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Relation of the 1992 Landers, California,
Earthquake Sequence to Seismic Scattering

Justin Revenaugh

Measurements of crustal scattering for the area surrounding the 1992 Landers earthquake
sequence obtained from regional array recordings of teleseismic events for the 10-year
period before the sequence showed that the slip distribution on faults could be deducible
from the preshock elastic structure. Scattering intensity correlated strongly with the
distribution of aftershocks and slip of the moment magnitude (M,,) 7.3 Landers main
shock, M,, 6.1 Joshua Tree, and M,, 6.2 Big Bear events, which implies that aftershocks
and slip are structurally controlled and broadly predictable. Scattering within the fault
zones was directional and consistent with variable along-strike alignment of stress-

induced cracks.

There is abundant evidence that fault
bends and jumps play a major role in pro-
ducing along-fault slip variability and fre-
quently serve as the nucleation point or
termination point of major earthquakes (1).
Evidence about the importance of fault-
zone elastic heterogeneity is also accumu-
lating. Recent high-resolution seismic to-
mography experiments have revealed that
the distributions of aftershocks and main
shock slip are associated with high-velocity
patches within the fault zone, thus impli-
cating fault zone strength as a primary con-
trol on earthquake slip (2). However, such
surveys usually require rich aftershock se-
quences as the source array necessary for
adequate spatial resolution, and thus long,
quiescent segments cannot be sampled. Be-
cause it is often these segments that are of
greatest societal concern, the need for an
alternative mode of imaging is clear.

To this end, I have developed a scheme
for estimating the short scale length vari-
ability in crustal scattering strength on the
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basis of regional array recordings of teleseis-
mic events (3). Because it does not rely on
regional or local seismicity, the method,
referred to as Kirchhoff coda migration
(KCM), is applicable to locked fault seg-
ments. Here I report on a ground-truthing
experiment that correlated scattering-de-
rived estimates of fault zone heterogeneity
to aftershock and slip distributions of the
M, 6.1 Joshua Tree, M,, 7.3 Landers, and
M, 6.2 Big Bear earthquakes in southern
California, a foreshock—main shock-after-
shock sequence in April through June 1992.
The Landers sequence is the most exten-
sively recorded sequence to have occurred
in southern California, and its main shock
slip is well modeled (4).

As a function of velocity and density
variability, scattering potential is a good in-
dicator of short scale length crustal hetero-
geneity (5) (Fig. 1A). However, the extent
to which it is an indicator of fault zone
heterogeneity is not immediately clear from
Fig. 1B, which reveals little overall correla-
tion of scattering potential with mapped
fault traces, as both highs and lows occur
along fault zones (6). Nonetheless, several
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lines of evidence point to a strong compo-
nent of fault-induced scattering: (i) The cor-
relation length scale of scattering potential
(~8 km) is equal to the length scales of
seismicity and active fault density (7); by
comparison, the length scale of topography is
greater by a factor of ~4 (~30 km), which
indicates that scattering is sensitive to het-
erogeneity with dimensions characteristic of
faulting, not topography. (ii) Contours of
aftershock density are deflected where they
meet high scattering gradients and visibly
neck at crossings (Fig. 1C), which suggests
that transitions between high and low scat-
tering delimit fault segments. (iii) The col-
linear aftershock zones of the Joshua Tree
and Landers events follow a series of scatter-
ing highs, Big Bear aftershocks are aligned
along a pronounced scattering low, and seis-
micity as a whole clusters near the scattering
extremes. (iv) Short scale length variations
in scattering potential along the Joshua
Tree, Landers, and Big Bear fault zones are
associated with aftershock density (Fig.-2).
For example, the correlation coefficient
measured within a 12.5-km-wide band trac-
ing the Landers fault zone exceeds 0.8 (8).
Viewed in this way, the scattering potential
and gradient clearly are responding to heter-
ogeneity that directly influences aftershock
distribution, but the functional form of the
relation is complicated by the reversed sense
of correlation for the Big Bear sequénce.
An assumption used in KCM is that scat-
tering is isotropic; however, because P-wave
to S-wave scattering is not isotropic (9), we
must be careful to distinguish estimated scat-
tering potential from local scatterer strength,
because the latter may be distinctly anisotro-
pic. The northwest alignment of scattering
highs and the northeast alignment of lows in
Fig. 1B—dominated by the Joshua Tree-
Landers and Big Bear aftershock zones, re-
spectively—suggest directional scattering.
To test this suggestion, I subdivided the
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Fig. 1. (A) Depth slice at 10 km of the P to S (teleseismic P scattered into
up-going S) KCM volume for a synthetic data set that exactly replicates the
actual experiment in terms of data volume and geometry. A 0.1° by 0.1° grid of
point scatterers at a depth of 10 km (indicated by asterisks) was used to create
the data set that includes both P and S scattered waves, realistic travel-time and
amplitude variability, strong attenuation, and high-amplitude random noise.
Seismograms were low-pass-filtered below 1 Hz; further details of data pro-
cessing are discussed in (3). Shown is a contour plot of scattering potentia—
the significance of scattering relative to background levels inferred from boot-
strap iteration on randomized data sets—resolved on a 0.01° by 0.01° grid. A
scattering potential near unity implies large amounts of scattered energy,
whereas zero implies very small amounts. Black triangles mark stations of the
Southemn California Seismic Network recording the 81 teleseismic events used
in the KCM (additional stations outside the plot bounds were used). With the

