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Synchronized measurements of geomagnetic ficld have been recorded along 800 km of the San Andreas fault and in
the Long Valley caldera since 1974, and during eruptions on Mount St. Helens since 1980. For shorter periods of time,
conlinuous measurements of geoelectric field measurements have been made on Mount St. Helens and near the San
Andreas fault where moderate seismicity and fault slip frequently occurs. Significant tectonic and volcanic events for
which nearby magnetic and electric field data have been obtained include: (1) two moderate earthquakes (M, > 5.8)
for which magnetometers were close enough to expect observable signals (about three source lengths), (2) one moderate
earthquake ( Mg 7.3) for which magnetometers were installed as massive fluid outflow occurred during the post-seismic
phase, (3) numerous fault creep events and moderate seismicity, (4) a major explosive volcanic eruption and numerous
minor extrusive eruptions, and (5) an episode of aseismic uplift. For one of the two earthquakes with M, = 5.8,
seismomagnetic effects of —1.3 and —0.3 nT were observed. For this event, magnetometers were optimally located
near the epicenter and the observations obtained are consistent with simple seismomagnetic models of the event.
Similar models for the other event indicate that the expected seismomagnetic effects are below the signal resolution of
the nearest magnetometer. Precursive tectonomagnetic effects were recorded on two independent instruments at
distances of 30 and 50 km from a M 5.2 earthquake. Longer-term changes were recorded in one region in southern
California where a moderate M, 5.9 earthquake has since occurred. Surface observations of fault creep events have no
associated magnetic or electrical signature above the present measurement precision (0.25 nT and 0.01%, respectively)
and are consistent with near-surface fault failure models of these events. Longer-term creep is sometimes associated
with corresponding longer-term magnetic field perturbations, Correlated changes in gravity, magnetic field, areal strain,
and uplift occurred during episodes of aseismic deformation in southern California primarily between 1979 and 1983.
Because the relationships between these parameters agrees with those calculated from simple deformation and
tectonomagnetic models, the preferred explanation appeals to short-term strain episodes independently detected in
each data set. An unknown source of meteorologically generated noise in the strain, gravity, and uplift data and an
unknown, but correlated, disturbance in the absolute magnetic data might also explain the data. No clear observations
of seismoelectric or tectonoelectric effects have yet been reported. The eruption of Mount St. Helens generated large
oscillatory fields and a 942 nT offset on the only surviving magnetometer. A large-scale traveling magnetic
disturbance passed through the San Andreas array from 1 to 2 h after the eruption. Subsequent extrusive eruptions
generated small precursory magnetic changes in some cases. These data are consistent with a simple volcanomagnetic
model, magneto-gas dynamic effects, and a blast excited traveling ionospheric disturbance. Traveling ionospheric
disturbances (TIDs), also generated by earthquake-related atmospheric pressure waves, may explain many electromag-
netic disturbances apparently associated with earthquakes. Local near-fault magnetic ficld transients rarely exceed a
few nT at periods of a few minutes and longer.

1. Introduction mjection of hot fluids and gases during volcanic
eruptions have long been expected to generate

The loading and rupture of water-saturated magnetic and electric field perturbations. Of par-
crustal rocks during earthquakes and the rapid ticular importance for research in earthquake and

0031-9201 /89 /303.50 @ 1989 Elsevier Science Publishers B.V.



48

volcanic prediction are those fields that are gen-
erated by stress redistribution before fault rupture
or volcanic eruptions. Detection of these fields has
often been proposed as a simple and inexpensive
method for monitoring the state of crustal stress
in these regions and perhaps providing a tool for
prediction of subsequent activity (Wilson, 1922;
Kalashnikov, 1954; Stacey, 1964; Stacey et al.,
1965). We have monitored magnetic and electric
fields near active faults and in volcanic regions in
the western United States since 1974. The purpose
of this paper is to document the best estimates of
amplitude and time-scale of magnetic and electric
field transients near active faults during seismic
and aseismic periods and on active volcanoes dur-
g eruptive periods.

