activity in the 25 years before large earth-
quakes in the San Francisco Bay area (21,
22). Unlike those examples the activity in
southern California neither surrounded nor
partly enclosed the rupture zone of the
Landers earthquake itself. Instead, it main-
ly surrounds the southern SAF. Thus, the
pattern probably was not precursory to the
Landers event; that pattern plus the
Landers sequence, may be part of a long-
term precursor to a future great earthquake
along the SAF. The high rate of moderate
to large events is likely to continue. Activ-
ity for moderate-sized shocks decreased
markedly in the Bay area after the 1906
earthquake and remained low for several
decades, as seems to have been the case for
decades after the great 1857 event in south-
ern California (21, 22). These patterns can
be attributed to a long period of regional
stress increase without large to great shocks
followed by a regional decrease in stress at
or near the times of such events.

In the 8.5-year period before the Desert
Hot Springs earthquake of 1948 (near
kilometer 100 in Fig. 1) shocks of 4 < M
< 5.5 occurred about 15 times more fre-
quently within a radius of about 50 km of
the hypocenter of that event than in
similar other time intervals (1, 22). That
burst of activity ended with the 1948
earthquake. The sizes of the shocks in-
volved in that precursory sequence, and
the area over which they occurred are
much smaller than those for the pattern
that has existed since about 1986. Sykes
and Seeber (1) proposed that, given its
structural complexity, it was unlikely that
the major tectonic knot near SGP would
rupture in a great earthquake without first
undergoing major permanent deformation
involving either rotations or translations
of nearby crustal blocks. One of the two
precursory scenarios that they suggested
was that the sequence that preceded the
1948 shock may be a scaled-down version
of the sequence that will lead to a great
earthquake that ruptures either the SGP
or Coachella Valley segments of the SAF.
The occurrence of the Landers sequence,
other activity since 1986, and the move-
ment of the large crustal block to the
north of SGP in that sequence bear strong
resemblance to that scenario. It should be
remembered, however, that the historic
record is short enough that we do not have
information on seismicity patterns preced-
ing great earthquakes in this region.

It had been estimated (6) that the
chance was about 60% that one or more
great earthquakes would occur along the
SAF in southern California from 1988 to
2018. We conclude that the increase in
moderate to large earthquakes since 1986
and the changes in stress along the SAF
associated with the Landers sequence indi-
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cate that the probability of a great shock is
now higher than that estimated in 1988.
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Change in Failure Stress on the Southern San
Andreas Fault System Caused by the 1992
Magnitude = 7.4 Landers Earthquake

Ross S. Stein, Geoffrey C. P. King,* Jian Lin*

The 28 June Landers earthquake brought the San Andreas fault significantly closer to
failure near San Bernardino, a site that has not sustained a large shock since 1812. Stress
also increased on the San Jacinto fault near San Bernardino and on the San Andreas fault
southeast of Palm Springs. Unless creep or moderate earthquakes relieve these stress
changes, the next great earthquake on the southern San Andreas fault is likely to be
advanced by one to two decades. In contrast, stress on the San Andreas north of Los
Angeles dropped, potentially delaying the next great earthquake there by 2 to 10 years.

The largest earthquake to strike southern
California during the past four decades did
not rupture the San Andreas fault, but
instead slipped faults within the eastern
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California shear zone identified previously
by geologic (1), geodetic (2), and mechan-
ical (3) methods. Here we show that several
smaller shocks that occurred near the
Landers event during the preceding 17 years
increased stress at the future Landers epi-
central site and along much of the eventual
rupture path. Similarly, we argue that the
Landers earthquake and its aftershocks have
changed the stress along the San Andreas
fault system.

We used an elastic halfspace boundary



element model to simulate the immediate
static response of the crust to earthquakes.
The earthquakes were represented in the
model by cuts extending from the ground
surface to 12.5 km depth using the param-
eters in Table 1; stress was sampled half way
down the fault. To assess the long-term
static response after the lower crust has fully
relaxed, ~30 to 100 years after the earth-
quake, we used an elastic plane-stress
boundary-element model, in which the
seismogenic zone was treated as a 12.5-km-

thick plate (4).

