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EARTHQUAKE OCCURRENCE

PRESEISMIC OBSERVATIONS

INTRODUCTION

By Malcolm J.S. Johnston,
U.S. Geological Survey

The October 17, 1989, Loma Prieta, Calif., M,=7.1
carthquake (see U.S. Geological Survey staff, 1990, for
general description) provided the first opportunity in the
history of fault monitoring in the United States to gather
multidisciplinary preearthquake data in the near field of an
M=7 carthquake. The data obtained include observations
on seismicity, continuous strain, long-term ground dis-
placement, magnetic field, and hydrology. The papers in
this chapter describe these data, their implications for
fault-failure mechanisms, the scale of prerupture nucle-
ation, and earthquake prediction in general.

Of the 10 papers presented here, about half identify
preearthquake anomalies in the data, but some of these re-
sults are equivocal. Seismicity in the Loma Prieta region
during the 20 years leading up to the earthquake was unre-
markable (see Olson and Hill, this chapter). In retrospect,
however, it is apparent that the principal southwest-dip-
ping segment of the subsequent Loma Prieta rupture was
virtually aseismic during this period. Two M=5 carth-
quakes did occur near Lake Elsman near the junction of
the Sargent and San Andreas faults within 2.5 and 15
months of, and 10 km to the north of, the Loma Prieta
epicenter. Although these earthquakes were not on the sub-
sequent rupture plane of the Loma Prieta earthquake and
other M=5 earthquakes occurred in the preceding 25 years,
it is now generally accepted that these events were, in
some way, foreshocks to the main event.

The most intriguing observations were of increased ui-
tra-low-frequency (ULF) magnetic noise near Cormralitos,
Calif. (see Fraser-Smith and others, this chapter), during
the weeks to months before the earthquake and the months
after the earthquake. These observations seem restricted to
the frequency band 0.01-10 Hz because lower-frequency
noise was not observed at 0.001 Hz at reactivated magne-
tometer monitoring sites near Corralitos, Calif. (see Mucl-
ler and Johnston, this chapter). The observations raise
several issues regarding & causative physical mechanism
for these signals. Seismic signals also recorded near Cor-
ralitos in the frequency band 0.1-10 Hz (see White and
Ellsworth, this chapter) show no indication of increased
noise, nor do strain signals at more distant sites (see

Johnston and Linde, this chapter). The four most likely
physical mechanisms that could generate these signals in
the hypocentral region are (1) dynamic changes in electri-
cal conductivity due to strain-driven crack opening and
closure; (2) dynamic charge generation due to strain, hy-
drodynamic, and gas-dynamic processes; (3) electrokinetic
effects due to dynamic pore-pressure variations; and (4) pi-
ezomagnetic effects resulting from pore-pressure-driven
stress changes modifying the magnetic properties of crustal
rocks, The absence of detectable seismic or strain signals
on nearby seismometers and borehole strainmeters at the
10-umv/s and 10-"/s levels, respectively, strongly Iimits the
size (that is, moment) of the source region driving the
above-mentioned mechanisms.

Gladwin and others (this chapter) report possible precur-
sory changes in shear-strain rate in a direction paraliel to
the San Andreas fault, as determined on a three-component
borehole strainmeter some 40 km southeast of the epicen-
ter. Although there initially was some support for these ob-
servations in measurcments of geodetic lines across the
epicentral region (sce Lisowski and others, 1990), more
careful processing of these data indicates that this support
was marginal and that no convincing geodetic anomaly
was observed on geodetic lines crossing the epicentral re-
gion before the Loma Pricta earthquake (see Lisowski and
others, this chapter).

Another intriguing observation is the report of changes in
streamflow from streams to the north of the epicenter (see
Roeloffs, this chapter). Although this report seems un-
equivocal, any associated changes in strain appear to have
been limited in extent, because no change greater than
about 1 microstrain was observed on the borehole strain-
meter to the south of the epicentral region during this time
(see Johnston and others, this chapter). Observations of
changes in geyser activity at Calistoga, Calif., some 177
km from the epicenter (see Silver and others, this chapter),
are difficult to explain, particularly when high-quality
strain measurements only several tens of kilometers from
the epicenter were uneventful and changes in matcrial
properties, as indicated by the response to earth tides, were
absent (see Linde and others, this chapter).

Cl1
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ABSTRACT

We examine the spatial distribution of well-located
carthquakes in the 20-year period before the earthquake,
and their association with faults, along a 100-km-long ex-
tent of the southern Santa Cruz Mountains. Several faults
in the study area are clearly associated with background
seismicity since 1969. Notably, however, the principal
southwest-dipping part of the Loma Pricta rupture below
10-km depth was virtally aseismic. Most of the seismici-
ty in the study area was associated with the creeping sec-
tion of the San Andreas fault south of Pajaro Gap and
adjacent faults to the east. However, the area centered 11
km north-northeast of the Loma Prieta main shock, near
the intersection of the San Andreas and Sargent fault trac-
es, also produced persistent seismicity, albeit at a much
lower rate. This seismicity includes the 1988 (M=5.3) and
1989 (M=5.4) Lake Elsman earthquakes, which have fault-
plane solutions consistent with oblique strike-slip and re-
verse-slip components on a plane that dips about 65° NE.

These events stand out against the background seismicity '

because they are a full unit of magnitude larger than other
events within a 15-km radius for at least 74 years and be-

-

cause they occurred within 16 and 24 months, respectively,
of the Loma Prieta carthquake. In the 25 years before the
carthquake, however, two other M=5 events occurred along
the Loma Prieta rupture zone: the 1964 (M=5.0) and 1967
(M=5.3) Corralitos earthquakes, located approximately 17
km east and 10 km southeast, respectively, of the Loma

Prieta main shock. In view of these other M=5 cvents

along the rupture zone, the temporal proximity of the Lake
Eismar earthquakes and the Loma Pricta earthquake may
be coincidental and not necessarily precursory. Thus, with
the possible exception of the Lake Elsman ecarthquakes,
seismicity patterns in the 20-year period before the Loma
Prieta earthquake were essentially stable, showing no clear
precursory changes.

INTRODUCTION

The October 17, 1989, Loma Prieta earthquake was the
first major (M=7) carthquake to occur anywhere along the
main branch of the San Andreas fault zone since the great
(M=8) San Francisco carthquake of 1906. Because the
Loma Prieta earthquake occurred within the confines of the
U.S. Geological Survey’s (USGS) dense, regional seismic
network that began operation in the late 1960’s (Eaton,
1989), we have an exceptional record of well-located mi-
croearthquakes in the preceding 20 years. In this paper, we
document the spatiotempora! distribution of microearth-
quakes from 1969 up to the time of the Loma Prieta carth-
quake. Two noteworthy aspects of this precarthquake
seismicity are that (1) the southwest-dipping part of the
Loma Prieta rupture below 10-km depth was virtually qui-
escent in the 20-year period before the earthquake, and (2)
only two carthquakes stand out as unusual in this period:
the 1988 (M=5.3) and 1989 (M=5.4) Lake Elsman earth-
quakes, located 10 and 12 km, respectively, north-northeast
of the Loma Pricta main shock. The #ecord of M25 carth-
quakes since 1910, however, includes two other M=5
events: the 1964 (M=5.0) and 1967 (M=5.3) Corralitos
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earthquakes, located approximately 17 km cast and 10 km
southeast, respectively, of the Loma Pricta main shock.

_ Previous retrospective studies using data from the
USGS’ Central California Seismic Network (Cainet) to fo-
cus on seismicity patterns along the San Andreas fault
zone through the the Santa Cruz Mountains before the

earthquake include those by King and others (1990), Ol- -

son (1990), and Seeber and Armbruster (1990). Ellsworth
(1990) and Hill and others (1990, 1991) provided an over-
view of the seismotectonic fabric and earthquake history
of the San Andreas fanlt system and extensive references
to related studies.

PRESEISMIC OBSERVATIONS

SEISMOTECTONIC SETTING

The San Andreas fault system in central California ac-
commodates the relative motion between the Pacific and
North American plates by right-lateral, strike-slip displace-
ment distributed along several subparallel branches (fig.
1). The main branch, which cuts through the Santa Cruz

Mountains and the San Francisco peninsula with a north- '

westward strike, juxtaposes Cretaceous gramitic basement
of the Salinian block on the west against melange of the
Mesozoic Franciscan Complex and the Great Valley se-
quence on the east, with a demonstrated post-Miocene ofi-

-

PACIFIC OCEAN

37° s."".

