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Analysis of Ultralow-Frequency Electromagnetic Field
Measurements Associated with the 1999 M 7.1 Hector Mine,

California, Earthquake Sequence

by Darcy Karakelian, Gregory C. Beroza, Simon L. Klemperer, and Antony C. Fraser-Smith

Abstract We installed two electromagnetic (EM) monitoring systems in the im-
mediate aftermath of the 16 October 1999 Hector Mine earthquake to search for
possible continuing ultralow-frequency (ULF) EM activity due to the mainshock as
well as for any precursory or coseismic EM signals that might be associated with
large aftershocks. We installed the first portable monitoring system 2.5 days after the
M 7.1 Hector Mine earthquake at a location 16 km southeast of the epicenter and 2
km east of the surface rupture. A second system was installed on 29 October 1999,
10 km northwest of the epicenter and within 100 m of the surface rupture. Our
continuous measurements of multiple-component magnetic field, electric field, and
ground motion span the low frequencies appropriate for recording possible EM sig-
nals generated at seismogenic depths and were carried out during 3 months following
the mainshock. Continuous magnetic-field measurements at observatory EM stations
operating in California are used as remote-reference sites to remove global atmo-
spheric signals, which helps isolate local terrestrial sources of interest. Our analysis
of preseismic ULF-EM variations, the coseismic response, the 2-month-long
magnetic-field power spectra, and electric-field polarization shows no anomalous

behavior clearly associated with seismic activity.

Introduction

Claims that electromagnetic (EM) signals are associated
with some earthquakes prior to or during seismic activity,
have appeared in the literature for several decades (see ref-
erences in, e.g., Parrot and Johnston, 1989; Park ez al., 1993;
Park, 1996; Johnston, 1997). We have focused our attention
on the ultralow frequency (ULF; 0.01-10 Hz) part of the EM
spectrum, to which increasing attention has been drawn
since the recording of unusual ULF magnetic signals prior
to the 17 October 1989 M, 7.1 Loma Prieta, California,
earthquake (Fraser-Smith et al., 1990, 1993; Bernardi et al.,
1991). Of particular relevance here are observations of
anomalous magnetic-field variations not only before but for
several months after the Loma Prieta mainshock. Multiple,
but not mutually exclusive, physical explanations have been
proposed to explain these observations (Draganov et al.,
1991; Fenoglio et al., 1995; Merzer and Klemperer, 1997).
Other anomalous ULF emissions, possibly related to earth-
quakes, were recorded several hours prior to the 7 December
1988 M, 6.9 Spitak, Armenia, earthquake (Molchanov et al.,
1992; Kopytenko et al., 1993). Anomalous emissions were
also observed both about 2 weeks and a few days before the
8 August 1993 M, 8.0 Guam earthquake (Hayakawa et al.,
1996). The ULF band is of particular interest because only

EM signals in the ULF range and at lower frequencies can
be recorded at the Earth’s surface without significant atten-
uation if the signals are generated at the depths (~10 km)
where large California earthquakes typically nucleate (Fraser-
Smith et al., 1993; Karakelian et al., 2000a).

Most of the suggested precursory EM anomalies in the
literature were recorded serendipitously by measurement
systems established for other purposes. Furthermore, the
measurements made by the systems typically lacked simul-
taneous recordings on identical but spatially separated mea-
surement systems, or lacked the long-term recorded time-
series on each individual system, or both. Such recordings
are necessary to exclude other potential sources of EM ac-
tivity and to establish the credibility of the claims. Some
dedicated long-term observatories have been established,
particularly in Greece (Varotsos et al., 1993), Japan (Uyeda
et al., 1998), and the United States (Johnston, 1989; Park,
1991) to attempt to address this issue; however, permanent
EM observatories may require researchers to wait for de-
cades for the occurrence of even one sufficiently large and
sufficiently close earthquake to test whether that earthquake
had associated EM signals (preseismic, coseismic, or post-
seismic). In light of this, we designed a transportable ultra-
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low frequency electromagnetic (ULF-EM) measurement sys-
tem for rapid deployment into the epicentral region of a
major earthquake (Karakelian et al., 2000a). Placing several
recorders in the aftershock region of a major earthquake al-
lows us to record continuing ULF-EM activity due to the
mainshock and its postseismic response, as well as any pre-
cursory or coseismic ULF-EM signals associated with after-
shocks, should any or all of these phenomena occur. Al-
though we may not be able to distinguish preseismic from
postseismic EM activity in this recording mode, the widely
accepted detection of any earthquake-associated EM signal
would contribute greatly to our knowledge of earthquake
processes and how such fields might be generated.