The magnetic properties of rocks have been
shown under laboratory conditions to depend on
the state of applied stress (Kalashnikov and
Kapitsa, 1952; Kapitsa, 1955; Ohnaka and
Kinoshita, 1968; Kean et al., 1976; Revol et al.,
1977; Martin, 1980; Pike et al.,, 1981), and theoret-
ical models have been developed in terms of single
domain and pseudo-single domain rotation (Kern,
1961; Stacey, 1962; Nagata, 1969; Stacey and
Johnston, 1972) and multi-domain wall translation
(Kern, 1961; Kean et al., 1976; Revol et al., 1977).
The stress sensitivity of magnetization K, defined
as the change in magnetization per unit magneti-
zation per unit stress, can be expressed in the form

81
K=+ (1)
where 67 is the change in the magnetization in a
body with net magnetization I duc to an applied
stress S. K typically has values of ~3x107°
MPa~'. The stress sensitivities of induced and
remanent magnetization from theoretical and ex-
perimental studies have been combined with stress
estimates from dislocation theory of fault rupture
and elastic pressure loading in active volcanoes to
calculate magnetic field changes expected to
accompany earthquakes and volcanoes (Stacey,
1964; Stacey et al., 1965; Johnston, 1978; Davis et
al., 1979; Sasai, 1980; Hao et al., 1982; Davis et
al., 1984). These models show that moderate-scale
magnetic anomalies of a few nanoteslas (nT)
should be expected to accompany moderate to

large earthquakes and volcanic eruptions for rock
magnetizations and stress sensitivities of 1 Am ™!
and 10 * MPa™', respectively.

The strain dependence of electrical resistivity of
rocks has also been demonstrated in the labora-
tory (Yamazaki, 1965; Brace et al., 1965; Brace
and Orange, 1968a, b; Brace, 1975) and has been
the subject of many field experiments (Yamazaki,
1965; Rikitake and Yamazaki, 1969a, b; Barsu-
kov, 1972; Bufe et al., 1973; Mazella and Morri-
son, 1974; Fitterman and Madden, 1977; Searls ct
al.,, 1978; Morrison et al., 1979; Johnston et al.,
1983; Madden, 1984; Varotsos and Alexopoulos,
1984a, b; Qian, 1985). In the case of electrical
resistivity, the equivalent relation to eqn (1) is
dependent on many factors including rock type,
crack distribution, degree of saturation, porosity,
and strain level. In general, based on the labora-
tory experiments, resistivity changes of at least 1%
might be expected to accompany crustal failure.
Fitterman (1976) has used dislocation models of
fault rupture together with laboratory data relat-
ing resistivity changes to changes in shear strain
and a number of simplifying assumptions to
calculate the expected change in resistivity per-
pendicular to a strike-slip fault.

2. Instrumentation and measurement precision

Determination of the precision of local mag-
netic and electric field measurements with arrays
of magnetometers and electric field monitors as a
function of instrument, spatial scale, sampling
frequency, and site location is of crucial impor-
tance if these measurements are to be generally
accepted in the geophysical community. For mag-
netometers, simple differences between sites with
5-10 km station separations are quite effective at
reducing disturbance fields from external geomag-
netic field variations common to all sites. How-
ever, the ability to resolve temporal magnetic fields
of crustal origin becomes progressively worse with
increasing site separation, increasing period, and
with differences in magnetization between sites.
The locations of 27 recording magnetometer sites
that are installed along 800 km of the San Andreas
fault are shown in Fig. 1. The resolution of local
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Fig. 1. Locations of U.S. Geological Survey total magnetic field and telluric field monitoring arrays. Epicentral locations of the 1974
Thanksgiving Day earthquake, the 1979 Coyote earthquake, and the 1986 North Palm Springs carthquakes are shown with stars.

magnetic fields with increasing site separation
measured on this array has the form.

0=0.01(+0.003) D + 0.07( +0.08) (2)

where o is the standard deviation in nanoteslas of
hour averages of magnetic field differences, and D
is the site separation in kilometers (Johnston et al.,
1984).

Power spectra obtained from pairs of typical
magnetometers with site separations between 8
and 15 km show that noise power decreases with
increasing frequency by ~ 8 dB per decade of
frequency, as shown in Fig. 2. It is only at high

frequencies (> 10 cycles day™' in this case) that

the noise power approaches the least count noise
limit of the magnetometers (0.25 nT). At lower
frequencies these spectra have dominant noise
peaks that result from diurnal variations and tidal
effects from ocean tide induction (Johnston et al.,
1983).