Loma
w
. z
Lli21®
(1]
= °
2 2
c
- -t
»
-
¥
FL)
/ { L e
122°

] 2\ EXPLANATION
: MAGNITUDES
A 3 o - + 215

|7 e 220
) o 23.0

<
z =
>,
A l,
) % - £ - 24.0
2 )
T o
- -y

PACIFIC OCEAN

o)

O 25.0
O 26.0
Q 270

20
1

30 40 50 KILOMETERS
1 3

Figure 1.—Santa Cruz Mountains area, Calif., showing locations of epicenters of (4) preearthquake events of Mx1.5 since Japuary 1, 1969 (G.m.t), and
(B) events of Mz1.5 between October 18 and December 31, 1989 (G.m.t.), including Loma Prieta main shock and aftershocks. Rectangle delimits study

area. CF, Concord fault; GVF, Green Valley fault; SF, San Francisco.




SEISMICITY IN THE SOUTHERN SANTA CRUZ MOUNTAINS DURING THE 20-YEAR PERIOD BEFORE THE EARTHQUAKE C5

set of more than 300 km (fIrwin, 1990). To the west, the
San- Gregorio fault skims the coast of the peninsula and
merges with the principal branch of the San Andreas fault
porth of the Golden Gate near Bolinas Bay (fig. 1B). To
the cast, the Calaveras fault splays northward into the
Hayward, Calaveras, and Green' Valley-Concord faults.
The sections of the San Andreas fault system marked by
dense lineations of epicenters in figure 14 show evidence
of active fault creep. The central, creeping section of the
main branch, which extends from the latitude of Pajaro
Gap for 200 km to the southeast (see Hill and others,
1991), has a maximum, long-term creep rate of 30 mm/yr
in the central part of this section, close to the geodetically
derived rate of 33 mm/yr measured across a 60-km-wide
zone (Thatcher, 1990). Thus, along the central part of this
creeping section, creep accommodates most of the slip,
and the crustal blocks on ¢ither side of the fault are accu-
mulating little, if any, shear strain (Thatcher, 1990). Active
fault creep, however, is partially shunted to the north
along the Calaveras-Hayward fault system; and the creep
 rate along the section of the San Andreas fault south of
Pajaro Gap and its junction with the Calaveras fault ranges
from 8 to 14 mm/yr (Burford and Harsh, 1980; Schulz and
others, 1982). Creep rates along the Calaveras-Hayward
branches also diminish northward, from 13 mm/yr along
- the southern section of the Calaveras fault to 3—6 mm/yr
along the northem sections of the Calaveras and Hayward
faults, respectively (see Thatcher, 1990).
" In contrast, the section of the fault that ruptured in the
1906 earthquake produces only sparsely scattered micro-
earthquake activity and no fault creep. This section of the
fault extends for more than 300 km between the north end
of the creeping section along the main branch near Pajaro
Gap and Cape Mendocino (see Hill and others, 1991). Be-
fore the Loma Prieta earthquake, geodetic measurements
indicated that this entire section of the fault was locked

since the 1906 carthquake and that shear strain was accu-
mulating in the crustal blocks on cither side of the fault
(Thatcher, 1990).

The Santa Cruz Mountains section of the San Andreas fantt
zone that produced the Loma Pricta earthquake is canted
nearly 10° counterclockwise to the N. 38° W. strike of the
principal branch of the San Andreas fauit through most of the
central California Coast Ranges (fig. 1). This slight restrain-
ing bend in the fault zone acts to increase the local compo-
nent of crustal convergence across the fault zone, which, at
least iu part, is responsible for uplift of the Santa Cruz
Mountains, together with terrace uplift along the coastline
{Anderson, 1990; Valensise and_ Ward, 1991) and Holocene
displacement on the host of reverse faults locally subparaliel
to the San Andreas fault zone (McLaughlin, 1974). As Dietz
and Ellsworth (1990) pointed out, the component of reverse
slip associated with the ecarthquake is kinematically consist-
ent with obligue convergence across this restraining bend.

The carthquake resulted from a 35- to 40-km-long, bilat-
eral rupture beneath the Santa Cruz Mountains, with nearly
equal parts of reverse slip and dextral strike-slip displace-
ment along a plane dipping 70° SW. beginning at 18-km
depth and extending to within 5 to 10 km of the surface.
The 5-km depth to the top of the rupture surface is consis-
tent with a planar, geodetic faulting model (Lisowski and
others, 1990), although most seismologic data suggest that
the primary, southwest-dipping part of the rupture was
below about 10-km depth (Dietz and Elisworth, 1990;
Beroza, 1991; Steidl and others, 1991; Wald and others,
1991). The rupture began 18 km northwest of Pajaro Gap
and extended from the main-shock hypocenter about 13 km

" to the northwest and 20 km to the southeast (Beroza, 1991).
The aftershock zone extended about 60 km beyond the rup-
ture itself (Dietz and Elisworth, 1990). By October 31,
1989, the south end of the aftershock zone overlapped the
seismically active central section of the San Andreas fauit
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Figure 2.—Study area, showing locations of epicenters of precarthquake events of Ma5 since March 11, 1910 (G.m.r), and
October 18, 1989 (G.m.t.), Loma Pricta main shock. Epicenters of events between 1910 and 1968 from Bolt and Miller
1975) and Toppozada and others (1978); epicenters of evems since 1969 from Cainet catalog. Fault lines: solid, well
located; dashed, approximately located or inferred; dotted, conceated by younger rocks or by lakes or bays.
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by about 3 km (Dietz and Ellsworth, 1990). The Loma Pri-
cta rupture zone falls within the southernmost 40 km of the
fault zone that broke in the 1906 earthquake, aithough geo-
‘detic evidence suggests that the Loma Pricta rupture surface
is distinct from the 1906 rupture surface, which appears to
have involved pure dextral strike-slip displacement above
about 10-kin depth (Segall and Lisowski, 1990).

The record of instrumentally recorded earthquakes in the
San Francisco Bay area is complete for magnitudes of 5
and greater since at least 1910 (Bolt and Miller, 1975; Top-
pozada and others, 1978). The Seismograph Station of the
University of California, Berkeiey (UCB), operated 6 sta-
tions in north-central California by 1940 and 17 by 1972.
Since 1910 and before the carthquake, a total of 13 M=z5
carthquakes were located in the study area (fig. 2), at least
4 of which occurred along the length of the Loma Prieta
rupture zon¢ within a 15-km-wide zone centered on the San
Andreas fault trace: the 1964 (M=5.0) and 1967 (M=5.3)
Corralitos earthquakes, and the 1988 (M=5.3) and 1989
{M=5.4) Lake Elsman earthquakes. Location errors for the
Corralitos earthquakes are about 10 km, and for events be-
fore the 1960’s greater than 10 km. Given the uncertainties

- in the epicentral locations of these pre-1960 carthquakes,
other events, such as the 1910 (M=5.5), 1914 (M=5.5)},
1954 (M=5.3), and 1959 (M=5.3) earthquakes, may also
have occurred along the Loma Prieta rupture zone.

- DATA AND LOCATION METHOD

The USGS began installing dense clusters of telemetered
seismic stations along the San Andreas fault in central
California in 1967. By 1969, Calnet included 250 stations,
permitting the uniform detection and location of Mz1.5
earthquakes occurring throughout central California (Eaton
and others, 1970; Lee and Stewart, 1981; Eaton, 1989).

The Calnet-catalog hypocenters in the study area were -

calculated with the earthquake-location program HYPOIN-
VERSE (Klein, 1989). The velocity model used by Calnet
to locate events within the study area (fig. 34) is a one-
dimensional model based on the model calculated by
Dietz and Ellsworth (1990) to iocate Loma Prieta after-
shocks (Fred Klein, written commun., 1991). Both models
consist of distinct P-wave-velocity profiles and station cor-
rections for stations on either side of the San Andreas fault
(fig. 3B). The main difference between the Cainet model
and that of Dietz and Elisworth is that the Cainet model
has a linear velocity gradient within each layer and Dietz
and Ellsworth's has homogeneous layer velocities. Another
siight difference is that more stations outside the southern
Santa Cruz Mountains area were used by Calnet to locate
carthquakes in that area. The difference between hypocen-
ter locations using each of these models is generally less
than 1 km, and differences in the overall distribution of
relative locations are neglibible.