Hector Mine Aftershock Experiment

Immediately following the 16 October 1999 occurrence
of the M,, 7.1 Hector Mine earthquake in the southern Cali-
fornia desert (Fig. 1), we began installing two portable ULF-
EM measurement systems in the immediate vicinity of the
epicenter (34.59°N, 116.27°W). Because the earthquake oc-
curred in a remote, sparsely populated part of the Mojave
Desert (Scientists of the USGS et al., 2000), it was ideal for
our study. The Hector Mine earthquake was a large event
remote from obvious sources of cultural EM noise, and it
occurred in a relatively easily accessible area. Each trans-
portable system uses PASSCAL Refteks to digitize three
components of the magnetic field recorded by Electromag-
netic Instruments Inc. (EMI) broadband induction coils; two
components of the electric field recorded by EMI Cu—CuSO,
electrodes; and three components of seismic data recorded
by an L-22 2-Hz seismometer, all continuously sampled at
40 samples/sec (Fig. 2). Colocated seismic recording allows
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us to address the possibility that observed effects, within a
given frequency band, are attributable to ground motion
rather than true EM field variation. Details of the installation
of the five-component transportable ULF recording system,
including instrument response to both natural and artificial
noise, are given by Karakelian et al., (2000a).

The two systems were deployed within 2 weeks of the
Hector Mine mainshock (Fig. 3a). The first portable moni-
toring system (HM1 in Fig. 3a) was installed and collecting
data by the evening of 18 October 1999, ~63 hours after
the mainshock. It was deployed ~16 km southeast of the
epicenter and ~2 km east of the surface rupture. A three-
component seismometer was added on 23 October 1999. The
second system (HM2) was installed 29 October 1999, 2 km
south of Lavic Lake, ~8 km northwest of the epicenter,
~100 m from the surface rupture. Some delay in installation
occurred because of difficulty in acquiring equipment and
because of limited access to the field location dictated by
safety considerations at the Twentynine Palms U.S. Marine
Corps base. Maintenance of the systems required trips to the
sites every 3 weeks to download data in the field and to
change the batteries powering each system. Both installa-
tions were removed on 4 February 2000.

The two measurement systems were installed and re-
cording magnetic—electric—seismic data at 40 samples/sec
for ~3 months, during which time there were at least 30
aftershocks with M >3 within 10 km and 6 aftershocks with
M =4 within ~20 km of HM2. Unfortunately, due to power
failures, faulty Refteks, and severed cables, we were able to
recover only about 50% of the data. Figure 3b shows a time-
line of data recorded at each station along with coincident
aftershocks with M =3.3 that occurred within 15 km of HM1
or HM2. In addition to our data, continuous magnetic field
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measurements were made at Table Mountain (TBM) before,
during, and after the mainshock. We have used this and other
EM stations recording in California (Fig. 1) as remote-
reference sites to isolate local terrestrial sources from global
atmospheric signals. Table 1 lists the aftershocks used in this
study.

Results

ULF Measurements prior to Mainshock

The ULF magnetic-field measurements were being made
routinely around the time of the Hector Mine earthquake by
a number of observatory-based measurement systems dis-
tributed along the San Andreas fault system (Fig. 1). These
stations include COR, SAO, VAR, PKD, TBM, and PFO. With
the exception of PFO, where there was a high level of either
manmade or instrumental noise at frequencies above 0.05
Hz, good magnetic data were recorded by all of these sys-
tems during October 1999 and, in particular, throughout the
time of the earthquake. As would be expected, there is ex-
cellent general agreement between the measurements of the
naturally occurring activity made at these sites (Fraser-Smith
and Beroza, 1999). Even fine details of the fluctuations can
be identified over the entire 616-km extent of the measure-
ment array. There are no obvious ULF magnetic field
changes prior to the Hector Mine earthquake in the data re-
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corded at any of the above stations, though even the closest,
TBM, is 132 km from the epicenter (Fig. 4a). For compari-
son, we show the anomalous magnetic field changes mea-
sured at COR for the 1989 Loma Prieta earthquake at the
same scale (Fig. 4b).