A comparison of proton and self-calibrating
rubidium magnetometers with 0.01 nT sensitivity
and proton magnetometers with 0.12 nT sensitiv-
ity over a range of baselines in seismically inactive
and seismically active regions has been made to
determine whether and under what conditions im-
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Fig. 2. Geomagnetic difference-field noise spectra obtained from multiple magnetometer pairs with site separations of between 10
and 15 km. Shown also is the observed instrument precision limit obtained from magnetometers with a 0.25 nT least-count (from
Johnston et al., 1984).
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With regard to the detection threshold for
tectonomagnetic effects, the most important re-
cent development has concerned the realization
that most of the noise (long and short period) can
be removed if corrections are made for local site
response to external field variations. Sites respond
differently because their disturbance fields and
their remanent magnetization vectors are in differ-
ent directions, and these response effects limit the
detection threshold. These effects can be identified
and removed by defining multi-channel Wiener
filters which predict the total magnetic field at a
site from component magnetic data during periods
of disturbed geomagnetic field (Davis et al,, 1979,
1980, 1981; Davis and Johnston, 1983). This tech-
nique reduced the noise in hour averages from 0.7
to 0.3 nT for baselines of 8-100 km (Davis and
Johnston, 1983).

Electric field and resistivity monitoring experi-
ments have been carried out along the San Andreas
fault by Bufe et al. (1973), Fitterman and Madden
(1977), Searls ct al. (1978), Morrison et al. (1979),
Johnston et al. (1983), and Madden (1984). The
resolution of telluric electric fields at scales com-
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parable with the depth of seismic rupture is ~ 1
mV km™', provided common mode rejection of
large-scale electric field perturbations is made.
Resistivity measurements on similar scales can be
made to 2% accuracy (Morrison et al., 1979),
Power spectra of electric fields from the telluric
monitoring sites (Fig. 1), parallel and perpendicu-
lar to the San Andreas fault and 10 km apart, also
show noise power that decreases with increasing
frequency. A noise power spectra from the site
pair along the fault is shown in Fig. 4. Current
channeling along the fault appears to be responsi-
ble for the diurnal and semi-diurnal tidal induc-
tion effects (Johnston et al., 1983). These effects
can be easily predicted and removed from the
records

3. Seismomagnetic and seismoelectric effects

3.1. North Palm Springs earthquake

The single most important recent result in the
field of seismomagnetism was the first recording
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Fig. 4. Geoclectric ficld noise spectra obtained from telluric electrodes installed along the San Andreas fault with a site separation of
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Fig. 5. Locations of telemetered magnetometers in the vicinity of the North Palm Springs M, 5.9 carthquake of 8 July 1986 and a
tectonomagnetic model of the event. Contours in nT (from Johnston and Mueller, 1987).
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function of time from 1 June to 12 July 1986 and the difference between the two local sites (OCLS, top). The M, 5.9 North Palm
Springs earthquake (occurrence time shown with arrow) occurred on 8§ July 1986 at an epicentral distance of 3 km from OCHM and 9
km from LSBM (from Johnston and Mueller, 1987).



of coseismic seismomagnetic effects during the 8
July 1986 North Palm Springs earthquake (John-
ston and Mueller, 1987). This earthquake had a
moment of 2 X 10** dyn cm and a magnitude of
59. As shown in Fig. 5, two total field proton
magnetometers were installed at distances of 3
and 9 km from the subsequent earthquake and has
been sampling once every 10 min since early 1979.
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The data are transmitted with digital telemetry to
Menlo Park, California (Mueller et al., 1981).
The local magnetic field at the magnetometer
closest to the earthquake decreased by 1.3 nT,
whereas at the more distant site, the field de-
creased by 0.3 nT. Both instruments were on the
same side of the fault. Figure 6 shows the records
from the two sites OCHM and LSBM referenced
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to another site in the arca CHUM during the
period 1 June-12 July 1986, and the difference
between the two local sites OCHM and LSBM.

A tectonomagnetic model of the earthquake has
been constructed using seismically determined
parameters for the rupture length, width, and the
depth. To sausfy the moment a slip of 20 cm was
assumed and the magnetization in the region was
estimated from surface samples and regional mag-
netic anomalies to be 2 A m~'. Within the uncer-
tainties this model predicts the changes observed
(Johnston and Mueller, 1987).