exception of the northeast cormer of the study area, horizontal resolution of
scatterer location and strength is quite good, the result of KCM's sensitivity to
the travel time of scattered energy as opposed to the travel-time residuals
sensed in tomography. Vertical resolution is poorer, such that the image is a
vertical average of scattering strength between 5 and 15 km. (B) Depth slice at
10 km of the P to S, scattering volume for the Landers area of southern
California obtained from the use of a regional, one-dimensional velocity model
[the “Landers’ model of Hauksson et al. (712) scaled for shear waves]. Resolu-
tion in the northeast cormer is low, and no result was sought there [see (A)]. Black
dots are epicenters of local magnitude (M) = 2 aftershock seismicity through
1994. (C) Magnitude of the horizontal gradient of scattering potential at a depth
of 10 km. Aftershock density is represented by solid-line contours. Fault zones
of the Joshua Tree, Landers, and Big Bear earthquakes used to caiculate
correlations between scattering and aftershock statistics are shown in white.

event catalog into two sets of nearly equal
size: one composed of events in Japan and
South America (JSA), the other of events in
Tonga-Fiji and the New Hebrides (TF).
Great circle paths of JSA events are subpar-
allel across southern California, trending at
roughly N53°W as compared with N57°E for
events in the TF set. Separate KCM of these

directional or more favorably aligned and thus
defines a background level above a poorly
illuminated Big Bear fault zone. By compari-
son, fault segments of the Landers and Joshua
Tree events strike a minimum of 12° from one
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Bear aftershock zone appears to be the result
of highly directional scattering that is not well
excited by either source region set. If fault-
aligned cracks are the dominant sources of
scattering within the fault zone, scattering of
P waves incident parallel and perpendicular to
the fault strike will be inefficient (10). Be-
cause the Big Bear zone trends at roughly 80°
to JSA great circle paths and at roughly 10° to
TF paths, this appears to be a plausible expla-
nation for the pronounced scattering low, pro-
vided that off-fault scattering is either less
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of the two source areas, with an average strike
separation of near 30° (11). Only the north-
ernmost (Camp Rock) segment of the Landers
fault zone has angles as low as those of Big
Bear relative to both source region sets; the
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Fig. 2. (A) Comparison of along-fault variation in mean scattering potential and number of aftershocks
within a 12.5-km-wide box centered on the Landers fault zone. Distance is measured along the fault zone
shown in Fig. 1C, and statistics have been computed for nonoverlapping 2-km bins. Only M, = 2 events
are used; other cutoff thresholds produced similar results. (B) Comparison of aftershock centroid offset
[mean fault-normal displacement from the center line of the assumed fault zone (Fig. 1C)] versus the
scattering centroid offset (mean fault-normal distance weighted by scattering potential). The strong
correfation implies that aftershocks track scattering highs. (C and D) Comparisons similar to (A) and (B) for
the Joshua Tree fault zone. (E) Comparison for the Big Bear fault zone. Note the reversed scale for
scattering potential. The Big Bear event occurred in an area of low apparent scattering that | attribute tc
poor illumination of highly directional scattering, not intrinsically weak scattering.
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scattering highs east of that segment appear to
be a result of the east-west—striking conjugate
faults seen in the aftershock distribution (12)
and do not contradict this hypothesis.

