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Changes in State of Stress on the Southern San in the Landers sequence. Never- 
theless we feel that our calculations provide 

Andreas Fault Resulting from the California a good first approximation to the stress 

Earthquake Sequence of April to June 1992 

Steven C. Jaume and Lynn R. Sykes 
The April to June 1992 Landers earthquake sequence in southern California modified the 
state of stress along nearby segments of the San Andreas fault, causing a 50-kilometer 
segment of the fault to move significantly closer to failure where it passes through a 
compressional bend near San Gorgonio Pass. The decrease in compressive normal stress 
may also have reduced fluid pressures along that fault segment. As pressures are reequil- 
ibrated by diffusion, that fault segment should move closer to failure with time. That fault 
segment and another to the southeast probably have not ruptured in a great earthquake 
in about 300 years. 

A series of large and moderate-size earth- 
quakes struck southern California in April 
and June 1992 (hereafter referred to as the 
Landers earthquake sequence) to the north 
and northeast (Fig. 1) of San Gorgonio Pass 
(SGP). SGP is a tectonic knot where the 
San Andreas fault (SAF) changes direction 
(1, 2). In that region the SAF consists of 
several fault strands that accommodate 
strike-slip and reverse components of mo- 
tion ( 2 4 ) .  The geometry of the bend 
makes plate motion more difficult there 
than along other sections of the plate 
boundary oriented more nearly parallel to 
the relative motion between the North 
American and Pacific plates. Higher tec- 
tonic stresses probably are required before 
sudden fault slip occurs in a larger earth- 
quake in the vicinity of SGP. Earthquakes 
that break through that entire segment are 
likely to be characterized by long repeat 
times (a few hundred years), large displace- 
ments and seismic moments, and earth- 
quake magnitudes M of 7.5 to 8.0; they 
would likely be great earthquakes, like the 
historic California shocks of 1857 and 
1906. The SGP segment of the SAF prob- 
ably has not broken in a great earthquake 
for at least 300 years. The adjacent Coach- 
ella Valley segment of the SAF between 
Palm Springs and the Salton Sea (Fig. 1) 
has also not ruptured in a great earthquake 
for about 300 years (5, 6). 

In this report, we calculate the effect of 
the Landers series of earthquakes on the 
state of stress along segments of the SAF in 
southern California and discuss implica- 
tions for the occurrence of future large to 
great earthquakes along one or more of 
those fault segments. Although only about 
half of the large (M > 7) historic earth- 
quakes in southern California have oc- 
curred on the SAF, we concentrate our 
calculations on it because its long-term slip 

rate is high, its southernmost segments 
have not ruptured in about 300 years, and it 
is close to major metropolitan areas. 

We modeled slip in the three earth- 
quakes of April and June 1992 as disloca- 
tions in an elastic medium and calculated 
changes in stress (7) at closely spaced points 
at a depth of 7.5 km along the southern- 
most 190 km of the SAF (heaw line in Fie. 

\ ,  " 
1). Shear and normal stress were calculated 
for a plane locally tangent to the fault at 
each of those points. The three earthquakes 
(Fig. 1) were represented as vertical dislo- 
cations extending from the surface to a 
depth of 10 km (8). We used a rigidity of 35 
GPa and a Poisson's ratio of 0.25 in the 
calculations. The amount of slip in those 
events was chosen to match estimates of 
seismic moment, Mo, for each earthquake 
(10). The inodeled dislocations are by ne- 
cessity an oversimplification of the actual 

Fig. 1. Major faults (23) 
of southern California in 
vicinity of earthquakes in 
April and June 1992. Lo- 
cation within California 
shown by inset at upper 
right. Heavy lines with ar- 
rows indicate location, 
strike, and sense of slip 
in the three labeled 
earthquakes of 1992 (10) 
for which dislocations 
models were used to cal- 
culate stress changes. 
Portions of San Andreas 
fault for which stress 
changes were calculated 
are shown by the heavy 
line with tick marks every 
50 km. Distances along 
San Andreas fault corre- 
spond to those of Fig. 2; 
SGP, San Gorgonio 
Pass. Paleoseismic sites: 

changes on the SAF resulting from this 
earthauake seauence. 

