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Earthquake Swarm Along the San Andreas Fault near
Palmdale, Southern California, 1976 to 1977

Abstract. Between November 1976 and November 1977 a swarm of small earth-
quakes (local magnitude = 3) occurred on or near the San Andreas fault near Palm-
dale, California. This swarm was the first observed along this section of the San
Andreas since cataloging of instrumental data began in 1932. The activity followed
partial subsidence of the 35-centimeter vertical crustal uplift known as the Palmdale
bulge along this “‘locked’” section of the San Andreas, which last broke in the great
(surface-wave magnitude = 8'/4+) 1857 Fort Tejon earthquake. The swarm events
exhibit characteristics previously observed for some foreshock sequences, such as
tight clustering of hypocenters and time-dependent rotations of stress axes inferred
from focal mechanisms. However, because of our present lack of understanding of
the processes that precede earthquake faulting, the implications of the swarm for

future large earthquakes on the San Andreas fault are unknown.

Since 1932, when the California Insti-
tute of Technology began to catalog in-
strumental locations of earthquakes in
southern California, the section of the
San Andreas fault from the Carrizo
Plains to Cajon Pass has been seismically
quiet (Z, 2). This section of the fault is
particularly important because of its
known capability for rupture in great
earthquakes, such as the 1857 Fort Tejon
earthquake of surface-wave magnitude
(M) 8Y/s+ (3). Seismic quiescence was
maintained between 1959 and 1974 dur-
ing a vertical crustal uplift, the Palmdale
bulge ¢), which reached a maximum of
35 c¢m along the southern half of the 1857
rupture zone near Palmdale, California
(Fig. 1.

Between mid-1974 and mid-1976 the
uplift partially subsided, with an eleva-
tion decrease of 17 cm near Palmdale (5).

In November 1976 an increase in the

number of small earthquakes, of local
magnitude (M) between 2.0 and 3.0, be-
gan in the Palmdale area, near Juniper
Hills to the southeast and Lake Hughes
to the northwest (Fig. 1). In the year that
followed, 1 November 1976 to 1 Novem-
ber 1977, the number of earthquakes
with M, = 2 was more than an order of
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magnitude greater than the long-term av-
erages for these two areas (Table 1). This
sharp increase in seismicity, however,
does not represent a significant increase
in strain energy release, since the recent
events are all of small magnitude
(M, <3.0) and three earthquakes of
M, = 4.0 occurred in the Juniper Hills
and Lake Hughes regions during the pe-
riod 1932 to 1976 (I, 2). The relocated
epicenter for the largest of these
(M, = 5.0, 23 August 1952) lies 2 to 8km
southwest of the San Andreas fault about
halfway between Lake Hughes and Juni-
per Hills (6).

The increase in seismicity extends
down to M, = 0; this fact has been dem-
onstrated by repeating the extensive
1965 microearthquake surveys of Brune
and Allen (7), which established the
quiescence of this region down to the
smallest detectable earthquake thresh-
olds (8). Seven movable seismographic
trailers were installed to supplement
existing coverage in the Lake Hughes
area for 38 days in February and March
1976 (9). A rate of 1.8 earthquakes per
day (M, = 0) was determined, compared
with 0.1 earthquake per day (M = 0)
found between November 1964 and Feb-
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ruary 1966 by Brune and Allen. The seis-
mographic trailers have been installed
near Juniper Hills for more than 1 year,
beginning in Nobember 1976, and have
recorded about 700 events (M = 0)in 12
months. Essentially no Juniper Hills
events were recorded by Brune and Al-
len’s Lake Hughes array, even though it
included a high-gain station 30 km from
the center of the present activity (I0).
One earthquake of M, = —1.3 was re-
corded by Brune and Allen with an array
centered at Littlerock near Juniper Hills
during a 23-hour recording period in 1965
7).

