE) phases, have been inves-
tigated by fluorescence microscopy (5-9).
Similar studies on transferred LB films at
the air-substrate interface, however, have
rarely been reported (10). Fluorescence mi-
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croscopy is limited to structures larger than
1 wm in diameter. Electron microscopy has
also been applied to image domain struc-
tures (11, 12). However, the imaging tech-
nique applied (phase contrast transmission
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Fig. 1. Isotherm of surface pressure () versus
area per molecule of stearic acid on a poly(eth-
yleneimine) (PEI, M, = 1800)—containing aque-
ous subphase. The conditions are as follows: T
= 20°C, V, = 2.84 A2 molecule=" min=". The
pressure of the main phase transition (m,,,
position 1) and different positions for film trans-
fers are marked with arrows.
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