We estimated the size of a Loma Prieta precursor anom-
aly at a distance of 132 km, to test if such a feature could
be recorded at TBM. A previously published estimate based
on the 1989 M, 7.1 Loma Prieta earthquake suggested a max-
imum distance for detection of a magnetic anomaly at ~0.01
Hz of around 100 km (Fraser-Smith et al., 1993). Following
the analysis performed by Fraser-Smith et al. (1993) and
referring to the data of Fraser-Smith and Bubenik (1980),
we calculated the size of the magnetic field we would expect
to measure at TBM prior to the Hector Mine earthquake,
based on a source magnetic anomaly similar to that seen
prior to the Loma Prieta earthquake. We assume that the
source is a horizontal electric dipole situated close to the
hypocenter at 8 km depth (Scientists of the USGS et al.,
2000). In addition to this hypocentral depth approximation
(our analysis is insensitive to depth variations within ~2
km), we assume that the maximum anomaly at the source is
5 nT, equal to the maximum magnetic field inferred prior to
the Loma Prieta earthquake (depth ~19 km) in the 0.01- to
0.02-Hz range. We also assume an azimuthal angle ¢ = 0°
(angle between axis of the dipole and magnetic sensor). For
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Table 1
Hector Mine Aftershocks Used in This Study

Date Depth Distance from HM1 Distance from HM2
Event (mm/dd/yy) Magnitude (km) (km) (km) Figure
1 10/19/99 3.8 0.00 10.05 32.65 —
2 10/20/99 3.8 5.00 15.14 10.56 8B
3 10/24/99 34 2.90 11.16 33.67 10A,B
4 10/26/99 33 5.00 7.10 16.84 —
5 10/30/99 4.0 6.00 28.21 7.21 8B
6 10/30/99 4.2 6.00 45.77 23.51 8B
7 11/2/99 3.6 1.50 26.12 5.23 8B
8 11/5/99 3.5 3.00 18.61 4.95 8B
9 11/8/99 3.5 0.28 17.11 6.64 8A,B
10 11/7/99 4.1 5.05 37.65 17.04 8B
11 11/19/99 3.7 4.30 12.77 11.45 7,8B
12 11/25/99 3.5 6.03 46.17 23.17 8B

Depths, magnitudes, and locations from the Northern California Earthquake Data Center (NCEDC) and
member networks of the Council of the National Seismic System (CNSS).

an azimuthal angle ¢ = 90°, a direction perpendicular to
the axis of the dipole, a horizontal electric dipole generates
the same total magnetic field, but it is divided between hor-
izontal and vertical components. We therefore assume that
the azimuthal angle is ¢ = 0°.

The strength of the anomaly predicted decreases
strongly as the crustal conductivity at the source increases.
Although no experiments have been conducted specifically
to measure the crustal conductivity in the Hector Mine epi-
central region, we use an estimate of 0.01 S/m for upper-
crustal conductivity (upper 10 km) based on the magneto-
telluric measurements of Mackie et al. (1996) in the Mojave
Desert region of California. If we assume a conductivity of
0.01 S/m at Hector Mine, we would expect to observe a
magnetic field anomaly at TBM of ~500 pT if a precursory
anomaly similar to that preceding the Loma Prieta earth-
quake had occurred. The predicted anomaly of 500 pT far
exceeds the background noise level in the 0.01- to 0.02-Hz
range at TBM of ~25-50 pT (Fig. 4a). If upper-crustal con-
ductivity at Hector Mine were an order of magnitude higher
(0.1 S/m), which seems unlikely (Mackie et al., 1996), we
would expect to measure a magnetic field anomaly at TBM
of ~20 pT. A 20-pT anomaly is below the noise level and
could not be easily detected. We therefore conclude, assum-
ing a reasonable value for crustal conductivity, that a Loma-
Prieta-type anomaly did not precede the Hector Mine earth-
quake.