The activity at Juniper Hills in 1976 to
1977 can be described as an earthquake
swarm, defined by Richter (/1) as a
“long series of large and small shocks
with no one outstanding principal
event.”” As far as can be determined, this
swarm is the first to occur along the sec-
tion of the San Andreas fault from Lake
Hughes to Juniper Hills since cataloging
of instrumental data began in 1932. The
uniqueness of this swarm was verified by
checking original seismograms from
Mount Wilson, a seismographic station
28 km from the 1976-1977 swarm; no
swarm activity accompanied previous
earthquakes reported in this area. The
largest three earthquakes in the swarm
occurred on 1 January 1977 (M, = 2.8),
7 March 1977 (M, = 3.0), and 6 Septem-
ber 1977 (M, = 2.8). Activity increased
before each of these events, which sug-
gests that if this phenomenon is con-
trolled by the properties of the fault
zone, a large earthquake on the same
fault might also be preceded by in-
creased activity.

Most earthquakes in the 1976-1977
swarm, including the three largest
events, are clustered in a small volume
approximately 3 km in maximum dimen-
sion (Fig. 1) and at a depth of about 8
km. The locations of these epicenters
relative to one another have estimated
statistical errors of = 0.3 km, but the ab-
solute location accuracy may be no bet-
ter than = 1 km. The cluster is slightly
elongated in a direction perpendicular to
the San Andreas and is centered 2 km
southwest of the mapped surface trace.
Faulting may be along the main San An-
dreas, or along one of several subparallel
faults and lineaments that splay south-
ward from the main fault trace near the
cluster location. Among these, the fault
Showing the largest displacement and
longest continuous surface trace is the
Punchbowl fault, but since this fault does
not clearly break Holocene deposits (12)
it may no longer be active.

The epicenters of the 1976-1977 earth-
quakes near Lake Hughes scatter south
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Table 1. Number of M, = 2 earthquakes per
year for two regions centered on the San An-
dreas fault near Palmdale, California (dashed
rectangles in Fig. 1). Data from 1953 on are
averaged separately since seismographic cov-
erage improved after the 1952 Kern County
earthquake (Mg = 7.7).

1 Novem-.

1932 93 o976
. to 31
Region to o to
ctober
1952 1976 1 Novem-
ber 1977
Juniper Hills 0.6 1.0 15.0
Lake Hughes  0.52 0.17 3.0

of the San Andreas fault within the
boxed area shown in Fig. 1. The location
accuracy in this region is only *= 1 to
+ 2.5 km, because there are fewer seis-
mographic stations than at Juniper Hills.
Focal mechanisms for five of the larger
events were determined with an azi-
muthally varying crustal model based on
structure studies by Hadley and Kana-
mori (13). Although displacement on the
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San Andreas fault has been mostly right-
lateral strike slip, the mechanisms for the
three largest swarm events at Juniper
Hills and for the largest event at Lake
Hughes show predominantly thrust
movement (Fig. 1). The focal mechanism
for the first event larger than M = 1 in
the Juniper Hills cluster, however,
shows strike slip motion on fault planes
trending west-northwest or north-north-
east (Fig. 1), suggesting that the swarm
was initiated by a slip event on the San
Andreas or a conjugate fault trending
north-northeast. There is no evidence of
an episodic strain change associated with
the swarm exceeding a few parts per mil-
lion (microstrains) at the surface from
any of the geodetic networks spanning
the San Andreas fault in the Juniper
Hills-Lake Hughes area, including a ten-
station network in the epicentral area
of the swarm (/4). However, a dis-
placement of up to 10 ¢cm at a depth of 8
km could have occurred without being
detected on these networks (15).
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Fig. 1. All earthquakes recorded with magnitude above M, = 2.0 within 20 km of the San An-
dreas fault from Lebec to Cajon from 1 November 1976 to 1 November 1977. The area of
maximum uplift between 1959 and 1974 is shown. Dates, magnitudes, and P-wave focal mecha-
nism solutions (lower hemisphere) are shown for the largest earthquakes at Juniper Hills and
Lake Hughes. Open circles indicate dilatational first motions; closed circles indicate compres-
sional ones. The large circles represent good-quality readings; the small circles, fair-quality

readings. Slip vectors, compression axes, and tension axes are shown with triangles.
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Table 2. Azimuths of compression axes inferred from fault plane orientations in Fig. 1.