Northwest 'and southeast of the SGP 
region the active trace of the SAF is well 
defined, and movements are believed to be 
largely strike slip on a nearly vertical fault 
(2). We modeled the fault in these areas as 
a vertical strike-slip fault. In the SGP re- 
gion (50 to 110 km in Fig. I), however, the 
geometry of the active SAF is poorly 
known, especially at depth. At the surface 
the SAF is multibranched and involves 
fault semnents that show either strike-slit, - 
or reverse motion or combinations of the 
two (2, 4). Within the SGP region we 
performed calculations for a single contin- 
uous fault situated between the Mission 
Creek and Bannirig faults assuming three 
types of motion-strike slip on a vertical 
fault, strike slip on a fault dipping 45" to the 
northeast, and reverse slip on a 45" dipping 
fault. These three sets of calculations cover 
the ranges of behavior to be expected for 
major faults of the San Andreas system in 
that region. " 

To determine the extent to which vari- 
ous sections of the SAF moved toward 
failure, that is, the occurrence of frictional 
sliding in an earthquake, it is necessary to 
take into account changes in both shear 
stress, T, and normal stress, a. We deter- 
mined the change in the Coulomb failure 
function, CFF 

ACFF = AT - pAaeff = AT - p(Au - Ap) 

where p is the fluid pressure, ( a  - p) = a,# 
is the effective or intergranular stress, p is 

Lamont-Doherty Geological Observatory and Depart- Pa l l e t  Creek; CC' Ca- 118' 117O 116' 

ment of Geological Sciences, Columbia University, 10'" Creek; and IN,  India. 
Palisades, NY 10964. Place names: ON, Ontario; SB, San Bernadino; PS, Palm Springs; and BB, Bombay Beach. 

SCIENCE VOL. 258 20 NOVEMBER 1992 1325 



Fig. 2. Change in Cou- 
1.0 NW SE NW SE 

motion on a vertical 
fault or (B) reverse slip 62 (6 

on faults dipping 45" Coefficient of friction 

tances along fault cor- - 
respond to those in Fig. 
1 .  Positive values of p O.O-; 
ACFF promote (A) 2 
right-lateral strike-slip 8 

northeast; negative val- 
-1 .o 

ues inhibit fault slip. Ar- 0 50 100 150 200 0 50 100 150 200 
rows mark where the Distance (km) 
along strike projections 
of Joshua Tree and Big Bear ruptures intersect the San Andreas fault. We Landers earthquake sequence to that marked p = 0.6 as fluid pressures 
expect that ACFFwill evolve in time from curve p = 0.2 soon after the reequilibrate. 

B 
Big Bear Joshua Tree 

I I 

lomb failure function, 
ACFF, as a function of 
distance along San An- 
dreas fault zone. Dis- 0.5- 

P 
P 

+ *  8 b b a a m a n m . . . . ,  

; A : " 0 + 
+ 0 0  

+ + + b  

the coefficient of friction, and A denotes 

A 0 o 

Big Bear O Joshua Tree 

I : ' + + + +  I 

changes in the above quantities (1 1). For 
the three cases, 7 is taken to be the com- 
ponent of shear stress in the direction of 
fault movement. Positive values of ACFF 
indicate movement toward failure (toward 
the failure envelope on a Mohr diagram); 
negative values indicate movement away 
from failure. 

Laboratory values for p generally range 
from 0.6 to 0.85 (12-14). The lack of a heat 
flow anomaly over the SAF and changes in 
the direction of the maximum compressive 
stress with distance from the fault, however, 
indicate that effective stresses along the en- 
tire SAF are considerably lower than expect- 
ed for those values of p (12, 13). Other 
major faults of the SAF system, such as the 
Calaveras fault in the San Francisco Bay 
region, also show evidence for a low p (1 5). 
A recent study (1 1) found that a p of 0.2 + 
0.1 ~ielded the best correlation between 
stress changes on faults in the San Francisco 
Bay region caused by the 1989 Loma Prieta 
earthquake and changes in the rate of occur- 
rence of small earthquakes before and after 
that event. The value 0.2 was obtained for 
the assumption that changes in fluid pressure 
were negligible (Au = Ameff). We calculated 
ACFF assuming both an average, 0.6, and a 
low, 0.2, value of p. 