Coseismic Response

The most easily understood signals on all our sensors
are the coseismic responses, one of which is shown for a M
3.7 aftershock that occurred 11 km away from HM2 (event
11 in Table 1; Fig. 5). At this distance, the P wave arrives
~2.5 sec, and the S wave ~4.5 sec, after the earthquake
origin time. The ULF equipment and L-22 seismometer are
located ~100 m apart leading to a maximum delay time

between seismic arrivals at the ULF and the seismic sensors
of <0.1 sec. Our records show that coseismic ULF signals
exist on all components of the magnetic and electric fields
and that they begin with the arrival of seismic waves at
~05:57:33 and not at the origin time of the earthquake at
about 05h57m31sec (Fig. 5). These results are consistent
with those of Nagao et al. (2000), who conclude that co-
seismic geoelectric signals are not produced at the earth-
quake source, but rather are due to local effects of passing
seismic waves. The visible coseismic signal records the mo-
tion of the sensors in the Earth’s magnetic field (the same
motion as the adjacent seismometer) (e.g., Bernardi e al.,
1991) and also perhaps an electroseismic component due to
charge separation induced by passage of the seismic waves
through saturated or partially saturated near-surface strata
adjacent to the sensors (Haartsen and Pride, 1997).

Search for Magnetic Precursors to Aftershocks

We analyzed time-series data surrounding nine after-
shocks with M =3.5 that occurred less than 25 km from at
least one of our stations (event 2 and events 5—-12 in Table
1), in a search for short-term precursors analogous to the
extreme magnetic-field increase observed in the 3 hours pre-
ceding the Loma Prieta earthquake (Fig. 4). We analyzed 8
hours of data surrounding each aftershock in the 0.01- to
0.02-Hz range (Fig. 6). The data show small fluctuations
around the background noise levels of ~1 mV/km electric
field and ~0.1 nT magnetic field (~0.01 nT for the vertical
component). Figure 6a shows records from a M 3.5 after-
shock (event 9). A local increase in activity started about a
half-hour before the earthquake on all components. The peak
magnetic field in the half-hour preceding the aftershock is
~5 times the root mean square (RMS) level of this record,
however, this increased magnetic and electric field is distin-
guishable from many other field increases of similar mag-
nitude and duration only by our a posteriori recognition of
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Figure 4. North-south component mag-
netic-field activity recorded at (a) station TBM
during October 1999 and at (b) station COR
during October 1989. The Hector Mine and
Loma Prieta earthquakes are indicated. TBM is
located 132 km from the Hector Mine epicen-
ter. COR is located 7 km from the Loma Prieta
epicenter. Two representative frequency bands,
0.01-0.02 and 0.2-0.5 Hz, are shown for each
station. Magnetic-field activity is in units of
picotesla (pT).

Figure 5. Multiple-component coseismic
signal recorded at HM2. Shown are 30 sec of
data sampled at 10 Hz; scaling varies. The or-
igin time of a M 3.7 aftershock (event 11 in
Table 1) that occurred ~11 km away from sta-
tion HM2 is indicated.
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Figure 6. (a) Eight hours of multiple component
ULF-EM data before and after a M 3.5 aftershock
(event 9 in Table 1) recorded at station HM2, ~7 km
away. One-minute averages of the bandpass filtered
data in the 0.01- to 0.02-Hz range are shown. The
origin time of the aftershock is indicated. Note that
1-minute averages make it difficult to distinguish be-
tween the origin time of the aftershock and the co-
seismic signal. (b) Results of stacking 1-minute av-
eraged data in the 0.01- to 0.02-Hz range for nine
events (2 and 5-12 in Table 1) with M >3.5 that
occurred less than ~23 km from HM1 or HM2.

its temporal association with an aftershock. Although no sin-
gle record can prove precursory activity, if all aftershocks
were preceded by elevated EM fields with similar time du-
ration and similar orientation, irrespective of the location of
each aftershock with respect to the recorder, then stacking
multiple records should provide a VN increase in the signal-
to-noise ratio. We stacked similar records from all nine af-
tershocks that satisfied our arbitrary criteria of M =3.5 and
distance from recorder =25 km (Fig. 6b). After stacking we
still observe a local increase on all components about a half-
hour before the earthquake, with peak magnetic field ex-
ceeding the RMS amplitude of the stacked trace by a factor
of ~3. The signal-to-noise ratio has clearly decreased due
to the stacking. In addition, the increase is comparable in
amplitude to increases observed at many other times, and it
is therefore impossible to associate this increase with the
earthquakes on a statistical basis. We emphasize that this
test is weak because of our assumption that all aftershocks
have precursors of similar amplitude and duration and be-
cause of the limited number of aftershocks in our recording
window. Had it been possible to visit HM1 frequently to keep
it working or had equipment been available to install HM2
at the same time as HM1, we would have many more after-
shocks available to increase our stacking fold and signal-to-
noise ratio.