To gauge the change in proximity to
failure of faults in the earth’s crust, we
calculated the change in the Coulomb fail-
ure stress, Aoy [ACFF in (5)], acting on
vertical planes in the crust. Here

Ao = A1, + p(Ac, — AP) (1)

where At is the static shear stress change
(positive in the direction of the regional 1)
and Ao, is the normal stress change (posi-
tive tensile), p is the static coefficient of
friction, and AP is the pore pressure change.
For plausible fault zone rheologies, Eq. 1

Table 1. Earthquakes included in the boundary element models.

Moment- Moment Length Ref-
Earthquake Date magnitude (dyne-cm) (km) erences
Galway Lake 31 May 1975 5.2 6.3 x 1028 5 (25)
Homestead Valley 15 Mar 1979 5.6 4.2 x 10 6 (7, 26)
Imperial Valley 15 Oct 1979 6.5 6.0 x 105 40 (17)
North Paim Springs 7 Aug 1986 6.0 1.1 x 1025 9 (27-29)
Superstition Hills 24 Nov 1987 6.6 1.1 x 1026 22 9 17)
Elmore Ranch 24 Nov 1987 6.2 2.5 % 10% 17 9, 17)
Joshua Tree 23 Apr 1992 6.1 22 x 10» 12 (27)
Landers 28 Jun 1992 7.4 1.1 x 1027 75 (30-32)
Big Bear 28 Jun 1992 6.5 5.5 x 10?5 18 (31)

i N-S Compression ¥ \ N30°E Compression
\ sl . | L T SRR |

Left-lateral
Right-lateral

Change in Coulomb

Failure Stress (bars) ,5 54 03 02 01 00 01 02 03 04 05

Optimum
Slip Lines
Flig. 1. Example calculations of the maximum Coulomb failure stress change along optimally
oriented right-lateral (black) and left-lateral (white) planes, as a function of the regional stress
direction. The regional stress magnitude is 100 bars uniaxial compression. The example fault is 70
km long and 12.5 km deep with 5 m of tapered slip and a stress drop of 85 bars. The coefficient of
friction (u = 0.4) controls the angle between the right-lateral and left-lateral planes and the influence
of the normal stress on the Coulomb stress. Near the fault, the optimal planes are rotated because
the failure stress change is nearly as large as the regional stress.

Flg. 2. (A) Failure stress changes (u = 0.4) caused by the four M, = 5.2 shocks within 50 km of the
Landers earthquake occurring during the 17 years before the right-lateral Landers rupture. The
Landers surface rupture tends to lie within the zone of elevated stress change and is favorably
oriented for right-lateral failure (black lines). Upper left corner is 34.64°N, 116.84°W; lower left corner
is 33.75°N, 116.08°W. (B) Failure stress changes (n = 0.4) preceding the left-lateral Big Bear
aftershock of the Landers earthquake. The stress change at the Big Bear epicenter is 3.0 bars and
is optimally oriented for left-lateral failure (white lines). The Landers rupture is divided into 11 slip
segments from preliminary seismic analyses (37) and fault mapping (32). From north to south,
assigned Landers slip segments are: 1.0, 2.0, 3.0, 4.0, 6.0, 8.0, 5.0, 3.5, 5.0, 3.5, and 0.25 m. Upper
left corner is 35.00°N, 117.44°W; lower left corner is 33.66°N, 115.70°W.
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may reduce to A1, + p'(Ac,), where p' =
(1 — B) and B is Skempton’s coefficient,
which can range between 0 and 1 (6). Thus
AP acts to cancel Ao, and low p' may be
the product of laboratory values of p (0.75)
and high pore fluid pressure (B — 1). Cou-
lomb failure stress changes were calculated
for the 1979 Homestead Valley (7), 1984
Morgan Hill (8), 1987 Superstition Hills (9)
and 1989 Loma Prieta (5, 10) earthquakes
for deduced values of p’ of 0.2 < p' < 0.75.
We examined results for p’ = 0.0, 0.4, and
0.75; the conclusions changed only in detail
and so we illustrate the results for p = 0.4.

The maximum changes in Coulomb fail-
ure stress caused by an earthquake occur on
planes optimally aligned for failure. The
earthquake stress changes plus the regional
stress control the orientation of the opti-
mum failure planes. Because the regional
stress driving plate motion is larger than the

Homestead \ Kpt

"

Landers i ]
. North K
N

% Palm
Spr.