The magnitndes of precarthquake events used in this
study are duration magnitudes (M,) (Eaton, 1992) except
for a few events with M, >4.0, for which amplitude magni-
tudes from the UCB catalog (M,) were substimted. We
made this substimtion becanse for events of M, <4.0, M,
closely approximates M;, whereas for events of M,-a40
it does not (J.P. Eaton, oral commun., 1991).

Double-couple fault-plane solutions were calculated in
this study by using hand-picked P-wave first-motion ob-
servations and the FPFIT algorithm of Reasenberg and
Oppenheimer (1985), which uses a grid-search procedure
to minimize first-motion discrepancies.

SEISMICITY AND PRINCIPAL FAULTS

Maps, cross sections, and distance-time plots of all the
well-located hypocenters in the study area are shown in
figures 4 through 7. These plots, which have a common
scale and orientation, provide a four-dimensional depiction
of the scismicity in the study arca for the 20-year period
before the carthquake. Distances from northwest to scuth-
cast shown-in these figures correspond to the parenthetic
distances used in the following descriptions of seismicity
pattems.

The extent of the aftershock zone with respect to the
precarthquake seismicity since 1969 is illustrated in figure
4. To the south, the aftershocks extend 3 km into the dense
lineation of epicenters along the creeping section of the
San Andreas fault; to the north, they extend 3 to 5 km
beyond the persistent scismicity cluster (km 3040, figs.
4A, 4C) near Lake Elsman where the Sargent fault inter-
sects-the San Andreas fault. Preearthquake seismicity along
the intervening section of the aftershock zone was charac-
terized by sparse events scattered several kilometers on ei-
ther side of the San Andreas fault trace. In cross section
(fig. 4C), the preearthquake seismicity delineates a broad,
U-shaped distribution that forms a lower bound to the
alongstrike distribution of aftershocks (fig. 4D). This depth
distribution was first noted by Moths and others (1981) and
Lindh and others (1982) for seismicity between 1969 and
1981. A comparison of the cross section in figure 4C with
the series of maps showing epicenters within successive 5-
km depth intervals in figure 5 emphasizes that the U-
shaped seismicity distribution is common to several struc-
tures as far as 5 km on either side of the San Andreas fault.
As illustrated in the series of cross sections in figure 6, this
U-shaped depth distribution has been persistent since at
least 1969. Within the section of the fault zone north of
Pajaro Gap (km 67, fig. 4), presarthquake seismicity (figs.
44, 4C) and aftershocks (figs. 4B, 4D) generally do not
coincide, whereas south of Pajarc Gap, there is some over-
lap with precarthquake hypocenters.

Figure 7 indicates that the epicentral patterns were es-
sentially stable in the 20-year period before the earth-
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Figure 3.—Velocity model. A, Focal depth (Z) versus P-wave velocity (V) of crust beneath the Santa Cruz
Mountains on east and west sides of the San Andreas fault trace. B, Study area (fig. 1), showing locations of
Calnet seismic stations. Dots and circles, stations for which eastern and western models are used, respectively.
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Figure 4.--Maps (A, B) of study arca (fig. 1) and cross sections
(C, D) along line A-A’, showing locations of epicenters and hypo-
centers of preearthquake events since January 1, 1969 (G.m.L) (A,
€), and of Loma Prieta main shock (star ar km 45} and after-
shocks between October 18 and December 31, 1989 (G.m.t) (8,
D). Preearthquake subset includes 76 percent of all events located
by Calnet in smdy area, which includes only events located by at
least eight stations, with rms traveltime residual of less than 0.2 5,
horizontal error of Jess than 1.0 km, and depth emor of less than

2.0 km. Note that events located near five quarry blastsites in
depth ranges of respective, known quarry hypocenters arc omitted;
two of these blastsites were located at surface trace of the San
Andreas fault at km 73 and 92, in which case all events of less
than 3-km depth, whether actual quarry blasts or earthquakes, are
omitted. Zone B-B' shows location of cross sections in figure 8.
CAF, Calaveras fault; SAF, San Andreas fault; SF, Sargent fault.
Fault lines: solid, well located; dashed, approximately located or

‘inferred; dotted, concealed by younger rocks or by lakes or bays.
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quake. Both the UCB catalog for 1910-72 (Bolt and
Miller, 1975) and the historical record of major carth-
quakes (Elisworth, 1990) suggest that this basic pattern
persisted since the 1906 earthquake, except for such poor-
1y located M=S carthquakes as the 1967 Corralitos
(M=5.3) earthquake that may have occurred in an other-
wise seismically quiescent area (see figs. 2, 44).

In the following sections, we elaborate on some of the
more noteworthy aspects of these precarthquake seismicity
patterns.

AREA SOUTHEAST OF PAJARO GAP

A dense concentration of epicenters is closely aligned
with the creeping section of the San Andreas fauit south of
Pajaro Gap (fig. 4A) at focal depths ranging from 2 to 12
km (figs. 4C, 5). The offset of these epicenters 3 to 5 km
southwest of the surface trace of the San Andreas fault
reflects systematic hypocentral mislocations associated
with a strong contrast in P-wave velocity across the fault,
although some of the offset may also reflect a steep (~70°

"SW.) dip of this section of the San Andreas fault (Pavoni,

1973; Spieth, 1981).

Dense alignments of epicenters also occur along the
south end of the Calaveras fault race and subparallel to
but northeast of the southem section of the Sargent fault
trace (km 83-100 and 48-79, respectively, fig. 44). The
southeast termination of the latier alipnment occurs at the
conjugate, southwest-northeast-oriented Busch Ranch fault
{Rogers, 1980). An alignment of epicenters along the
Busch Ranch fault (km 78-82, fig. 44) is primarily associ-
ated with the M=5.2 carthquake on Thanksgiving Day
(Nov. 28) 1974 and its aftershocks (see figs. 2, 7). A short,
transverse alignment of epicenters spans the distance be-

‘tween the San Andreas fault trace (Em 63, fig. 44) and the

Sargent fault trace (km 50, fig. 44). This transverse align-
ment is not associated with any recognized surface fault.
Like the events aligned along the adjacent section of the
San Andreas fault, most of the earthquakes northeast of
the Sargent fault have focal depths of 2 to 10 km (figs.
4C, 5). The events between the San Andreas and Sargent
faults, however, extend slightly deeper, mostly from 6 to
14 km (fig. 5).
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Figure 6.—Cross sections along line A-A’ (fig. 4), showing locations of ptoardlquakc events along strike of the San Andreas fault

during years (A) 1969-75, (B) 1976-82, and (C) 198389 (G.m.L).

e ki oy =



SEISMICTTY IN THE SOUTHERN SANTA CRUZ MOUNTAINS DURING THE 20-YEAR PERIOD BEFORE THE EARTHQUAKE Cl11

AREA NORTHWEST OF PAJARO GAP

. A few precarthquake events (km 2649, figs. 44, 40)
have focal depths of as much as 16 km beneath the section
of the San Andreas fault trace east of the main-shock hy-
pocenter (km 45, figs. 48, 4D), but these events are too
few to delineate a single planar structure. They could be
associated with a continuous, vertical fault benecath the
San Andreas fault trace (Olson, 1990) or, alternatively,
with discontinuous, subparallel faults, as suggested by

Ellsworth and others (1990). A view of these events in a

cross section perpendicular to the strike of the San Andre-
as fault trace (fig. 84) shows their vertical alignment be-
neath the fault trace, but the reality of this alignment
depends strongly on a single Mw3.5 event in 1980 at 16-km
depth (km 48, figs. 4A, 4C, 7), which has a fault-plane
solution with nearly pure strike slip and a vertical, north-
west-striking nodal plane (Olson, 1990). A comparison-

‘with Loma Prieta aftershocks (fig. 8B) shows that this

event is located about 3.5 km northeast of the principal,
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Figure 7.—Time versus distance along line A-A' (fig. 4) for (A) Loma Prieta main shock and aftershocks and (B) precarthquake
events. Conspicuous, persistent cluster of events at km 80 is Thanksgiving Day 1974 earthquake (M=5.2) and its aftershocks on the