Although some form of scattering aniso-
tropy appears necessaty, fault-aligned micro-
fractures and cracks are not the only possible
cause. Rock fabric may be important and need
not be fault-aligned if it records an earlier
stress state (13), but rock fabric is typically
subordinate to crack-induced anisotropy at
the upper crustal depths of interest (14). Be-
cause of the approximate fourfold symmetry of
scattering with respect to crack orientation,
fault-normal cracks are an admissible alterna-
tive. Extensive-dilatancy anisotropy (EDA)
refers to the anisotropy produced by the align-
ment of fluid-filled microcracks parallel to the
direction of greatest principal confining stress,
a, (15). The orientation of o, inferred from
background seismicity in the period covered
by this study varies by ~25° from N3°W in
the Big Bear region to N20°E near Joshua
Tree and Landers (16). This variation is ap-
proximately the difference in illumination an-
gles inferred above from fault strikes; thus,
EDA may be a potential explanation for the
apparent contrast in scattering between Land-
ers and Big Bear. It is difficult to explain why
scattering at Big Bear falls below the local
background level, however, because the fault
does not strongly influence the local orienta-
tion of o, (16).

Given this constraint and near-fault ob-
servation of fault-parallel alignment of fast
S-wave polarization (17, 18), I favor fault-
aligned cracks as the dominant source of
scattering within the fault zone. I interpret
the scattering low along the Big Bear fault
as the result of limited illumination aper-
ture to reconcile the apparent negative cor-
relation of scattering strength and after-
shock density with the strong positive cor-
relation observed for Landers and Joshua
Tree. In summary, scattering potential is
correlated to aftershock density, and the
sense of correlation is contingent on fault-
zone illumination but consistent with great-
er crack density and degree of fault align-
ment in areas of high aftershock density.

Both asperity and barrier models of fault
rupture predict complementary distribu-
tions of main shock slip and aftershocks. In
the asperity model, aftershocks populate
weak zones surrounding the strong asperity,
whereas in the barrier model, aftershocks
represent the delayed failure of strong bar-
riers to main shock rupture. Interpreting the
correlation of aftershock density and scat-
tering potential in terms of these models
leads to two different conclusions: strong
scattering in weak zones for the asperity
model versus strong scattering in strong
zones for the barrier model. Scattering po-
tential that scales with crack density favors
the barrier model, because slip loading of
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Fig. 3. Comparison of scattering potential gradient to aftershock density and aftershock zone width
(measured as the standard deviation of aftershock fault-normal displacement from the center line of the
fault zone). (A) Landers fault zone; (B) Joshua Tree fault zone; (C) Big Bear fault zone. Aftershocks are
fewer and more tightly clustered in regions of high gradient (see also Fig. 1C), which suggests a narrowed
fault zone with greater main shock stress release in these areas.
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Fig. 4. Comparison of (A) scattering potential and
(B) cross-fault scattering variance (22) to dextral
slip at a depth of 10 km (27). Cross-fault scattering
variance is greatest for narrow fault segments. The
positive correlation of slip and scattering variance
implies high slip along narrow fault segments. This
finding and low slip within strong scattering seg-
ments favor a barrier model of main shock rupture,
with high-scattering-potential segments acting as
barriers to slip and areas of broadly distributed
strain separating weak fault spans.

barriers results in increased stress and,
through repeated rupture, in a greater den-
sity of stress-induced cracks. The concen-
tration of stress in barriers affects a broad
zone and results in a lower scattering gradi-
ent, as evidenced by its negative correlation
with aftershock density and aftershock zone
width (Fig. 3). The alternative is to associ-
ate asperities with low scattering strengths
(that is, low crack densities) before rupture,
which conflicts with their interpretation as
high-stress patches before rupture (19).

Two related but unresolved issues are the
size distribution of cracks and possible tem-
poral variation of crack-induced scattering.
It is conceivable that stress accumulation
before rupture influences crack aperture and
therefore the strength of scattering, such
that KCM images obtained from data re-
corded further in advance of, or after, the
Landers sequence may differ from that pre-
sented here. Regional increases in field-
scale (=1 m) crack density are conjectured
to cause 2- to 20-year variations in coda
duration correlated with earthquake pro-
ductivity (20).

For the Landers event, slip at depth (21)

SCIENCE * VOL.270 * 24 NOVEMBER 1995

decreased rapidly upon entry into high scat-
tering areas [rupture propagated northward,
north of the epicenter (Fig. 4)]. More im-
portant, slip is correlated to cross-fault scat-
tering variance, a measure of fault zone
width (22). A narrow fault zone (that is, a
thin band of strong scattering) results in
large variance in scattering measured per-
pendicular to the strike, whereas a broad-
ened zone produces uniform scattering and
little or no cross-fault variance. The associ-
ation of greatest slip with a narrowed fault
zone also favors the barrier model because
high-slip, high-stress asperities would be ex-
pected to disrupt a greater volume of crust.
The apparent structural control on slip ar-
gues against variable loading as the cause of
nonuniform slip distribution. Conversely, it
argues for simultaneous or penecontempo-
raneous prior rupture of the Johnson Valley,
Landers, Homestead Valley, Emerson, and
Camp Rock faults comprising the Landers
rupture zone, because earlier segmented
ruptures should have produced variations in
1992 slip attributable to available energy
and not predictable from the scattering po-
tential. This hypothesis is consistent with
paleoseismological estimates of the date of
last rupture of these component faults (23).