S, memite,
Joshua | Tree

Change in
failure stress
(bars) 0.8

Right-lateral
slip lines in
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1329



stress changes caused by fault slip, the
regional stress dominates the orientation of
the failure planes except close to the fault
(8). Examples of such planes are shown in
Fig. 1 for two regional stress directions; a
uniaxial compression of 100 bars is used, a
value larger than typical earthquake stress
drops. In the calculations that follow, we
assumed that the regional principal com-
pressive stress was 100 bars and was orient-
ed N7°E, intermediate between the exam-
ples of Fig. 1. This is the orientation of
principal strain contraction measured from
1934 to 1991 across the Landers and south-
ern San Andreas faults (11). It is also the
orientation derived from stress inversion of
small shocks along the nearest 50 to 150 km
of the San Andreas fault (12). The direc-
tion is consistent with the shear strain
direction predicted by the motion between
the Pacific and North American plates in
central California (13), but is discordant
with the stress orientation measured in the
Cajon Pass well close to the San Andreas
fault and 100 km west of the Landers
earthquake (14). Our assumptions are valid
unless the spatial variability of the true
stress field is very high.

Our calculations show that the 1975
Galway Lake, 1979 Homestead Valley,
1986 North Palm Springs, and 1992 Joshua
Tree earthquakes (Fig. 2A) (15) increased
the Coulomb failure stress by ~1 bar at the
future epicenter of the Landers fault. Equal-
ly important, the failure stress along most of
the future 70-km-long Landers rupture rose
by about 1 bar [for comparison, the Landers
earthquake stress drop was ~85 bars (16)].
Thus, although we do not know whether
the smaller earthquakes were part of a larger
process of earthquake preparation, they
raised the stress along the future Landers
rupture zone and thus advanced the occur-
rence of the Landers earthquake. The fail-
ure stress resolved on the Landers rupture
plane is greatest when W is high, but is still
favorable for low w. The results indicate
that all four shocks increased the failure
stress at Landers and that the Homestead
and Joshua earthquakes contributed the
most. Most aftershocks of the 1979 Home-
stead Valley earthquake occurred in regions
where the Coulomb failure stress was pre-
dicted to have increased by >0.3 bar (7).
In addition, geodetic data suggest that at
the site of the future Landers epicenter the
fault crept about 10 cm during the 2 years
following the Homestead earthquake (7).
Thus some parts of the Landers fault were
apparently near failure 12 years ago; 2
months before the Landers rupture, the
Joshua Tree earthquake further increased
the stress.

The same process of stress transfer can be
observed with the apparent triggering of the
Big Bear earthquake 3 hours 26 minutes
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Palmdale

Pacific Ocean

\

100 km
| S T—— 1

Failure Stress
Change (bars)

0.5 -04 03 0.2 0.1 0.0 01 02 03 04 05

Mexico

Earthquakes within [
25 days of Landers M=a
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Fig. 3. Coulomb failure stress changes (n = 0.4) caused by M = 6 earthquakes in southeastern
California from 1979 to 1992. Quaternary faults are black; the coastline is white. M_ = 1 earthquakes
within 25 days of the Landers shock are from the Caltech—U.S. Geological Survey RTP network (root
mean square < 0.4 s, 27 arrivals). Most Landers aftershocks are found where the predicted failure
stress change is positive. Stress changes caused by the 1979 Imperial Valley (IV), 1987 Elmore
Ranch (ER), and Superstition Hills (SH) earthquakes are included, but their aftershocks are not
shown. Predicted stress has risen along the Coachella Valley segment (Bombay Beach to north of
Indio) and the San Bernardino Mountain segment (North of Palm Springs to Cajon Pass). The
Mojave segment (Cajon Pass to west edge of map) has been unloaded. Y, Yucaipa. Other faults
shown are Elsinore (EF), San Jacinto (SJF), Garlock (GF), Camp Rock (CRF), Pisgah (PF), Lenwood
(LF), and Blackwater (BF). Upper left corner is 36.00°N, 119.00°W; lower left corner is 32.50°,

115.00°W.