Busch Ranch fault (Rogers, 1980).
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southwest-dipping volume of aftershocks. A vertical pro-
jection of the San Andreas fauit trace would intersect this
volume of aftershocks at about 10-km depth. We note that
nio events occurred within 3.5 km of the main-shock hypo-
center in the 20-year period before the earthquake.
A 10-km-long cluster of epicenters (km 30-40, fig. 4A)
_ occurs near the intersection of the Sargent fault trace with the
San Andreas fault near Lake Elsman. This cluster includes
the June 27, 1988 (M=5.3) and August 8, 1989 (M=5.4) Lake
Elsman earthquakes (km 36 and 33, respectively, figs. 2, 6C,
7). Events in this closter have focal depths concentrated
between 11 and 15 km (figs. 4C, 5). All of the events in this
cluster since 1969 and before the 1988 Lake Elsman carth-
quake were of M<3, except for an M=3.5 event in 1973 (km
33, figs. 64, 7) and an M=4.0 event in 1981 (km 39, figs. 44,
6B, 7). A notable aspect of the Lake Elsman earthquakes is
that only one aftershock of Mz1.5 occurred within 10 days

of the 1988 carthquake, whereas nine occurred within 10

days of the 1989 earthquake. With the possible exception of
these two carthquakes, the temporal variations in seismicity
(fig. 7) show no obvious precursory patterns in the 20-year
period before the Loma Pricta carthquake.,

A detailed examination of the hypocenters and fault-
plane solutions of the events in this cluster after the 1988
Lake Elsman main shock provides clues on the nature and
geometry of slip associated with these events. Fault-planc
solutions for the 1988 and 1989 Lake Elsmin main shocks
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(events 1 and 6, respectively, fig. 9) and for the three largest
1989 aftershocks of Mz3 (events 7, 10, 18, fig. 9) were
nearly identical, with oblique strike- and reverse-slip com-
ponents. These five events form an alignment that approxi-
mates the strike of the main shocks' nodal planes of N. 58°
W., suggesting that this alignment corresponds to the slip
planc. We note that the M=4.0 event in 1981 and an M=4.5
event in 1982 (ki 39 and 54, respectively, figs. 44, 6B, 7))
occurred along an extension of this alignment and have
similar fault-plane solutions (Olson, 1990). This inferred
slip plane dips 60° and 66° NE. in fault-plane solutions for
the 1988 and 1989 Lake Elsman main shocks, respectively,
in the opposite direction from the 70° SW.-dipping plane of
the Loma Prieta main shock (for example, Oppenheimer,
1990). The alignment of these M=z=3 éevents, their focal
depths, and their fault-planc solutions are consistent with

-slip on a northeast-dipping structure. Alternatively, but in

our view less likely, these events could involve dominantly
sinistral slip on a series of northeast-striking faults that
form a.distributed, conjugate set to the adjacent San Andre-
as and Sargent faults. In any case, it seems unlikely that
these events involved slip on the Sargent fault, which dips
steeply southwest in this area (McLaughlin, 1974).

Two cross sections of events in the Lake Elsman align-
ment perpendicular to the N. 58° W.-striking plane of the
main-shock fault-plane solutions are shown in figures 94
and 9B. These cross sections show that most of the Lake
Elsman aftershocks are located in the hanging-wall block
above and within 3 km of the northeast-dipping slip planc
common to the two Lake Elsman earthquakes. Of the 16
Mz1.5 aftershocks through September 1989, 13 have fault-
plane solutions that are consistent with oblique strike slip
and reverse slip, pure strike slip, or pure reverse slip on
northwest-striking planes (figs. 94, 9B). These fauit-plane
solutions and their hypocentral locations are consistent
with slip on subparaile! planes within the hanging-wall
block. We note, however, that location errors could con-
tribute to the scatter of these hypocenters.

Elsewhere, isolated clusters of epicenters scattered
throughout the southern Santa Cruz Mountains north of the
Loma Prieta main shock emphasize that deformation con-
tinues in the crust on either side of the San Andreas fault
trace, consistent with geologic evidence for Quaternary dis-
placement along range-front thrust faults, such as the Mon-
te Vista, Berrocal, and Shannon faults (McLaughlin, 1974).

DISCUSSION

ACTIVE STRUCTURES IN THE SOUTHERN
SANTA CRUZ MOUNTAINS

Whether the southwest-dipping part of the Loma Prieta
rupture below 10-km depth coincided with the San Andreas
fault, in which case the San Andreas fauit has a listric geom-
etry, or whether it involved a separate fault that intersects the
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Figure 9.~—Lake Elsman area (inset), showing locations of epicenters and
fault-plane solutions (for Mz1.5 events) and cross sections for earthquakes
between (A) time of June 27, 1988 (G.m.t.), Lake Elsman {M«5.3) main
shock up to time of August 8, 1989 {(G.m.t.), Lake Elsman main shock and
(B) time of 1989 Lake Elsman main shock up to time of Loma Prieta main
shock (fault-plane solutions are shown only for events through September).
Hypocenters in cross sections are projected onto a plane through line C-C
that is perpendicular to main shocks’ nodal planes striking N. 58° W., and
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those nodal planes’ dips of 60° and 66° NE. are shown, projected through
each main-shock hypocentet. C, First-motion data for fault-planc solutions
shown in figures 94 and 9B, with corresponding numbers. Plusses, com-
pressional first motion; circles, dilatational first mation; F, principal axis of
compression; T, principal axis of extension. Headings list year/month/day
and hour/minute (G.m.t.); M, magnitude (see text); Z, depth (in kilometers).
Fault lines: solid, well located; dashed, approximately located or inferred;
dotted, concealed by younger rocks or by lakes or bays.
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San Andreas fault at about 10-km depth remains a matter of
discussion (Dietz and Elisworth, 1990; Olson, 1990). The
few events between 10- and 16-km depth directly beneath
the San Andreas fault trace and east of the main-shock hypo-
center could be produced by either (1) the San Andreas fault,
in which case the Loma Prieta rupture below 10-km depth
involved a separate fault; or (2) discontinuous faults to the
east of a southwest-dipping San Andreas fault, as Ellsworth
and others (1990) suggested. In either case, several adjacent
faults in the southern Santa Cruz Mountains clearly accom-
modate both strike-slip motion and a small component of
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Figure 9.—Continued.

crustal convergence. This complex system of interacting
faults reflects a combination of the broad restraining bend
that the San Andreas fanlt forms in the study area, the triple
junction formed by the intersection of the San Andreas and
Calaveras faults to the south, and regional transpression
common to the entire San Francisco Bay region (Aydin and
Page, 1984; Harbert and Cox, 1989; Harbert; 1991).

One notable aspect of both the preearthquake and after-
shock hypocenters is the broad, U-shaped distribution de-
fined by the deepest events in both dme periods that spans
a zone at least 10 km wide. This depth distribution, which
was first noted by Moths and others (1981) and Lindh and
others (1982) for seismicity between 1969 and 1981, was
one line of evidence they used to Suggest that the southern
Santa Cruz Mountains section of the San Andreas fault
zone was likely to produce a large carthquake. Relative
locations of precarthquake events and aftershocks in our
study, however, show that the preearthquake events form-
ing this U-shaped depth distribution are located northeast of
the principal, southwesi-dipping section of the Loma Pricta
aftershock zone below about 10-km depth. Thus, this depth
distribution is apparently related to crustal properties that
span the 10-km width of the fault zone, rather than to prop-
ertics limited to a particular fanlt plane. For example, max-
imum earthquake focal depths along the strike of the fault
zone may be related in some way to the relatively high P-
wave velocities calculated across the zone in three-dimen-
sional velocity models (Eberhart-Phillips and others, 1990;
Lees, 1990; Foxall and others, 1991). Foxall and others
(1991) interpreted these high-velocity rocks as either up-
thrusted gneissic or ultramafic subcrustal rocks.

PREVIOUS M=5 EARTHQUAKES ALONG THE
LOMA PRIETA RUPTURE ZONE

The Lake Elsman earthquakes stand out against the back-

ground seismicity for the 20-year period before the Loma
Prieta earthquake because they are the only M25 earth-
quakes along the rupture zone in that period and they oc-
curred within 16 and 2} months beforehand (see fig. 7).
They aiso are unusual because they are a full unit of mag-
nitude larger than the preceding events in this spatial clus-
ter within this time period. An examination of the catalogs
by Bott and Miller (1975) and Toppozada and others (1978)
reveals that only one documented M=5.0 event since 1910
occurred within a 15-km radius of the 1988 and 1989 Lake
Elsman earthquakes: an M =5.5 carthquake on November 9,
1914 (sec fig. 2), as described Townley and Allen {1939):
VIIL. Santa Cruz Mountins. From reports received and from field inves-
tigations, Carl H. Beal determined the epicenter of this earthquake to
have been near the small wown of Laurel, Santa Cruz Co., near the crest
of the Santa Cruz Mountains and about seven miles south of Los Gatos.
Laorel is a mile sonthwest of the San Andreas fault. At Laurel two chim-
neys were beoken off, clocks were stopped, and plaster cracked * * *.
The shock was felt * * * at distances of about 100 miles, indicating a
shaken area of approximately 30,000 square miles.
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Although this event may be considered an aftershock of the
1906 earthquake and evidently produced the highest intensi-
ties near the San Andreas fault near Laurel, it need not have
occurred on the San Andreas fault itself. It could, for exam-
ple, have occurred on the same structure that produced the
Lake Elsman earthquakes. Thus, the record of moderate
carthquakes since 1910 indicates that the structure that pro-
duced the Lake Elsman carthquakes had not produced
M=5.0 events since at least 1914, or within the past 74 years.