Allowable range

Date
Case 1* Case 2t
7 November 1976 N58 W = 14° N62° W = 23°
13 December 1976 N26°W = 3° N28 W= 5°
1 January 1977 N37?PW=+ 7° - N35°W = 17°
7 March 1977 Nilrrw=x §° N 0°W x 26°
6 September1977 NI2®E = 2° NISE = 7°

*Case 1: best-fit solutions with no additional stations in error.

tCase 2: one of the most critical good

readings (or two of the most critical fair readings) is in error (28).

The focal mechanisms at Juniper Hills
are consistent with at least two possible
sequences of faulting: (i) movement
on southward-dipping, west-northwest-
striking fault surfaces with a systematic
change in the sense of motion from right-
lateral strike slip to combined thrust and
right-lateral slip to pure thrust, and (ii)
movement on vertical to steeply dipping
fault surfaces that change in strike with
time from north-northeast to northeast
to east-southeast. In the latter case the
sense of motion changes from left-lateral
strike slip to combined thrust and left-
lateral slip to pure thrust, with the orien-
tation of the slip vector remaining ap-
proximately the same in all cases. The
changes in focal mechanism with time
are easily visible in the ratios of the verti-
cal component compressional to shear
wave amplitudes (P/SV) at two nearby
stations. The observed ratios, which
change by more than an order of magni-
tude during the swarm, agree with the ra-
tios predicted by the fault plane orienta-
tions determined from first-motion dia-
grams.

The axis of compression inferred from
fault plane orientations (Table 2) rotates
clockwise from a horizontal northwest
orientation nearly parallel to the San An-
dreas fault to a horizontal north-north-
east orientation more consistent with the
regional stress field inferred from mea-
surements in situ and other fault plane
solutions (I6). For the three large Juni-
per Hills thrust events the total rotation
observed is 49° + 9°. This may reflect
changes in the local stress field, espe-
cially under hypothesis (i), where the
fault plane remains approximately the
same but the slip vector changes. Under
hypothesis (ii), where the slip vector re-
mains approximately the same but the
fault plane changes, it is more likely that
the local stress field remained the same
but the fault planes were dictated by the
orientation of preexisting weak zones.

It is clearly of interest to compare the
recent Juniper Hills swarm to foreshock
sequences that have been studied. Fore-
shocks to three moderate earthquakes in
California—the Galway Lake M, =
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5.2, 1 June 1975, strike slip), Oroville
M, = 5.7, 1 August 1975, normal), and
Briones Hills (M = 4.5, 8 January 1977,
strike slip) earthquakes—have been
studied (/7). These foreshocks occurred
during time intervals of 3 months, 1
month, and 3 hours, respectively, before
the main shocks and were distinguished
in all three cases by tight clustering at or
near the hypocenter of the impending
main shock. The maximum horizontal di-
mensions of the clusters ranged from 0.5
to 4 km. This type of foreshock behavior
has often been noted and may character-
ize a distinct subset of foreshocks, taken
in the broader sense of small earth-
quakes that precede large ones (I1, pp.
67-68; 18). However, it is important to
note that tight clustering is also observed
in some swarms that are not foreshock
sequences, such as the 1970 Danville,
California, swarm (/9).

Rotations in fault plane strikes and in-
ferred axes of compression similar to the
rotations observed near Palmdale (Table
2) have occurred during foreshock se-
quences preceding several moderate-
sized thrust events but have not been ob-
served preceding strike slip or normal
events. Engdahl and Kisslinger (20) re-
port that foreshocks to the Adak Island
earthquake (M = 5, 22 February 1976,
thrust), which clustered in an area of
maximum dimension 5 km containing the
main shock, appeared to exhibit an ex-

cursion in fault strike of 65° or more from
- “normal’’ values during the progress of