after the Landers shock. The Landers rup-
ture is predicted to have increased the
proximity to failure at the Big Bear epicen-
ter by 3 bars (Fig. 2B). The stress change
predicted at Big Bear is increased for high
- The rupture plane of the Big Bear shock
is optimally aligned for failure, lies in the
largest lobe of enhanced Coulomb failure
stress resulting from the Landers event, and
terminates where the failure stress change
became negative in the model. Aftershocks
during 25 days after the main shock oc-
curred in regions where the results indicate
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that the failure stress increased by =0.1 bar
(Fig. 3). Even when earthquakes within 5
km of the Landers, Big Bear, and Joshua
Tree faults are excluded, more than 75% of
the remaining aftershocks occur where the
stress is predicted to have increased by
=0.5 bar. In contrast, less than 25% of the
aftershocks violate our prediction and oc-
curred where the stress is calculated to have
dropped by =0.5 bar. Faults predicted to
have been loaded by the Landers rupture
include the San Jacinto, Camp Rock, Len-
wood, Blackwater, Pisgah, and eastern Gar-
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lock, all of which had Landers aftershocks.
An exception occurs near Indio, where the
results indicate that the San Andreas fault
has been loaded both by the Landers earth-
quake and, to a lesser extent, by the Impe-
rial Valley, Elmore Ranch, and Supersti-
tion Hills events (17), but few aftershocks
are seen (18).

Segment boundaries inferred for the San
Andreas fault (19) accord roughly to sign
changes in the failure stress increments that
we coriclude were imposed by the Landers
event. In Fig. 4A the failure stress change is
resolved on the San Andreas fault, rather
than on the azimuth of maximum stress
change as shown in Figs. 1 to 3. The
calculation for Fig. 4 is independent of the
magnitude, uniformity, and orientation of
the regional stress, and depends only on
fault geometry. The failure stress change is
positive in the central Coachella Valley
segment, negative at the segment boundary
north of Palm Springs, and is greatest in the
San Bernardino Mountain segment (site of
a magnitude M| = 4.4 aftershock 37 min-
utes before the Big Bear shock). All of the
Mojave segment is negative (Fig. 4A). The
stress change calculated on the northern
San Jacinto fault southeast of San Bernar-
dino, which is more favorably oriented than
the San Andreas fault, is +1 bar. The
predicted stress change resolved on the San
Andreas fault increases with w, because
tension normal to the fault is enhanced.

The correspondence between seismicity
and the Coulomb failure stress changes
produced by the Landers and eatlier events
suggests that regions of predicted increase
are candidates for future major events. To

predict how the Landers earthquakes have
advanced or delayed the next great south-
ern San Andreas earthquake, we let a fric-
tionless San Andreas slip freely to relieve
the stress imposed by the Landers and sur-

rounding earthquakes (Fig. 4B). The calcu- -

lated slip does not depend on the number of
segments allowed to slip at once. The im-
mediate response is slip of 20 cm over 30
km of the central San Bernardino segment
(equivalent to a magnitude M = 6.2 event
if it occurred seismically) and 7 cm in the
northern Coachella Valley segment (equiv-
alent to M = 5.7). Thus on the San
Andreas fault slip with a moment equiva-
lent to two moderate events is needed
simply to relieve the stresses added by the
recent earthquakes. In contrast, a load
comparable to an M = 6.2 event is re-
moved from the Mojave segment, and an M
= 6.0 load is removed north of Palm
Springs (20); thus, these parts of the fault
are taken further from failure. After relax-
ation of the viscous substrate in our ideal-
ized plate model, the stress change on the
San Andreas and surrounding faults roughly
doubles (Fig. 4A, orange curve), as stress is
transferred from the base of the fault back
to the upper crust. Similarly, the slip re-
quired to relieve the stresses also rises (Fig.
4B, orange fields). So far no creep has been
measured (21), and no moderate earth-
quakes have occurred on these faults since
the Landers event. If these events do not
take place, the likelihood of great earth-
quakes on the San Andreas must rise as
well.