Five other M25 carthquakes since 1910 may also have
occurred along the Loma Prieta rupture zone, east and
southeast of the main shock. Only two of these carth-
quakes, however, have epicenters located well enough to be
associated with that zone to some degree of certainty (with-
in =10 km): the 1964 (M=5.0) and 1967 (M=5.3) Corralitos
earthquakes. A relocation of the 1964 carthquake (McEvil-
ly, 1966) suggests that it was associated with the same
structure which produces seismicity along and northeast of
the south end of the Sargent fault. The 1967 epicenter, how-
ever, is apparently located farther to the southwest and
closer to the San Andreas fauilt trace. Thus, four moderate
(M=5) earthquakes apparently occurred along the Loma
Prieta rupture zone within the preceding 25 years.

SUMMARY-

1. Well-located earthquakes in the study area since 1969
and before the Loma Prieta earthquake define conspicu-
ous alignments aleng the creeping section of the San
Andreas fault south of Pajaro Gap, along and east of the
Sargent fault, 2nd along the Busch Ranch and Calaveras
faults. In addition, a cluster of events occurred along and
east of a 10-km-long section of the Sargent fault where it
intersects the San Andreas fauit. The events along and
east of the Sargent fault apparently are not associated
with that fault, which dips steeply southwest. The events
near the north end of the Sargent fault inciude the 1988
(M=5.3) and the 1989 (M=5.4) Lake Elsman ecarth-
quakes, located 10 and 12 km, respectively, north-north-
east of the Loma Prieta miain shock. Elsewhere, a few
events occurred along the 35-kmi-long section of the San
Andreas fault trace between Pajaro Gap and Lake Els-
man, and isclated events occurred on both sides of the
San Andreas fault trace throughout the southern Santa
Cruz Mountains north of the Loma Prieta main shock.

2. Fault-plane solutions for both the 1988 and 1989 Lake
Elsman miain shocks show oblique strike slip and reverse
slip on a plane that strikes N. 58° W. and dips 60°-66°
NE., suggesting that these earthquakes may have oc-
curred on a common, blind fauit. Fault-plane solutions

and hypocenters for most of the Lake Elsman aftershocks -

(Mz1.5) are consistent with oblique slip in the hanging-
wall block on planes subparallel to the inferred slip plane
common to the 1988 and 1989 Lake Elsman main shocks.
3. The Lake Elsman earthquakes are unusual even though
they occurred within an area of persistent background

seismicity, because they were a full unit of magnitude
larger than all other events recorded within a 15-km ra-
dius during the preceding 74 years, because they are the
only M=z5 events in the 20-year period before the Loma
Prieta earthquake located along the rupture zone, and
because they occurred within 16 and 2} months before-
hand. Two other M=5 earthquakes since 1960, however,
also occurred along the rupiure zone: the 1964 (M=5.0)
and 1967 (M=5.3) Corralitos earthquakes, located ap-
proximately 17 km east and 10 km southeast, respec-
tively, of the Loma Pricta main shock. Given location
errors greater than 10 km for earthquakes before 1960
in the southemm Santa Cru‘z Mountains, other Mz$5
events may have occurred along the rupture zone since
1910, including those in 1910 (M=5.5), 1914 (M=5.5),
1954 (M=5.3) and 1959 (M=5.3).

4. The southwest-dipping section of the Loma Prieta rup-
ture zone benecath 10-km depth produced virtually no
microseismicity for at least 20 years before the Loma
Prieta earthquake,

5. The hypocenters of earthquakes occurring in the study

area since 1969 form a broad U-shaped distribution when
projected onto a vertical plane parallel to the San Andre-
as fault trace. This depth distribution of preearthquake
seismicity approximately forms a lower bound to the dis-
tribution of Loma Prieta aftershocks, even though the
events below 10-km depth both before and after the
carthquake occurred on different fault pianes within the
10-km-wide zone.
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ABSTRACT

We summarize the resulis of measurements of low-fre-
quency electromagnetic fields by two independent moni-
toring systems before the earthquake. Taken together,
these measurements cover 25 narrow frequency bands in
the more than six-decade frequency range 0.01 Hz-32
kHz, with a time resolution ranging from half an hour in
the ultra-low-frequency (ULF) range (0.01-10 Hz) to 1 s
in the extremely low frequency/very low frequency (ELF/
VLF) range (10 Hz-32 kHz). The ULF system is Iocated
near Corralitos, Calif., about.7 km from the epicenter, and
the ELF/VLF system on the Stanford University campus,
about 52 km from the epicenter. ‘As previously reported,
analysis of these ELF/VLF data has revealed no precurso-
ry activity, although the ULF data have some distinctive
and anomalous features. First, a narrow-band signal in the
range 0.05-0.2 Hz appeared about September 12 and per-
sisted until the appearance of ‘a second anomalous feature,
which consisted of @ substantial increase in the noise
background starting on October 5 that covered almiost the
entire frequency range of the ULF system but was greatest
at the lowest frequencies. Third, there was an anomalous
dip in the noise background in the range 0.2-5 Hz starting
1 day before the carthquake. Finally and, possibly, most

‘Current affiliation: Teknekron Communications Systems, Berkeley,
CA 94704.

compelling, there was an increase to an exceptionally high
level of activity in the range 0.01-0.5 Hz (that is, at the
lowest frequencies) starting approximately 3 hours before
the earthquake. There do not appear to have been any mag-
netic-field fluctuations originating in the upper atmosphere
that can account for this increase. Furthermore, although
the measurement systems are sensitive to motion, seismic
measurements indicate no significant shocks before the
carthquake. Thus, the various anomalous features in the da-.
ta, particularly the large-amplitude increase in activity
starting 3 hours before the earthquake, may have been
magnetic precursors. The observation of the jargest mag-
netic-field amplitudes at the lowest frequencies, and the ab-
sence of ELF/VLF signals, suggest that the anomalous
signals may have originated in the hypocentral region and
propagated to the surface. If so, modeling with electric-
and magnetic-dipole sources further suggests that the ULF
signals could have been detected at the surface as far as
100 km from the epicenter.

INTRODUCTION

At 5:04 p.m. P.d.t. October 17, 1989 (0004:15.24 G.m.t.

_Oct. 18), a moderately large (M;=7.1) earthquake occurred

“suddenly and without foreshock activity” in northern Cali-

'fornia (U.S. Geological Survey staff, 1990). Its epicenter

(lat 37.039° N., long 121.879° W.) was located near Loma
Prieta, one of the highest peaks in the California Coast
Ranges, just south of the San Francisco Bay region {fig. 1).
At the time of the earthquake, we were operating two inde-
pendent electromagnetic-noise-monitoring systems at loca-
tions relatively close to the epicenter, in continuation of a
program of low-frequency-radio-noise measurements that
has been in progress for several years. Taken together,
these two systems provided complete coverage of magnet-
ic-field changes over the broad frequency range from 0.01
Hz to 32 kHz. One, an ultra-low-frequency (ULF) system
(0.01-10 Hz), was located at Corralitos, Calif. (lat 37.015°
N., long 121.806° W.), only 7 km from the epicenter; and .
the other, an extremely low/very low frequency (ELF/VLF)
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c18 PRESEISMIC OBSERVATIONS

system (0.01 Hz-32 kHz), was located on the Stanford
University campus (lat 37.43° N., long 122.18° W.), about
52 km from the epicenter {fig. 1).