3.2. Coyote earthquake

The Coyote earthquake (M| 5.9) of 6 August
1979 occured within 5 km of a recording magne-
tometer (CO, see Fig. 1), which was installed in
October 1978 near volcanic and ultramafic rocks
with magnetizations of up to 1 A m~'. Although
longer-term local magnetic field variations were
recorded early in 1979, no changes in magnetic
field larger than the measurement precision (0.5
nT) occurred during the 2-month period before,
during, or after the earthquake (Johnston et al.,
1981a). A simple seismomagnetic model of the
carthquake (Fig. 7) indicates that this single site
was poorly located to detect stress-generated mag-
netic perturbations from this earthquake. Al-
though a model of electrokinetic effects has not
been constructed for this carthquake, it is ap-
parent that either CO was also poorly located to
detect effects from this mechanism (Fitterman,
1976), or the amplitudes of magnetic ficlds gener-
ated by this mechanism are below the measure-
ment threshold,

After > 10 yr of continuous monitoring with
> 27 magnetometers, these are the only two mod-
erate (M > 5) earthquakes that have occurred with
operating magnetometers within a few source
lengths of the events. Numerous earthquakes with
M <4 have occurred within the magnetometer
array and near the Hollister telluric array during
the time that it was operating from 1976 to 1980.
No coseismic magnetic (Smith et al., 1978) or
electric field steps were detected before or during
any of these events. As the step offset in the
clastic strain field should generate the most dis-

tinctive earthquake-related signal, detection of
these coseismic events is an important prerequisite
for these experiments if a convincing case is to be
made that other observations are generated by
precursory earthquake phenomena. The amplitude
of the steps can be compared with those expected
from simple physical models of the events. Special
care must be taken in the case of electric field
monitoring electrodes as the passage of seismic
waves past the electrode can disrupt the coupling
of the electrode to the ground and give an cn-
hanced, or larger than expected, offset, as ob-
served by Bufe et al. (1973). Electrode coupling
stability must be tested with nearby explosive
sources or mechanical impact systems before
coseismic clectric field offsets can be taken seri-
ously.

4. Tectonomagnetic and tectonoelectric effects

Changes in local magnetic and electric [fields
generated by crustal stress variations and aseismic
fault activity are generally termed tecionomagnetic
(Nagata, 1969) and tectonoelectric effects. These
effects may result from piezomagnetism, changes
in crustal resistivity with stress, and electrokinetic
phenomena. Particular types of crustal activity for
which these phenomena might be detected include
(1) fault creep, (2) aseismic slip before moderate
earthquakes, (3) deformational episodes near ac-
tive faults and on volcanoes, and (4) deformation
related to post-seismic slip.

4.1. Fault creep

Simultaneous creep and magnetic ficld records
have been obtained for many episodes of fault
creep on the San Andreas fault. Although it was
initially suggested by Breiner and Kovach (1967)
that large-scale magnetic perturbations were
related to particular fault creep events, detailed
comparison of creep and nearby magnetometer
records at the time of hundreds of creep events
indicate this not to be so (Smith et al, 1978).
There is, however, an approximate correspon-
dence, in both space and time, between long-term
changes in creep rate and long-term changes in
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local magnetic field, as shown in Fig. 8. It 1s
apparent that the occurrence times of particular
events have no corresponding time signature in
the magnetic field records. Changes in rate over
several months appear to correspond to changes in
long-term magnetic field and may indicate chang-
ing fault stress conditions as a result of deeper
slower slip that loads the near-surface material
and eventually shows as a surface fault displace-
ment step (Smith et al., 1978).

Although there are fewer data, creep events
appear also not to generate changes in crustal
electric field or in resistivity along the San Andreas
fault. As shown in Fig. 9, the electric field between
the two telluric sites, 10 km apart along the San
Andreas fault (Fig. 1), is plotted during a period
when a large creep event occurred at creep sites
near Vinyard School between the two telluric sites.
The creep event occurred on 21 October 1977 and
continued for > 6 days. There are no indications
of transients or offsets in the electric field data.
An unsuccessful attempt to identify resistivity
changes during creep events on the San Andreas
fault in central California was made by Fitterman
and Madden (1977) using a 100 m Schlumberger
array with a measurement precision better than
0.01%.

4.2. Preseismic episodes

During the 14 yr of operation of the U.S.
Geological Survey magnetometer array, only one
event that could be classed as preseismic has been
recorded. This event, with an amplitude of 1.5 nT,
was seen initially in data from SJ (Fig. 1), but was
subsequently identified at a second magnetometer
site AN (Smith and Johnston, 1976; Davis et al.,
1980). The excursion was evident in the data for
almost a month, ending - 4 weeks before the 28
November 1974 Thanksgiving Day earthquake
(M, 5.1). Of the six nearby sites, these two were
the closest to the subsequent epicenter. If the
anomalous signals are ascribed to stress-induced
piezomagnetic effects in the crust, the observa-
tions suggest that a regional stress concentration
formed on the San Andreas fault before the earth-
quake. This concentration relaxed and loaded the

fault plane on which the earthquake subsequently
occurred (Johnston, 1979).