Search for Long-Term Differences between HM and
Remote Reference Stations

Analysis of the post-earthquake magnetic-field mea-
surements made by HM1 and HM2 show no obvious large
magnetic-field anomalies comparable to those seen after the
M 7.1 Loma Prieta earthquake (Fig. 7) (Fenoglio er al.,
1993). Figures 8a and 8b show almost 2 months of E-W
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Figure 7. Magnetic field activity from September

1989 to January 1990 measured at Corralitos (COR;
see Fig. 1), California. The M, 7.1 Loma Prieta earth-
quake occurred on 17 October 1989. Anomalously
high activity persisted during ~3 months after the
mainshock. (After Fenoglio et al., 1993.)
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component magnetic-field data recorded at our northern EM
site HM2, as well as the simultaneously recorded data from
a remote reference site SAO (36.77°N, 121.45°W), located
in Hollister, ~400 km away (Fig. 1). Half-hourly power
spectrum averages in nine different frequency bands (only
one is shown in the figure) covering the range 0.01 to 10 Hz
were calculated during this 52-day period (30 October 1999—
20 December 1999) after the 16 October 1999 Hector Mine
earthquake. SAO data are normalized to HM2 in order to
emphasize differences in temporal magnetic-field fluctua-
tions rather than differences in the overall amplitudes. Geo-
magnetic activity as measured by Kp indices is also shown
for the same time period. Kp indices represent an average
value of a quasilogarithmic index, measured at 12 geomag-
netic observatories, and they provide a good estimate of
global geomagnetic activity (e.g., Tascione, 1994).

Geomagnetic Activity
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Figure 8. Half-hour power-spectrum aver-
ages in the frequency range 0.01 to 0.02 Hz of
the E-W magnetic-field component at (a) site
HM2 and (b) remote reference station SAO from
30 October 1999 to 21 December 1999 (~2
months). SAO spectral averages are normalized
by 1-day means at HM2 (i.e., multiplying by
meang,,/meang, o of each day). Geomagnetic
activity (2Kp indices) are also shown (dashed
line) for comparison. (c) Differences in nor-
malized spectral averages recorded at HM2 and
SAO at 0.01-0.02 Hz. Aftershocks with M
>3.0 that occurred within 20 km of HM2 are
also shown for comparison.

The E-W magnetic-field activity at HM2 is similar to
the E-W magnetic-field activity measured at SAO over all
frequency bands (only the 0.01-to 0.02-Hz band is shown in
Fig. 8). As expected for sites away from manmade noise
(Hargreaves, 1992), activity at HM2 also correlates well with
the natural geomagnetic activity (ZKp indices), showing
strongest geomagnetic activity from 6 October to 14 Novem-
ber and from 3 December to 13 December. Although there
are some differences between the two stations, which be-
come apparent upon subtraction of the data (Fig. 8c), these
differences probably reflect local activity at either site (e.g.,
anthropogenic signals such as those from tanks driving close
to our station) and are more than likely unrelated to seismic
activity. The differences do not appear to be attributable to
ground-motion effects caused by the larger nearby after-
shocks during this time, even at the higher frequencies where
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there tends to be a stronger coseismic signal due to the shak-
ing of the magnetic sensor (note the lack of visual correlation
of HM2-SAO differences with M =3 aftershocks in Fig. 8c).