We began analyzing the data from our ELF/VLF meas-
urement systern immediately after the carthquake in expec-
tation of seeing precursory signals, because there have been
many reports in recent years.of possibie ELF/VLF electro-
magnetic precursors to earthquakes (for example, Gokhberg

- and others, 1981, 1982b; Oike and Ogawa, 1982; Parrot
and Mogilevsky, 1989; Tate and Daily, 1989; Larkina and
others, 1983, 1989; Serebryakova and others, 1992). Some-
what later, when contact was reestablished with the Corrali-
tos system, we began processing the ULF data from that
location. We had less reason to expect electromagnetic pre-

. cursors in those data because previous reports of precursory
signals at frequencies below the ELF/VLF range have, with
few exceptions, involved frequencies below our ULF range
of operation (for example, Rikitake, 1975, p. 207-209;
Shapiro and Abdullabekov, 1982; Johnston, 1989; Varotsos
and Lazaridou, 1991). As we subsequently reported (Fraser-
Smith and others, 1990a, b), we were unable to detect any
precursory changes in the Stanford University ELF/VLF

-data. Although there were some small changes in these
data during the days before the carthquake (in addition to
their diurnal variation), similar small changes are common-
Jy observed at other times, and so they must be considered
a normal feature of the data. The Comralitos ULF data, how-
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Figure 1.-—San Francisco Bay region, showing locations of epicenter of
Loma Prieta earthquake and of Corralitos and Stanford University noise-
monitoring systems.

ever, contained several anomalous features that may prove
to be precursors (Fraser-Smith and others, 1990a, b;
Bernardi and others, 1991).

In the following sections, we surnmarize previously pub-
lished results, consisting primarily of descriptions of our
equipment and preearthquake measurements, as well as
some new results that support and extend this earlier work.
In addition, we perform some simple, general modeling of
the measured ULF magnetic ficlds, assuming both electric-
and magnetic-dipole sources, to obtain an order-of-magni-
tude estimate of the range of distances over which these
fields can be detected.

-

ELF/VLF MEASUREMENTS

The Stanford University ELF/VLF electromagnetic-
noise-monitoring system is one of eight identical instru-
ments that have been installed around the world as part of a
global survey of ELF/VLF radio noise (Fraser-Smith and
Helliwell, 1985; Fraser-Smith and others, 1988, 1991).
Crossed-loop antennas are used to measure the magnetic
component of the noise. This system records both analog
and digital data and computes, in real time, various statisti-
cal quantities that define the characteristics of the noise and
that can be further processed to provide additional statistical
measures of it. The data of immediate interest to us are the
average amplitudes that are computed at the end of every
minute from 600 measurements at a rate of 10 samples per
second on the envelope of the signal emerging from 16
narrow-band (5-percent bandwidth} filters, the center fre-
quencies of which are at 10, 30, 80, 135, 275, 380, 500, and
750 Hz and 1.0, 1.5, 2.0, 3.0, 4.0, 8.0, 10.2, and 32.0 kHz.

Many different plots of the 1-minute-average noise am-
plitudes for the month before the carthquake were pre-
pared and analyzed. However, as described by Fraser-
Smith and others (1990a, b), when account was taken of
normal variations in the ELF/VLF noise data, no unusual
changes in the amplitudes were distinguishable at any time
before the earthquake. To illustrate the form of the data,
Fraser-Smith and others (1990a) showed simultaneous
plots of the 1-minute averages for 10 Hz, 500 Hz, 2 kHz,
and 8 kHz for the 8-day interval October 13-20, 1989.
This presentation is expanded in figure 2, which shows si-
multaneous plots of the 1-minute averages for 135 Hz, 380
Hz, 1 kHz, and 4 kHz for the same 8-day interval. Once
again, the only obvious features are the mostly well de-
fined diurnal variations that persist essentially unchanged
throughout this interval. Commonly, small changes, some-
times referred to as “glitches,” are noticeable in the data;
however, because these small changes are natural, they arc
indistinguishable from any signals that might be precur-
sors ta the earthquake.

Fraser-Smith and others {1990a) also pointed out that a
negative result is not completely unexpected, because on
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three earlier occasions unsuccessful searches had been
made for precursory signals in the Stanford University
ELF/VLF noise data after local earthquakes of M~5 {Alum
Rock, June 13, 1988, M,=5.3; Lake Ellsman I, June 27,
1988, M,=5.0; Lake Ellsman 2, August 8, 1989, M,=5.2).
Since the publication of thesc-negative results, an exten-
sive search has-also been made for precursory signals in
the ELF/VLF wave data obtained by the low-altitude Dy-
namics Explorer 2 (DE-2) satellite (apogee, ~1,300 km;
perigee, ~300 km; inclination, ~90°) near the times of 60
carthquakes, but without success (Henderson and others,
1991). The results of these various studies show that
measurable ELF/VLF electromagnetic precursors are not
always associated with earthquakes,

10 pT

ULF MEASUREMENTS

The Corralitos magnetic-field-monitoring system is one
of four new models that we have built to characterize and
monitor the state of natural geomagnetic activity in the
ULF range 0.01-10 Hz (Bemardi and others, 1989). They
are conventional in many of their technical details, includ-
ing their use of solenoidal coils as sensors; however, they
differ significantly from previous systems used by our lab-
oratory and others for measurements of ULF geomagnetic-
field changes, through their use of a small computer as an
integral part of the measurement system and through an
emphasis on the real-time computation of digital measure-
ments of the noise power as an alternative to analog chart
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Figure 2.—}-minute-average extremely low frequency/very low frequency noisc amplitndes measured during
interval October 13-20, 1989, at Stanford University for frequencies of (4) 135 Hz, (B) 380 Hz, {(C) 1 kHz,
and (D) 4 kHz. Eanthquake occurred just after 0004 G.m.t. October 18 (arrow), followed immediately by an
8-hour power failurc. Large wansient impulses during 1-hour period immediately afier recommencement of
measurements are probably related to automatic restart, instead of afiershock activity. Note diffcrent ampli-

tude scales.
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Table 1.—Freguency ranges for which magnet-
ic-activity (MA) indices _are computed, and

their center frequencies
Center
MA frequency frequency

index band (Hz) (Hz)
MA3 0.01-0.02 0.015
MA4 02-0.05 033
MAS J05-0.1¢ 073
MAG6 10-0.20 150
MA7Y .20-0.50 352
MAS 50-1.00 751
MAS 1.00-2.00 1.502
MA10 2.00-5.00 3501
MALlL 5.00-10.0 7.500

recordings. As described in greater detail by Bemnardi and
others (1989), the basic output of each index-generation

system is 2 set of logarithms to the base 2 of the half-

hourly averages of the power in nine frequency bands cov-

eting the overall range 0.01-10 Hz (table 1). These loga-
' rithms compose our magnetic-activity (MA) indices,

which are stored permanently on magnetic disk and are

continuously available by telephone line (the raw samples

were originally discarded, owing to limitations in storage
. capacity, but as much as about 6 days of the most recent
samples is now recorded on magnetic disk in our latest
models). These MA indices can be converted to conven-
tional magnetic-field units by using a table of conversion
factors (for example, Fraser-Smith and others, 1990a), and
. all the Corralitos ULF data presented here were derived
from MA indices by using these conversion factors.

The Corralitos index generator has been in operation
since October 1987. It was running during the Alum Rock
and Lake Elisman 2 earthquakes discussed in the preceding
section, but its measurements showed no evidence of pre-
cursory signals. As already noted, its location was fortu-
itously only 7 km from the epicenter of the Loma Pricta
earthquake. There was a 39-hour loss of power after the
earthquake, after which, when power was restored, the sys-
tem automatically recommenced operation. When the MA
indices were inspected, there clearly had been major chang-
es in the measurements not only during the few hours be-
fore the earthquake but also during the preceding weeks.

As originally described by Fraser-Smith and others
{1990a), we first suspected that the anomalous changes ob-
served before the earthquake could have been caused ei-
ther by precursory seismic activity moving the coil sensor
and generating spurious signals, or by an extraordinarily
lengthy interval of natural large-amplitude magnetic activi-
ty. Because of the haif-hour averaging involved in their
computation, MA indices arc not particularly sensitive to
even moderately large ground motions of short duration
(local earthquakes of M~5 have caused only small coseis-
mic increases in the indices), and so the seismic activity

required to cause these anomalous changes must have
been cither particularly persistent, very strong, or both.
However, we were able to establish that no significant
seismic activity had occurred before the earthquake (W.L.
Elisworth and M.].S. Johnston, oral and written com-
muns., 1989; 1.8, Geological Survey staff, 1990). In addi-
tion, the available MA indices showed no evidence of
magnetic storms or other increases in geomagnetic activity
that could account for our measurements before the earth-
quake. (The daily sum of Kp remained less than 27+
throughout the interval October 1-19; there was a moder-
ately large storm on October 20-21, when the sum of Kp
reached 57). These considerations, in combination with the
results of the more extensive study by Bemnardi and others
(1991), lead us to conclude that the anomalous magnetic-
field fiuctuations were probably not cansed either by pre-
cursory seismic activity or by naturally occurring magnet-
ic-field activity originating in the upper atmosphere.