4.3. Aseismic deformational episodes

The most notable recent result has been the
identification of temporal magnetic fields that cor-
respond to local gravity, strain, and uplift changes
during part of a remarkable episode of crustal
deformation 1n southern California. This deforma-
tional episode, known generally as the ‘Palmdale
Uplift’, was first identified in leveling data (Castle
et al.,, 1976). During the period between 1974 and
1976, changes in the uplift in the region between
Cajon Pass and Palmdale occurred at the same
time as offsets in local magnetic field (Johnston et
al., 1979). Aseismic strain changes were also iden-
tified in geodetic data taken near the San Andreas
fault between 1979 and 1982 (Savage ct al., 1981a,
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Fig. 10. Plot of magnetic field against gravity fluctuations from
the Tejon, Palmdale, and Cajon regions in southern California.
Shown also is the least-squares fit to these data (from John-
ston, 1987).



b: Savage and Gu, 1985). In an attempt to in-
tegrate these and other data, Jachens ct al. (1983)
reported that, during the 1979-1982 period,
changes in level lines, strain and gravity all oc-
curred in a correlated manner.

When continuous measurements of magnetic
field in each of the regions investigated by Jachens
were sampled at the same time as the gravity
strain and level data, and then tested for correla-
tion, the results showed correlation significant at
the 95% level or better (Johnston, 1987). Figure 10
shows the regression plot between gravity data
and magnetic data from the Tejon, Palmdale and
Cajon regions. When the data are plotted together
in this way (i.e. with no allowance for different
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response in different regions) the correlation coef-
ficient is 0.93 and is significant at the 1% level.
Figure 11 is a composite plot showing superim-
posed time-histories of magnetic field (stars), grav-
ity (dots), areal strain (triangles), and elevation
(squares) data, and their error bars, from the three
regions in southern California.

Least-squares fits between the magnetic data
and each of the various parameters give transfer
functions of the form

(3)
where AF is in nanoteslas and Ag is in microgals,

(4)

AF= —0.03Ag
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where dstrain is areal strain in ppm (compression
negative), and

AF=91Ah (5)

where Ah is in meters.

Two possible explanations for these relation-
ships exist. Either a short-term deformational epi-
sode has been independently recorded in each
data set or all data sets have been contaminated
by a common source of meteorologically gener-
ated crustal or instrumental noise. Because the
inferred relationships between these parameters is
in approximate agrecment with those expected
from simple deformational models (Jachens et al.,
1983) and tectonomagnetic models (Johnston,
1987), and as no relation was found between the

continuous magnetic field data and rainfall, pres-
sure or temperature, the deformational explana-
tion is preferred (Johnston, 1987). Correspon-
dence between leveling data and magnetic field
changes have been also observed in Japan associ-
ated with an episode of uplift on the Izu Peninsula
(Honkura and Taira, 1982; Ohshiman et al., 1983).

To make a general search for regions where
long-term magnetic field changes could indicate
aseismic crustal strain episodes, data from an array
of 34 total ficld magnetometers throughout central
and southern California were corrected for site
response and secular variation during the period
1976-1984 (Johnston et al., 1985).

Surprisingly, the observed secular variation ob-
tained did not agree with that predicted from

MA— A ;
123* . !

Fig. 12. Residual total secular magnetic ficld changes along the San Andreas fault in central and southern California not apparently
related to sources in the core or the ionosphere /magnetosphere (from Johnston et al., 1985). The locations of Coyote, Thanksgiving,

and North Palm Springs earthquakes are shown with stars.



global sccular variation models, 1t has the form
F=k -0+k,-¢+K (6)

where F isinnT a ', 8 and ¢ are the geographic
latitude and longitude, k&, and k, are 1.50 + 0.08
and —0.23+0.06 nT a~'deg ', respectively, and
K is —129.2 £ 0.1 nT a™'. The secular variation
was then removed from the data. The residual
fields that could be of tectonic origin are shown in
Fig. 12. Although anomalies are apparent, as might
be expected, at the north and south ends of the
creeping section of the fault near Hollister and
Parkfield, respectively, the largest anomalous re-
gion is most apparent on the San Andreas fault in
southern California where, subsequently, the M|
5.9 north Palm Springs earthquake occurred.