Figure 9a further compares absolute power spectra re-
corded at HM2 with those recorded at SAO. Although we
show daily averages of the power spectrum, which mask
small short-term changes, we do not observe any long-term
trends in amplitude, in contrast to the slow decrease in ac-
tivity observed for more than 4 months after the Loma Prieta
earthquake (Fig. 7), which would indicate activity related to
the mainshock. We do observe, however, a larger amplitude
magnetic-field power spectrum on the E-W component at
HM2 compared with SAO over all frequency bands (Fig. 9b).
We see the same enhanced amplitude on the E-W compo-
nent at HM2 when compared to similar recordings at the
remote station PKD (35.95°N, 120.54°W; Fig. 1) located in
Parkfield, California (not shown). This cannot be due to the
latitude difference, because the latitude difference between
these stations should produce a smaller signal at the more
southerly station, HM2 (Jacobs, 1970; Samson et al., 1971).
A simple explanation for the difference between HM2 and
SAO/PKD could be different conductivity structures beneath
the stations or lateral conductivity variations that channel
current flow close to one station or the other. Another pos-
sible explanation of this enhanced amplitude is offered by
the dilatant-conductive model (Merzer and Klemperer,
1997), which proposes precursory formation of a highly con-
ductive region along the earthquake fault that magnifies the
external electromagnetic waves incident on the Earth’s sur-
face and that only gradually decays after the earthquake. We
are reluctant to suggest this explanation from such a limited
data set.

Electric-Field Measurements

Electric-field data often correlate well with magnetic
data (Karakelian et al., 2000a); however, electric field data
could show tectonic signatures in postearthquake measure-
ments to which magnetic records are not sensitive. In addi-
tion, there were times during our recording period when we
were able to record only electric field data (Fig. 3b). Follow-
ing the 1995 Hyogo-ken Nanbu (Kobe) earthquake in Japan,
Honkura et al. (1996) monitored changes in electric potential
and observed temporal changes in the dominant direction of
currents arising from remote direct current (DC) operated
railway systems within a week of the mainshock. They at-
tributed these changes to temporal changes in the electrical
properties of the fault. We investigated the short-term electric-
field polarization surrounding three M >3.0 aftershocks
(events 1, 3, and 4 in Table 1) that were located within 11
km of our sensors. The dominant direction of the electric
fields did not change significantly when comparing data
from 1 hour before and 1 hour after the seismic event in all
three cases (event 3 shown in Figs. 10a and 10b), and we
therefore find no evidence for electric field changes within
an hour of the aftershocks.

Electric-field data may be sensitive to a longer-term
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Figure 9.  (a) Absolute daily averages constructed
from the half-hour power spectrum averages of the
E-W magnetic field component shown in Fig. 8.
Daily averages at HM2 and SAO in two different fre-
quency ranges are shown. (b) Overall power spectrum
of the E-W magnetic field component at both HM2
and SAO calculated over the 52-day period shown
in (a).

change in the resistivity structure of the fault zone, possibly
due to a fault-healing process in which pre-existing conduc-
tive pathways in the fault zone are gradually cut off or new
conductive pathways around the fault are formed. Though
speculative, a redirection of fluid flow around the fault zone
or a gradual reduction of fluid flow could result after the
mainshock. Fault-healing on this several-month time-scale
is now known from studies of fault-zone-trapped seismic
waves in the Johnson Valley and Kickapoo faults (southern
rupture of the 1992 Landers earthquake) (Li et al., 2000).
Moreover, geodetic evidence for pore fluid flow (Peltzer et
al., 1996) and seismic evidence for pore-fluid triggering of
aftershocks in this locale (Zanzerkia and Beroza, 2001) sug-
gest that pore fluids are present and play an important role
in the earthquake process. Daily averages of the raw electric
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Electric-field polarization plots showing the preferential direction of

currents (thick line derived from least squares fit) both 1 hour before (a) and 1 hour
after (b) event 3 (Table 1) recorded at HM1. N-S electric field data between 0.01 and
5.0 Hz and sampled at 10 Hz are plotted against E-W component data for a 1-hour
period. Data recorded for 6 minutes at the time of the aftershock (4h25m28sec UT)
showing the strong coseismic response are omitted.