The complets set of MA indices for the months of Sep-
tember and October 1989 are plotted in figure 2 of Fraser-
Smith and others (1990a) and in figures 2 and 3 of Bernar-
di and others (1991). Four anomalous changes in MA indi-
ces were identified by these investigators, the first starting
around September 12, when unusual bursts of activity be-
gan to appear in the data for the two adjacent frequency
bands 0.05-0.1 and 0.1-0.2 Hz. The signal generating
these changes increased in amplitude until it reached a
peak of about 1.5 nT, and the unusual alternation of its
amplitude between the two frequency bands suggested that
the signal had a narrow bandwidth centered on 0.1 Hz and
that this center frequency drifted between the two bands
{(Bemardi and others, 1991). On October 5, the narrow-
bandwidth signal disappeared upon the occurrence of the
second anomalous change in the measurements: a large
and sustained 4ncrease in the noise background covering
all the frequencies of operation but strongest at the lowest
frequencies (~0.01 Hz), where the amplitude increased to
about 30 times the normal background amplitude. This
noise background gradually declined in strength until the
day before the earthquake, when the third and fourth
anomalous changes occurred. The third anomalous change
was a distinctive drop and recovery in the noise back--
ground in the frequency range 0.2-5 Hz, and the fourth
anomalous change, confined to the frequency range 0.01-
0.5 Hz, was an increase to an exceptionaily high level of
activity starting approximately 3 hours before the earth-
quake. .

The changes that occurred at 0.01 Hz just before the
carthquake are plotted in figure 3, in the same format as
figure 3 of Fraser-Smith and others (1990a). Absolute
magnetic field units are used, and we note that the largest
amplitudes measured during the 3-hour period before the
earthquake exceed the already-enhanced levels on October
16-17 by a factor of 10 to 30 (the amplitudes of the larg-
est signals also exceed the dynamic range of the measure-
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ment system, and so the measured amplitades are actually
smaller than the true values). The data obtained during the
aftershock interval, some of which are plotted in figure 3,
are of great interest, but their analysis is made difficult by
the large number and variety of aftershacks, by the shak-
ing response of the measurement system, and by the oc-
currence of a magnetic storm on October 20--21. Analysis
of these aftershock data fails to show any comrelation be-
tween the measured geomagnetic activity and the frequen-
cy or magnitude of aftershocks (Fenoglio and others,
1991, 1992).

For comparison with figure 3, the same 0.01-Hz meas-
urements for the month of August 1989 are plotted in fig-
ure 4, which shows that the normal natural background
noise is typically near 0.3 to 0.6 nT/ ./I_-i; with occasional
short-lived bursts in the range 1-10 nT/./Hz. An addition-
al feature of these data is the absence of response to the
occutrence of the M;=5.2 Lake Ellsman 2 carthquake at
0814 G.m.t. August 8, the epicenter of which was less
than 30 km from Corralitos.

By converting the MA indices for each of the nine adja-
cent narrow frequency bands into their equivalent ampli-
tudes in magnetic-field units (for example, Fraser-Smith
and others, 1990a) and then plotting amplitude against fre-
quency for each half-hour interval, a succession of average
spectra can be obtained to investigate changes in the fre-
quency content of ULF magnetic-field fluctuations before
the earthquake. A series of these spectra for the 8-hour
period before the earthquake, starting at 1600 G.m.t. Octo-
ber 17 and ending at 0000 G.m.t. October 18, is shown in

figure 5. These spectra are almost identical for the two’
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Figure 3.—Magnetic-field amplitude during interval October 16-22,
1989, at Corralitos for 0.01-Hz frequency. Earthquake occurred just after
0004 G.m.t October 18, followed immediately by a power failure,
whereupon magnetic field measurements went 1o zero. Large peaks after
carthquake include many saftershocks, as well as 2 magnetic storm that
peaked on October 20-21. Ampiitudes can be convertad to nanoteslas by
taking account of bandwidth for measurements at 0.01 Hz, which here
means mulaplying by ./0.00732, or 0.0855.
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half-hour intervals ending at 1600 and 1800 G.m.t., but
their low-frequency content then increases rapidly; the
largest increase occurs during the half-hour period ending
at 0000 G.m.t—that is, just before the earthquake. This
increase is greatest for frequencies in the range 0.01-0.1
Hz and almost negligible for the highest frequencies (~10
Hz); in agreement with the resuits of studies of the- MA-
index plots by Fraser-Smith and others {1990a) and Ber-
nardi and others (1991).
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Figure 4 —Magnetic-ficld amplitnde during August 1989 at Corralitos
for (.01-Hz frequency. Fluctuations shown here can be considered typical
of normal changes in natural background noise measured at Corralitos.
Nevertheless, we note that M;=5.2 Lake Ellsman 2 earthquake of 0814
G.m.t. August B occurred only a shon distance away with no obvions
effect on measurements. As in figure 3, amplitudes can be converted to
nanoteslas by tsking account of bandwidth for measurements at 0.01-Hz,
which here means multiplying by ./0.00732, or 0.0855.
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Figure 5.—Spectral variation of magnetic activity at Corralitos before
Loma Prieta earthquake.
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There are a surprisingly large number of possible genera-
tion mechanisms for the ULF magnetic fields observed at
Corralitos before the earthquake, many of which have al-
ready been used to explain or predict electric- and magnet-
ic-field changes before and during carthquakes. Some of
the. most commonly evoked mechanisms involve piezo-
magnetic or piezoelectric effects, electrokinetic phenomena
(or streaming potentials), and crustal-resistivity changes
due to stress (for example, Stacey, 1964; Mizutani and oth-
ers, 1976; Gokhberg and others, 1982a; Johnston, 1989). In
addition, new mechanisms are still being proposed (for ex-
ample, Draganov and others, 1991). Thus, the task of ex-
plaining the Corralitos ULF magnetic fields is not so much
one of identifying a single mechanism as distinguishing
between several competing mechanisms. We do not have
the resources to study all the various mechanisms to see
whether any one of them can explain the Corralitos meas-
urements, and so we confine oursclves here to a more lim-
ited modeling effort in which we investigate the possible
range of detection of the Corralites ULF magnetic fields by
applying earlier work (sponsored by the U.S. Office of Na-
val Research) on the low-frequency electromagnetic fields
generated by submerged dipole sources.

In the following analysis, which is directed solely to-
ward estimating the distance range over which ULF mag-
netic fields could have been measured, we simply assume
that the source of the Loma Prieta ULF magnetic fields
can be modeled by single electric- and/or magnetic-dipole
sources situated in the hypocentral region. This assump-
tion leaves open the actual mechanism of generation of
these dipole sources (as indicated above, there are several
possible mechanisms) and made plausible by the frequen-
cy variation of the magnetic fields. As we mentioned, we
were unable to measure any precursory ELF signals at
Stanford University, about 50 km from the epicenter. At
Corralitos, the largest ULF amplitudes were measured at
the lowest frequencies (~0.01 Hz). We now show that this
variation is consistent with electric- or magnetic-dipole
sources situated in the ground at depths comparable to that
of the Loma Prieta hypocenter.

The attenuation of electromagnetic fields generated by
electric- or magnetic-dipole sources submerged in an elec-
trically conducting medium is well characterized by the
skin depth &, defined as

b= |—, 40!

where w is the angular frequency (w= 2nf), u is the perme-
ability of the medium (which we assume to be the same as
the permeability of free space, o, where p=43x10"" H/m)
and 0O is the electrical conductivity. For a plane electromag-
netic wave propagating into a conducting medium, & is a

PRESEISMIC OBSERVATIONS

‘Table 2.~-Skin depths for various frequencies and
electrical conductivities

[All values in kilometers. Seawater gencrally has & con-
ductivity close 10 4 S/m, whereas typical *eanh™ has a
conductivity in the range 0.01-0.1 Sim. The canductivity
of dry rock varies widely, but a value of 0.0001 Sim is

Tepresentative]
Conductivity (S/m)
Frequency 10 10! 4
(H2)
10* 1.59 Q050 0.0079
102 5.03 159 025
10 159 503 079
1 50.3 1.59 25
10! 159 . 503 79
102 503 159 25
102 1,590 503 19

measure of the distance over which the amplitude of the
wave is attenuated to /e of its original value, where
¢=2.71828... is the usual exponential factor. The electromag-
netic fields generated by a buried dipole source are not
attenuated purely exponentially, as they are for a plane
wave, particularly when the measurement point is close to
the source (as measured in skin depths); but in most cases &
will be at least approximately representative of this distance.