4.4. Post-seismic deformation

No records of clear postseismic magnetic or
electric effects have been reported for any carth-
quakes that have occurred on the San Andreas
fault system. The earthquakes for which magne-
tometers have been operating within 10 km of the
epicenter range in magnitude from M; 3 to 5.9.

Following the Borah Peak M, 7.3 earthquake
of October 28, 1983, 1 km® of excess water flowed
out of the epicentral region of the earthquake
(Stein and Bucknam, 1985). As this region is com-
prised of non-magnetic limestones, dolomites, and
quartzites, the earthquake offered a great oppor-
tunity to identify magnetic and electric field ef-
fects associated only with fluid flow (i.e., electro-
kinetic effects) without the possibility of compet-
ing effects because of piezomagnetism. Unfor-
tunately, there are no data before the main cvent.
Two magnetometers were installed in the epi-
central region immediately after the earthquake
(Scherbaum et al., 1985) and were operating
through the largest (M, 5.5) afltershock. No
changes in magnetic field were observed before,
during, or after this earthquake.

3. Tectonomagnetic and tectonoelectric models

Interpretation of both tectonomagnetic and
tectonoelectric (Fitterman, 1976) modeling efforts
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may soon be seriously affected by results from
related fields. New work on the state of stress in
scismically active areas (McGarr et al., 1982) and
observations of measured stress drops for earth-
quakes (Hanks, 1980) suggests that the average
deviatoric stress change during earthquakes may
be ~ 1 or 2 MPa, rather than 10 MPa as had been
expected. If stress changes are at this level, then
the fields expected from them as a consequence of
the piezomagnetic properties of rocks are corre-
spondingly reduced. This, plus the fact that the
present models already underestimate observa-
tions of tectonomagnetic effects generated by dam
loading (Davis and Stacey, 1972) and uplift
(Ohshiman et al, 1983 ; Johnston, 1987) by at
least a factor of five, indicates possible inade-
quacies in the current theory and modeling tech-
niques

6. Volcanomagnetic and volcanoelectric effects

The most unambiguous example of magnetic
field changes related to tectonic activity were ob-
tained during the May 18, 1980, eruption of Mount
St. Helens (Johnston et al., 1981b). Similar results
have been recently obtained during the 1987,
eruption sequence of Piton de la Fournaise, Reun-
ion (Zlotnicki, 1987), and during the 18 November
1986 eruption of Izu-Oshima volcano, Japan (Sasai
et al., 1989). Three recording magnetometers were
installed on Mount St. Helens 10 days before the
major catastrophic eruption. Two units were lost
in the eruption. The third unit, located about 5 km
to the west of the main crater, continued to oper-
ate through the main and subsequent eruptions.
Magnetic field transients, consistent with mag-
neto-gas dynamic effects, and an offset of ~9 + 2
nT occurred during the eruption. The sense of the
offset is opposite to that expected by the removal
of 2.5 km’ of magnetic material (i.e. the north side
of the mountain). Correction for this mass re-
moval almost doubles the observed offset if a
conservative assumption of 0.5 A m ™' is made for
the magnetization. As the offsct was permanent,
rapid fluid flow and thermal demagnetization
mechanisms cannot have played a major role. The
offset is most easily explained as a result of stress
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release during the eruption. An anomaly with the
correct amplitude and sense can be generated by a
piezomagnetic model of the volcano 1n which a
pressure release of ~ 100 MPa occurs 1n either a
cylindrical or spherical chamber ~ 1 km in diam-
eter at a depth of ~ 5 km (Johnston et al., 1981b).

A traveling ionospheric disturbance (TID) of
magnetic field generated by the 18 May 1980
eruption of Mount St. Helens at 1532 UT was
detected on an 800-km linear array of recording
magnetometers installed along the San Andreas
fault system in California, from San Francisco to
the Salton Sea (Mueller and Johnston, 1989). The
arrival times of the disturbance field from the
most northern of these 24 magnetometers (996 km
south of the volcano) to the most southern (1493
km S23E) 1s consistent with the generation of a
TID stimulated by the blast pressure wave in the
atmosphere. Apparent average wave velocity
through the array is ~ 300 m s~' but may ap-
proach 600 m s ! closer to the mountain. These
velocity and attenuation data indicate that, at
distances of about 1000 km from Mount St.
Helens, the TID appears to be caused by gravity
mode acoustic—gravity waves propagating at F-re-
gion heights in the ionosphere (Mueller and John-
ston, 1989). TIDs are commonly generated by
earthquakes and volcanic eruptions, travel great
distances in wave-guide mode after these events,
and may explain many of the unusual ionospheric
perturbations apparently related to earthquakes.