Our calculations for the southernmost 
190 km of the SAF showed that the largest 
ACFF values occur along a 75-km segment 
between where the projected strikes of the 
faults producing the Big Bear and Joshua 
Tree earthquakes intersect the SAF (Fig. 
2). For strike-slip motion on a vertical fault 
(Fig. 2A), the stress changes in the model 
would encourage failure along the north- 
western 50 km of this segment and inhibit it 
along the remaining 25 km. The calculated 
absolute value of ACFF where failure is 
encouraged is two to three times (up to -1 
MPa = 10 bars) as large as that where it is 
inhibited. To the northwest and southeast, 
the stress changes are smaller; failure is 

encouraged along the SAF to the southeast 
of SGP (120 to 190 km in Figs. 1 and 2) 
and inhibited on the segment to the north- 
west (0 to 30 km). 

For strike-slip motion on a 45" north- 
dipping fault in the SGP area (not shown in 
Fig. 2), we find a nearly identical pattern to 
that in Fig. 2A but with values of ACFF 
about 0.8 times those in Fig. 2A. Values of 
ACFF for reverse faulting on a fault dipping 
45" to either the south or north in the SGP 
region (Fig. 2B) are sensitive to the value of 
@,. For p = 0.2, the reduction in shear 
stress dominates, and a reverse fault is 
moved away from failure. For p = 0.6, the 
reductions in normal and shear stresses 
nearly counterbalance one another, and as 
a result, there was almost no change in 
CFF. Values of ACFF for a fault dipping 
45" to the north with components of both 
right-lateral strike slip and reverse motion 
lie between those in Figs. 2, A and B. 
Active strike-slip faults that lie nearly along 
strike and to the north of the Landers 
rupture zone are predicted to have moved 
closer to failure. The northern 50 km of the 
San Jacinto fault is calculated to have 
moved closer to failure by about 0.1 and 
0.25 MPa for p = 0.2 and 0.6. 

We have not explicitly considered the 
role of pore fluids in our calculations of 
ACFF, which would require a knowledge 
of Ap. We follow Rice (1 3) in associating 
the apparent low value of p on the SAF 
with high fluid pressures and low values of 
ueff, and in concluding that the permeabil- 
ity in the plane of the SAF is much greater 
than that ~er~endicular  to it. Field studies 
of ancient, exhumed faults of the SAF 
system support the existence of high fluid 
pressures and anisotropic permeability 
(1 6). Following Scholz (14), if the un- 
drained Poisson's ratio is 113 and Skemp- 
ton's coefficient is 1, the ratio AplAu is 213 
and Aueff/Au is 113 immediately after a 
sudden change in a. Thus, a change in 
normal stress, Au, across a fault caused by 

an earthquake on a nearby fault results in 
an immediate change in ueff only about 113 
as large. A further change in Aueff of the 
same sign and about twice as large would 
be expected to occur with time as fluid 
pressures are restored by diffusion to or 
near their former levels (Fig. 3). In this 
case the findings of Reasenberg and Simp- 
son (1 1) would be consistent with a p - 
0.6, provided the time, T, for fluid pres- 
sure reequilibration was greater than the 
length of time they examined (1.7 years 
after the Loma Prieta earthquake). Thus a 
significant time after the occurrence of a 
nearby perturbing earthquake, Aceif would 
approach Au, and Ap would tend to zero. 