The b values for representative frequencies and electrical
conductivities are listed in table 2. We note that §=15.9
km for f=0.01 Hz and 0=0.1 S/m, which is a conservative
estimate of the electrical conductivity in the Earth's sur-
face layer (for example, Watt and others, 1963). This &
value is comparable to the estimated 17.6-km depth of the
hypocenter of the Loma Prieta carthquake (U.S. Geologi-
cal Survey staff, 1990), implying that electromagnetic sig-
nals with a frequency of 0.01 Hz originating near the
hypocenter will be only moderately attenuated as they
propagate upward to the Earth's surface. In comnparison,
$=1.59 km for f=1 Hz and 0=0.1 S/m. Assuming that the
amplitude of this 1-Hz signal is initially A, it will be re-
duced to nearly Aexp(~d/1.59) after propagating upward to
the surface from a depth of d km. For d=17.6 km, the
reduced amplitude is 1.56x105 A, and clearly the signal is
greatly attenuated on reaching the surface. For frequencies
near 10 Hz, the signals would have to be extraordinarily
strong to be measurable at the surface, and for f =100 Hz
the & vaiue would be so great that it is difficult to see how
they could be observed at the surface under the assumed
conditions.

Because the dipole model produces signal amplitudes
that vary in agreement with our observations—that is, they
are strongest at 0.01 Hz, weak in the frequency range 1-
10 Hz, and cannot be observed above 10 Hz—we now
extend this model to estimate the range of the ULF sig-
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nals, using the dipole-field data computed by Fraser-Smith
and Bubenik (1980). Although these data were intended
for field computations involving harmonic dipole sources
immersed in the sea, they are presented quite generally
and can be used equally well to compute the fields pro-
duced at the Earth's surface by dipoles situated beneath the
surface (the modeling is subject to the condition that the
Earth can be represented by a semi-infinite medium of
uniform electrical conductivity). Following Fraser-Smith
and Bubenik (1980), we do not consider either a vertical
magnetic dipole (VMD) or a vertical electric dipole (VED)
as a source, because the magnetic fields generated by a
VMD drop off particularly quickly with distance and those

generated by a VED tend to be comparatively very small. -

This consideration leaves either a horizontal electric dipole
(HED) or a horizontal magnetic dipole (HMD) as a possi-
ble source, of which an HED appears most reasonable in
terms of piezomagnetic- or electrokinetic-effect source
models for the Loma Pricta magnetic fields.

We first assume that the source is an HED situated close
- to the hypocenter. The maximum magnetic field of 0.01
Hz measured before the earthquake was close to 60
nT/J}E , or about 5 nT when. the bandwidth of the meas-
urement is taken into account. We also assume that Earth
has 0=0.1 $/m, in which case, as discussed above, the di-
pole will be close to 1 skin depth beneath the surface. Re-
ferring to the data of Fraser-Smith and Bubenik (1980) for
an HED and an azimuthal angle ¢=0° (that is, along the
direction of the axis of the dipole), we find that the mag-
netic field at the surface directly above an HED buried at
1 skin depth is entirely horizontal and has an amplitude of
1.46x10™* pT for a2 unit-moment HED, For an azimuthal
angle ¢=90°, (for example, in a direction perpendicular to
the axis of the dipole) an HED generates the same total
magnetic field, but it is divided between horizontal and
vertical components; we assume that the azimuthal angle
is $=0°. Because the observed maximum magnetic field at
Corralitos was 5 nT and Corralitos was nearly directiy
above the hypocenter of the-earthquake, our assumed HED
must have had a moment {for example, an electric mo-
ment) of about 5,000/1.46x10, or 3.4x10" A-m. A similar
computation for an assumed HMD gives a (magaetic) mo-
ment of 2.1x10" A-m?

To compiete the range computation, we need to know
the normal background noise of 0.01-Hz magnetic-field
fluctuations. We assume that this normal background noise
is typically that for August 1989 at Comalitos (fig. 3),
which was about 300 to 600 pT/J]-_l;, or 25 to 50 pT for
the bandwidth of our measurements at 0.01 Hz. Referring
once again to the work of Fraser-Smith and Bubenik
(1980), we compute that at 0.01 Hz an HED would gener-
ate a 6.7-pT horizontal magnetic-field amplitude on the
surface at a horizontal range of 10 skin depths (that is, at a
range of 159 km), or an amplitude of 27 pT at a range of
6 skin depths (that is, at a range of 95 km). A similar
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computation for an assumed HMD gives a magnetic-field
amplitude of 9.5 pT at a range of 10 skin depths and of 42
pT at a range of 6 skin depths. Comparing these dipole-
field amplitudes with the estimated normal background-
noise range of 25 to 50 pT, we see that the dipole fields
become comparable to or greater than the background
noise only for ranges of 6 skin depths or less. Taking into
account our conservative choice of Earth conductivity and

‘the fact that the largest ULF magnetic fields were too

large for our systern to measure accurately (and thus that
the measured amplitndes are probably smaller than the
real amplitudes}, we conclude that the .0}-Hz signals ob-
served before the earthquake might have been measurable
out to a distance of about 100 km from the epicenter.

DISCUSSION

We emphasize once again that the ULF data discussed
here still require further analysis and that additional meas-
urements need to be made in the time interval immediately
preceding other similar earthquakes before any of their
anomalous features can be said to be precursors to the
IL.oma Pricta earthquake. However, the location of the Cor-

. ralitos ULF index generator so close to the epicenter of the

carthquake, and the timing of the occurrence of the anoma-
lous features, particularly the increase to an exceptionally
high activity starting 3 hours before the earthquake, are
encouraging. The absence of similar anomalies in the ULF
data obtained during two earlier local earthquakes of M~5,
and the analysis of Loma Prieta aftershock data by
Fenoglio and others (1991, 1992), suggest a magnitude
threshold below which such anomalies are not generated.
In the long run, confirmation of these data will require
measurements during further moderate to large carth-
guakes, and we are pleased to report that, with U.S. Geo-
logical Survey (USGS) support, we are now operating two
additional ULF-magnetic-field-monitoring systems at Park-
field, Calif., where a moderate earthquake is predicted to
occur before 1993 (Bakun and Lindh, 1985); and we have
further USGS support for the installation of two more ULF
systems on two fault segments in southern California
where large earthquakes arc anticipated in the future.

The absence of any clearly obvious precursory signals in
our ELF/VLF measurements during four local earthquakes,
including the Loma Prieta earthquake, is consistent with
our view that electromagnetic signals with these higher fre-
quencies cannot escape from the Earth if they are generat-
ed any deeper than a few kilometers. The hypocenter of the
Loma Prieta earthquake, in particular, was comparatively
deep for an earthquake along the northern California sec-
tion of the San Andreas fault, and it would have been
essentially impossible for ELF/VLF signals generated at
the depth of the hypocenter to have escaped. Nonetheless,
it is still conceivable that some kinds of earthquakes may
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gencrate surface electrical effects or other changes that
might launch ELF/VLF signals into the atmosphere. Our
failure to observe precursory ELF/VLF noise so close to
- the epicenters of four moderate to large carthquakes, and
the negative resuit of the Henderson and others (1991) sat-
ellite study, show that ELF/VLF noisc need not be a strong
or an obvious feature of every carthquake.

Perhaps the most important aspect of the results present-
ed here is our identification of the frequency range 0.01-1
Hz as a potential “window™ for electromagnetic fields that
might be generated by carthquakes at depths in the ap-
proximate range 0-30 km. Lower frequency clectromag-
netic-field fluctuations can also escape without difficulty
from sources situated within this depth range (and at
greater depths), but the paucity of precarthquake observa-
tions of electromagnetic signals with frequencies less than
0.01 Hz suggests that lower frequencies are either not gen-
erated or only weakly generated. Further experimental and
theoretical studies to investigate the possibility of electro-
magnetic precursors to earthquakes in this frequency “win-
dow” are clearly desirable.
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