The vertical resolution achievable with
KCM is about 10 km, such that the scatter-
ing estimates (assuming scatterers at 10 km)
are upper crustal averages appropriate for
depths of ~5 to 15 km. KCM images ob-
tained when scatterers are assumed to be at
depths of 2 and 20 km, although substan-
tially similar in form, yield consistently low-
er correlation coefficients with aftershock
statistics. This remains the case for a num-
ber of aftershock magnitude cutoffs and
depth range restrictions. Because depths of
5 to 15 km coincide with the seismogenic
zone, optimal correlation at these depths is
not surprising. However, the inference of
crack-induced anisotropy at these depths,
although consistent with observations of
fluid-filled inclusions throughout the upper
~20 km of crust (24) and some seismic
studies (17, 20, 25), extends the base of
crack anisotropy deeper than many seismic
estimates (18). The inferred deep anisotro-
py may be unique to these fault zones but



more likely reflects the differing sensitivi-
ties and modes of fault zone sampling of
scattered-wave migration and polarization—
travel-time analysis. Extensive fault-parallel
cracking at seismogenic depths could pro-
vide a high-permeability channel for along-
fault fluid flow (15, 26).

The observed correlations of scattering po-
tential, aftershock distribution, and coseismic
slip imply that structure places a strong con-
trol on rupture over length scales much great-
er than event slip and thus at scales that
should evolve slowly with respect to the
earthquake cycle. This observation is favor-
able to the rstion of repeatable events, but
only inasmuch as the pattern of slip variability
along individual fault segments is concerned.
Scattering potential provides no clear indica-
tion of the initiation or termination of rup-
ture; that is, there is no characteristic property
of scattering that delimits rupture, only a cor-
respondence between scattering and rupture
where rupture has occurred. Lastly, the corre-
lation of aftershock density with structural
heterogeneity measured before rupture sug-
gests that main shock—induced changes affect-
ing aftershock production are structurally re-
lated or of second-order importance. Insofar as
they affect scattering, KCM images made from
recordings since the Landers sequence should
reveal them.
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North Atlantic Deepwater Temperature Change
During Late Pliocene and Late Quaternary
Climatic Cycles

Gary S. Dwyer,” Thomas M. Cronin, Paul A. Baker,
Maureen E. Raymo, Jeffrey S. Buzas, Thierry Correget

Variations in the ratio of magnesium to calcium (Mg/Ca) in fossil ostracodes from Deep
Sea Drilling Project Site 607 in the deep North Atlantic show that the change in bottom
water temperature during late Pliocene 41,000-year obliquity cycles averaged 1.5°C
between 3.2 and 2.8 million years ago (Ma) and increased to 2.3°C between 2.8 and 2.3
Ma, coincidentally with the intensification of Northern Hemisphere glaciation. During the
last two 100,000-year glacial-to-interglacial climatic cycles of the Quaternary, bottom
water temperatures changed by 4.5°C. These results show that glacial deepwater cooling
has intensified since 3.2 Ma, most likely as the result of progressively diminished deep-
water production in the North Atlantic and of the greater influence of Antarctic bottom
water in the North Atlantic during glacial periods. The ostracode Mg/Ca data also allow
the direct determination of the temperature component of the benthic foraminiferal oxygen
isotope record from Site 607, as well as derivation of a hypothetical sea-level curve for
the late Pliocene and late Quaternary. The effects of dissolution on the Mg/Ca ratios of
ostracode shells appear to have been minimal.

Deep-ocean circulation affects the storage

and transfer of heat and nutrients in the.

ocean, as well as atmospheric CO, (1-3).
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Attempts to evaluate deep-ocean bottom wa-
ter temperature (BWT) changes, which ac-
company climate-driven changes in deep-
ocean circulation, have focused on the
benthic foraminiferal oxygen isotope (8'80)
record, but results have been equivocal. Emil-
iani (4) first postulated that glacial-to-inter-
glacial variations in the 880 in benthic for-
aminifers reflected changes in both ice vol-
ume and BWT. Later, Shackleton (5) as-
cribed the 880 variations mainly to changes
in ice volume. Recognition of the differences
in the 8'80 records of various deep-sea cores
and the discordance between sea-level records
(6) and the 3'80 record, however, led Chap-
pell and Shackleton (7) to propose that deep
Pacific glacial BWTs were 1° to 1.5°C, and
possibly 2.5°C, lower than interglacial tem-
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