If our assumption of anisotropic perme- 
ability is correct, fluid diffusion in response 
to Dressure gradients induced bv the 
~ a n i e r s  sequekce would occur primarily 
within the fault zone. The length of the 
SAF that experienced a significant normal 
stress decrease is approximately 60 km long; 
thus, the length scale for diffusion of about 
30 km (assuming flow from both the north- 
west and southeast). Fluids could also mi- 
grate upward along fault segments that suf- 
fered d ro~s  in normal stress from near- 
horizontal faults that appear to be present at 
depths of 10 to 12 km in the SGP region 
(4). There are several cases where fluid flow 
induced by either reservoir impounding or 
fluid injection in deep wells appears to have 
triggered moderate to large earthquakes. In 
those areas the hypocenters of moderate to 
large earthquakes were within about 10 to 
30 km of either the reservoir or injection 
well; all of those events appear to have 
occurred on preexisting faults along which 
fluids under pressure were communicated to 
the hypocenters (1 7, 18). The time elapsed 
between the date of either the reservoir first 
reaching its maximum height or pulses of 
high-pressure fluid injection in a deep well 
near the causative fault and the largest 
earthquake ranged from 2 to 6 years (1 7, 
18). If the time delays derived from the 
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Fig. 3. Time-dependent changes in normal 
stress (u), fluid pressure (p), and effective 
normal stress (a,,) across a fault zone before 
and after a major earthquake (sharp disconti- 
nuity in curves) along a nearby fault. An instan- 
taneous change in u is partitioned into a 
change in u,, and a change in p. With time fluid 
diffusion results in a return of p to its earlier 
value and, hence, in further change in u,,. 
Changes in p in a fault zone can result in it 
being either strengthened (left) or weakened 
(right) in terms of its frictional resistance to 
sliding. The instantaneous change in CFF is 
affected not only by the instantaneous change 
in u,, but also by the change in shear stress, 7. 

All further change in CFF, however, results from 
temporal changes in u,,. 

above examples apply to the SGP segment, 
we would exDect that reeauilibration of 
fluid pressure would take at least 2 to 6 
vears. It is difficult to make an accurate 
estimate because so little is known about 
the permeability structure at depth beneath 
the SGP region. 

If fluid pressure immediately dropped 
along faults in the SGP region as a result 
of the Landers sequence, then u,ft- would 
be expected to decrease in time like that 
shown on the right half of Fig. 3. If the 
actual value of u is close to laboratom 
values and fluids are present at depth along 
the SAF of sufficient pressure to undergo 
changes of up to 0.5 MPa, the immediate 
response following the Landers sequence 
would be for the value of ACFF to lie near 
the curve p = 0.2 of Fig. 2. Thereafter, 
values of ACFF would evolve in time 
toward the line p = 0.6 as diffusion 
occurs. In this case more of the SAF in the 
SGP region would be moved toward failure 
with increasing time, and positive values 
of ACFF for strike-slip faulting in Fig. 2A 
would increase further. For a dipping fault 
with a reverse sense of slip (Fig. 2B), 
slippage would be stabilized by the imme- 
diate drop in shear stress and decrease in 
ACFF but then would move back with 
time toward the value of CFF that was 
present before the Landers sequence. 

More exact solutions must deal with poor- 
ly understood parameters like the presence 
of fluids and the permeability structure in 
fault zones. 

Excavations of faults in the SGP area 
have not been successful in identifying a 
record of major prehistoric earthquakes 
breaking that region as yet. Evidence for 
three past ruptures of that area, however, 
may be obtained by correlating paleoseismic 
evidence from sites on either side of that 
region (5). Sediments deposited during the 
past 1000 to 2000 years and deformed in 
subseauent earthauakes have been exam- 
ined trenches excavated across thk SAF 
at several sites (Fig. 1). Excavations near 
Indio indicate that the Coachella Valley 
segment, the southernmost 100 km of the 
SAF, has not ruptured since A.D. 1680 a 
40 and that the average repeat time of great 
earthquakes is about 200 to 300 years (5, 
6). Positive values of ACFF in Fig. 2A 
indicate that the central Dart of that sea- - 
ment near Indio moved closer to failure by 
a maximum of about 0.1 MPa (1 bar) as a 
result of the Landers sequence. Rupture in 
the great Fort Tejon earthquake of 1857 
extended southeast only to a point between 
Pallet Creek and Cajon Creek (PC and CC 
in Fig. 1). Sedimentary disturbances related 
to a large (perhaps great) earthquake in 
1.812 are found at sites PC and CC but not 
at Indio (5). The 1812 event evidently 
ruptured to the southeast of site CC but did 
not break through the tectonic knot near 
SGP (5). It is not clear whether the shock 
at Indio about 1680 ruptured the entire 
length of the SAF shown in Fig. 1 and an 
additional- 100-km segment to the north- 
west or only the Coachella Valley segment 
(5): It is possible-that the SGP segment has 
not ruptured in a great shock since A.D. 
1480 (5). In either case, however, it is 
likely a section of the SAF up to 140 km 
long has not ruptured in a great earthquake 
for about 300 years. 