Since 1980, volcanomagnetic monitoring has
been continued in the Mount St. Helens caldera
during numerous minor extrusive eruptions and in
the Long Valley caldera in eastern California.
Rapid secular magnetic field changes, ascribed to
thermal magnetization effects, have been observed
by Dzurisin et al. (1989). A number of moderate
tectonic earthquakes have occurred near the Long
Valley caldera but not sufficiently close for mag-
netic changes to be expected. Higher rates of
change of magnetic ficld have been observed
throughout the region (Mueller et al., 1984) but
changes in these rates that may indicate changes
in subsurface mechanisms have not yet been ob-
served simultaneously on several instruments.

The most significant recent volcanomagnetic
event on Mount St. Helens occurred before an
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Fig. 13. Electric, magnetic and tilt time histories prior to and
following the surface expression of an extrusive eruption (verti-
cal arrow) on 29 October 1981 on Mount St. Helens (from
Davis et al., 1984).

extrusive dome-building eruption on 30 October
1981 (Davis et al., 1984). During this period, five
magnetometers were being operated at sites on the
mountain and electric fields were measured on the
east flank of the volcano. Two magnetometers on
the crater floor recorded reversible changes in
magnetic field at the time of accelerated tilting of
the crater floor but before surface extrusion of
material became obvious as shown in Fig. 13. No
correlated activity was apparent in the electric
field measurements. These results contrast with
the very large resistivity changes that were also
observed during the 18 November 1986 Izu-
Oshima eruption (Yukutake et al., 1987).

Self-potential (SP) anomalies also show ap-
parent correlation with episodes of extrusive activ-
ity and eruptions on Kilauea volcano in Hawaii
(Jackson, 1987). The pertinent physical mecha-
nisms in this case are electrokinetic effects, gener-
ated by thermally driven or strain-driven fluid
flow within the volcano, or thermoelectric effects,
generated by injection of hot material into and
through the volcano.



7. Conclusions

(1) Precise local magnetic field measurements
have been recorded along > 800 km of the San
Andreas fault system, on active volcanoes, and in
active calderas since 1974, but seismomagnetic
effects have been recorded on two independent
instruments for only one earthquake (M; 5.9)
during this time. Tectonomagnetic effects have
been recorded on two independent instruments
before just one earthquake (M, 5.2) for which
these changes might be expected. One other earth-
quake (M, 5.9) with just one operating magne-
tometer nearby, generated no observable changes.

(2) We find no evidence for electrokinetic ef-
fects associated with earthquakes (e.g. Coyote,
Borah Peak, etc.) or during eruptions on Mount
St. Helens. Secular (slow) field changes due to
thermal demagnetism and remagnetism is ap-
parently occurring on both Mount St. Helens and
in the Long Valley caldera, but not elsewhere.
During seismic and aseismic activity, transient
magnetic and telluric field gradients with scale
lengths between 2 and 20 km are at or below the
instrument precision (0.25 nT (10 km)~! and 9
mV (10 km) ™.

(3) Volcanomagnetic effects were observed with
the primary eruption of Mount St. Helens, with
subsequent eruptions, and with deformational
changes on the volcano. Travelling ionospheric
disturbances generated by the atmospheric pres-
sure wave from major volcanic eruptions and
earthquakes can generate electromagnetic dis-
turbances several thousand kilometers away and
may explain many of the disturbances apparently
related to seismic and volcanic activity.

(4) The absence of significant changes in most
of the data from the telemetered magnetometers
and near fault telluric measurements on active
faults and in volcanic regions indicates first, that
large magnetic and electric fields do not routinely
occur near active faults or in volcanic regions, and
second, that changes in crustal stress in these
regions are generally small (~ 1 MPa or less). The
limits of resolution of local magnetic fields on
scales of tens of kilometers is ~ (0.1 nT. This
corresponds to a detection limit for crustal stress
transients of ~ 0.1 MPa. The limit of resolution
for electric field measurements is ~1 mV km ™.
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