Because the southern San Andreas fault
is likely late in the earthquake cycle, the
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long-term probability of a great earthquake
on any of its three southern segments was
high before the Landers earthquake took
place (19). The San Bernardino Mountain
segment last ruptured in 1812 (22); in
consideration of its slip rate of 24 + 3
mm/year (23), a slip deficit of =4.3 m has
since accumulated, which could yield an M
= 7.5 event. The Coachella Valley seg-
ment last ruptured in 1680, has a slip rate of
25 to 30 mm/year, and thus has accumulat-
ed a deficit of 26 m (M = 7.5). Its
prehistoric repeat time is =235 years (24).
The Mojave segment last ruptured in 1857,
has a slip rate of ~35 mm/year (23), and
thus has accumulated a deficit of 4.7 m (M
= 7.7); its repeat time is ~130 years (22).
The San Bernardino Valley segment of the
San Jacinto fault may have last ruptured in
1890; it has a slip rate of 8 = 3 mm/year
(19) and thus has a slip deficit of =0.8 m
M = 6.8).

We estimated the advance and delay
times of great earthquakes on the San An-
dreas by dividing the slip required to relieve
the applied stress (Fig. 4B) by the local San
Andreas or San Jacinto slip rates. The
calculation is independent of the great
earthquake repeat times or stress drops, for
which there is considerable uncertainty.
Our estimate is bounded by the difference
between the slip predicted for immediate
and long-term periods. We find that the
next great San Andreas earthquake along
the San Bernardino Mountain segment will
strike 8 to 22 years sooner than it would
have in the absence of the Landers shock.
Similarly, the next great San Andreas
earthquake along the Coachella Valley seg-
ment is advanced by 2 to 14 years, and the
next large earthquake on the San Bernardi-
no Valley segment of the San Jacinto fault
is advanced 8 to 56 years. In contrast, we
estimate that the next great Mojave shock
will be delayed by 2 to 10 years. An
earthquake of M = 6 on the Mojave seg-
ment during the next 2 years would thus
falsify our hypothesis.
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Accumulation of Suspended Barite at Mesopelagic
Depths and Export Production in the
Southern Ocean

Frank Dehairs, Willy Baeyens, Leo Goeyens

The relation between the accumulation of barite (BaSO,) microcrystals in suspended
matter from the mesopelagic depth region (100 to 800 meters) and the type of production
in the euphotic layer (new versus recycled) was studied for different Southern Ocean
environments. Considerable subsurface barite accumulated in waters characterized by
maintained new production and limited grazing pressure during the growth season. On the
other hand, little if any barite accumulated in areas where relatively large amounts of
photosynthetically fixed carbon were transferred to the microheterotrophic community and
where recycled production became predominant.

In the pelagic oceanic environment, mi-
crocrystalline barite (~1 wm) precipitates
during the process of organic matter degra-
dation (I, 2). This barite accounts for
between 50 and 100% of the total Ba in
oceanic suspended matter (I-3). Although
the mechanism of barite formation is un-
known, it has been suggested that during
degradation of planktonic proteinaceous
material sufficient sulfate is produced that
barite reaches saturation and barite crystals
form (2). This seems to be precipitation
confined to microenvironments composed
of aggregates of biogenic detritus (1-4).
Supersaturation conditions for barite inside
microenvironments can account for the
presence of barite in seawater that is under-
saturated (5). The settling of barite crystals
associated with this biogenic detritus to the
deep sea and its sediments can explain the
observed relation between barite accumula-
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tion in the sediments and productivity in
overlying surface waters (6). Recently, ob-
servations of particulate Ba fluxes, as sam-
pled by sediment trap in the intermediate
and deep water column, highlight the
strong relation between barite and produc-
tivity and stress the potential for sedimen-
tary barite fluxes to provide quantitative
information on the paleoproductivity of the
oceans (7). However, part of the detrital
aggregates formed in surface waters decom-
pose at mesopelagic depths (2, 3). During
this process, the carried barite is released as
discrete crystals. This release leads to a
maximum in the amounts of particulate Ba
at depths of 100 to 600 m. Such a maxi-
mum is characteristic of large sections of
the world ocean, including the Southern
Ocean (1, 2, 8, 9). Here, we focus on the
relation between barite accumulation in
mesopelagic waters and the type of produc-
tion in the euphotic layer of the ocean and
compare different Southern Ocean environ-
ments.