The northerly movement of the crustal 
block bounded by the SAF and the rupture 
zones of the Big Bear, southern Landers and 
Joshua Tree events permits plate motion to 
occur in the vicinity of the compressional 
bend of the SAF in and near SGP. The 
average shear stress that accumulates by 
plate motion and is suddenly released in a 
great plate boundary earthquakes is about 3 
to 10 MPa (19); the maximum shear stress 
caused by the direct loading effect from 
large, deep reservoirs is about 1 MPa (1 7). 
The maximum values of the failure param- 
eter ACFF in Fig. 2A, 0.5 and 0.9 MPa for 
values of p of 0.2 and 0.6, are associated 
with near-vertical strike-slip faults over 
about a 30-km-long region within SGP. If 
fluid pressure reequilibrates in 2 to 6 years, 
we expect that stress on the SAF changed 
by 0.5 MPa at the time of the Landers 

sequence and will change by an additional 
0.4 MPa in the next 2 to 6 years. For the 
complex SGP region we expect somewhat 
higher than normal average stress drops in 
great earthquakes. Hence, we adopt a value 
of 6 MPa. The maximum values of ACFF of 
0.5 and 0.9 MPa represent about 8 and 15% 
of that stress drop. Assuming an average 
repeat time of 300 years for the SGP region 
(5, 6), they represent the equivalent of 
about 25 and 45 years of typical slow stress 
accumulation. Those estimates mav be un- 
certain by a factor of 2. Because we do not 
know the absolute values of stress, neither 
the current level nor the level at which a 
large shock is triggered, it is not clear if the 
calculated changes over the next decade 
will be sufficient to trigger a great earth- 
quake. We can say that the chance of a 
great event happening somewhere along 
the southern 160 km of the SAF is greater ... 
after the Landers sequence than it was 
before. 

Two scenarios for the next great earth- 
quake along the southern SAF are likely: (i) 
the SGP and Coachella Valley segments 
break together in a single great event as 
thev are inferred to have done (5) three ~, 

times from the paleoseismic record; and (ii) 
the Coachella Vallev segment ruDtures . .+ 

alone as it is inferred to have done at least 
once (5) followed some time later, perhaps 
decades, by rupture of the SGP segment. 
Rupture in large earthquakes often stops at 
geometrical irregularities such as bends and 
offsets of the fault surface (20). Uncertain- 
ties about the date the SGP segment last 
ruptured in a great event and its average 
repeat time make it difficult to choose one 
of the two scenarios over the other. Thus, 
the maior bend in the SAF near Palm 
Springs may arrest rupture in an event that 
is initiated in the Coachella Valley. Rup- 
ture of the SGP region may be arrested to 
the northwest where the fault that ruptured 
in the Big Bear shock intersects the SAF. 
Enough shear stress may not have reaccu- 
mulated along the segment of the SAF 
between San Bernadino and SGP since 
1812 for an earthquake in SGP to propagate 
into that region. At the long-term slip rate 
of about 24 mmlyear for that segment (6), 
stresses equivalent to 4.3 m of potential slip 
have accumulated since 1812. The size of 
that slip deficit indicates to us that it is 
more likely that a great event initiated in 
the SGP region is likely to rupture to the 
northwest as far as CC in Fig. 1 and perhaps 
farther. 

The frequency of occurrence of M > 5 
and M > 6 earthauakes has increase mark- 
edly in southern California since about 
1986. That activity occurred mainly with- 
in the area of Fig. 1 and immediately to its 
south and west. Its spatial extent and 
increase with time resemble patterns of 
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activity in the 25 years before large earth- 
quakes in the San Francisco Bay area (2 1, 
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 (2 1, 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- 
auentlv 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 
earthauake. 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 nearbv 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- 

cate that the probability of a great shock is creased and the overall displacement decreased. 

now higher than that estimated in 1988. 11. P. A. Reasenberg and R. W. Simpson, Science 
255, 1687 (1 992). 
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Change in Failure Stress on the Southern San 
~ndreas Fault System Caused by the 1 992 

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. 

T h e  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 ( I ) ,  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 
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Center. We used an elastic halfspace boundary 
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