the sequence, returning to a normal val-
ue immediately before the main shock.
The strike of the main shock was inter-
mediate between the normal and anoma-
lous strikes. All of the foreshocks were
thrusts and occurred over a period of §
weeks preceding the main shock. Sa-
dovsky et al. (21) and Nersesov et al.
(22) discussed changes observed in focal
mechanisms of small earthquakes before
a 14 April 1966 earthquake (M = 5.4,
thrust) in the Garm region of the Soviet
Union. Earthquakes in a 45 by 15 km re-
gion adjacent to the epicenter of 14 April
had compression axes that were ran-
domly distributed in azimuth during 1964

but took on a well-defined southeast ori-
entation during 1965. A sudden 90° shift
in the compression axes to a northeast
preferred orientation took place in late
1965. After the main shock in April 1966,
which had an east-northeast compres-
sion axis, the compression axes became
random in orientation once again. Very
similar stress axis rotations were ob-
served before another thrust event in the
same region (M = 6.1, 22 March 1969)
and also before two M = 4.8 earth-
quakes in the Naryn Region of the Soviet
Union (23). Ishida and Kanamori (24)
studied small earthquakes (M, = 2.0)
that preceded the San Fernando earth-
quake (M, = 6.4, 9 February 1971,
thrust), and concluded on the basis of
wave-form analysis and seismicity pat-
terns that five events that occurred 0.5 to
2 years before the main event and very
near its hypocenter could be considered
foreshocks. Although there were not
enough data to determine focal mecha-
nisms, P-wave first-motion readings at
the available stations were nearly identi-
cal for these five foreshocks, but were
different from the first-motion readings
for the main shock and for many of the
previous events in this area.

In contrast to these observations, a
number of investigators have reported
only minor variations in P-wave first mo-
tions and P/SV amplitude ratios during
foreshock-main shock sequences, in-
dicating that for these events the fore-
shock mechanisms were similar to each
other and to the main shock mecha-
nisms. Fault plane orientations for the
foreshocks to the three moderate Cali-
fornia earthquakes studied by Lindh et
al. and discussed above were constant to
within 5° to 10° (two cases) and 10° to 20°
(one case), as indicated by low scatter in
P/SV amplitude ratios together with P-
wave first-motion data. The Haicheng
earthquake (M5 = 7.3, 4 February 1975,
strike slip) and its foreshocks all had sim-
ilar mechanisms (25). These foreshocks
(considering only earthquakes located in
the hypocentral region of the main shock
to be foreshocks) occurred over a period
of only 3 days before the main shock.
Jones and Molnar (26) reported constant
ratios of compressional and shear wave
amplitudes for foreshocks to three large
earthquakes that they studied: one near
Luzon, Philippines (M, = 7.3, 1 August
1968, thrust), one near the Greek island
of Crete (M, = 6.1, 5 December 1968,
normal), and one in western Turkey
(M,= 6.6, 28 March 1969, normal).
These earthquakes had foreshock se-
quences with reported durations of 1
day, 2 months, and 1 week, respectively.
It should be noted, however, that in the
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case of the shocks near Crete and in
western Turkey the ‘‘foreshocks’ in-
cluded shocks with magnitudes as large
as 5.9 and 6.2, respectively.

No clear-cut physical explanation has
been given for changes in stress axes
before strong earthquakes. Brady (27)
presented theoretical and experimental
evidence suggesting that near a concen-
tration of microcracks the axis of com-
pression becomes oriented subparallel to
this zone of weakness, but the sub-
sequent events leading to fracture are
not well understood.

In summary, a large number of small
carthquakes (M, = 3) occurred on or
near the San Andreas fault near Palm-
dale, California, between November
1976 and November 1977, constituting
an order of magnitude increase in the
number of events per year. Although
most of the earthquakes clustered tightly
in a manner similar to that observed for
many foreshock sequences, such cluster-
ing is not always diagnostic of fore-
shocks. The significance of the observed
changes in focal mechanism with time is
also difficult to evaluate, given the varie-
ty of patterns observed in foreshock
studies and our incomplete understand-
ing of the processes that precede earth-
quake faulting. Hence, the implications
of the swarm for future large earth-
quakes on the San Andreas fault are un-
known.
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