field data recorded at HM1 for a ~3-month period starting
9 days after the Hector Mine mainshock show an increasing
trend in both the N-S and E-W components (Fig. 11). Over-
all, the N-S component increases about 30 mV, and the
E—W component increases about 10 mV, during the 3-month
time period shown. There was no rain during this time that
could affect the electric-field measurements (K. Gross, per-
sonal communication). Typical electrode drifts are on the
order of 0.2 mV per month in dry soil and 0.5 mV per month
in soaked soil (Perrier et al., 1997). For a 3-month period,
therefore, a drift on the order of ~1 mV is not unusual. We
observe drifts of about an order of magnitude greater than
those expected from the most stable electrodes. Although
drifts as high as we observe on our electrodes are not com-
pletely unrealistic, the increase in electric field signals may
also be attributed to temporal changes in fault zone proper-
ties such as conductivity, porosity, and permeability. In ad-
dition, we observe a larger drift in the N-S component than
in the E-W component, possibly indicative of anisotropy of
the electrical properties of the fault (Honkura et al., 1996).
Further knowledge of the fault-zone geometry and conduc-
tivity, as well as of the seasonal cycles and trends in external
sources (Lepidi et al., 2001), is necessary before we can
draw further conclusions regarding any trends in raw
electric-field data.

Discussion and Conclusions

We find no evidence for ULF-EM signals associated with
M =3.5 earthquakes, despite the existence in our data set of
numerous signal changes at the time of M =3.5 aftershocks
(e.g., Fig. 5 and 6). In addition, our data do not support a
long-term change in magnetic-field activity after the main-
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Figure 11. The N-S and E-W electric field data

recorded at HM1 for 80 days after the Hector Mine
mainshock. Data were recorded at 40 samples/sec,
low-pass filtered to 20 Hz, and decimated to 20 sam-
ples/sec. Noisy spikes in the data were manually re-
moved. Absolute values of the daily averages of the
data are shown in mV.

shock, as was observed after the Loma Prieta earthquake. In
the case of the Loma Prieta magnetic-field anomaly (Fig. 7),
Fenoglio et al. (1993) found no correlation between the am-
plitude of magnetic activity and the frequency or magnitude
of aftershocks following the Loma Prieta mainshock and
suggested that either a certain magnitude threshold may be
necessary to generate precursory electromagnetic signals or
that the continued generation of magnetic signals related to
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the mainshock may have masked signals generated by larger
aftershocks. Only half-hourly averages of one magnetic-field
component were available for analysis by Fraser-Smith et
al., (1990) and Fenoglio et al. (1993).

Our results may help constrain the relationship between
a precursory ULF-EM signal and earthquake size and thereby
provide insight into the mechanisms that produce anomalous
EM fields associated with earthquakes. Karakelian et al.
(2000b) presented ULF-EM data recorded less than 2 km
away from the 12 August 1998 M 5.1 San Juan Bautista
earthquake and suggested that the lack of observations there
is consistent with a precursory magnetic-field anomaly that
scales with the volume of the earthquake rupture zone and
is related to the seismic moment. Based on these claims and
our instrument sensitivity, we would not expect to observe
any precursory magnetic anomaly prior to any of the Hector
Mine aftershocks that we recorded; they are simply too
small. Nonetheless, the lack of any observable anomaly 132
km distant at TBM prior to the mainshock suggests that if
the Hector Mine earthquake produced EM signals of the sort
observed prior to the Loma Prieta earthquake, they must
have been at least 10 times smaller. Hence, if EM signals
exist, they must be controlled by something other than the
mainshock seismic moment.

Because of the varying physical properties of faults, we
do not necessarily expect to observe similar signals for all
earthquakes. In particular, the fluid volumes and conductiv-
ities present in a fault may be the major contributors to earth-
quake EM anomalies (Draganov et al., 1991; Fenoglio et al.,
1995; Merzer and Klemperer, 1997). The fault in which the
Loma Prieta earthquake occurred was very conductive
(Eberhart-Phillips et al., 1990), and this may relate to its
large observed EM anomaly (Merzer and Klemperer, 1997).
Immature or slowly moving faults, such as ruptured in the
Hector Mine earthquake (Scientists of the USGS et al,
2000), and mature or fast-moving faults, as ruptured in the
Loma Prieta earthquake, may have entirely different prop-
erties in this respect.

Although our analysis does not support the existence of
any ULF-EM anomalies prior to or following the Hector
Mine mainshock or its aftershocks, our analysis is one of the
more definitive negative results yet published, since two
identical stations operating in close proximity provide cor-
roborative data and because five magnetotelluric compo-
nents were separately recorded at each site. The most im-
mediate need in earthquake-related EM studies is a database
of good measurements with multiple instruments during
moderately large and large earthquakes. Such measurements
will constrain the possible relationship between EM signals
and earthquakes and their possible generation mechanisms.
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