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The last four years has seen a considerable waning of efforts in the 11.8. to use the inherent stress
sensitivity of the magnetization of rocks in tectonically active regions as a tool for understanding
and, perhaps predicting, earthquake activity and volcanic eruptions. The primary reasons for this
decreased interest derive from accumulating evidence that the mean deviatoric stress release during
earthquakes (and the ambient shear stress near active faults) is lower than than had been previously
assumed and, secondly, the observational limits of magnetometers separated by about 10 km, alter
application of a variety of noise reduction techniques, appear to be no better than about 0.1 nT.
Lower estimates of the average change in deviatoric stress associated with earthquake rupture
correspondingly reduce the fields calculated from tectonomagnetic models. At the same time, some
unexpected and exciting results have been obtained which indicate many aspects of magnetic field
changes near active faults and volcanoes are still not completely understood. The more important of
these results are: 1) the observation of correlated magnetic, strain, uplift, and gravity changes during
the latter stages of a remarkable deformation episode near the San Andreas lault in southern Cali-
fornia, 2) indications of anomalous change in magnetic fields along the San Andreas fault to the
southeast of Palm Springs, 3) an unambiguous observation of a volcanomagnetic effect at Mt. St.
Helens prior to an extrusive eruption, and 4) the first observations of coseismic seismomagnetic
effects on two independent magnetometers during the July 8, 1986, M; 5.9 North Palm Springs
earthquake. A resurgence of interest has occurred during the quadrennium in a related area concern-
ing clectrical phenomena and electromagnetic effects related to earthquakes and volcances. Mechan-
isms have been proposed to explain the occurrence of earthquakes lights and the possibility of elee-
tromagnetic emission prior to the 1960 Chilean earthquake has been proposed. Sell potential

anomalies have been observed before and during several eruptions on Kilauea voleano in Hawaii.

BACKGROUND

Tectonomagnetism - the study of magnetic fields that
result from earthquake or voleano related crustal deforma-
tion - has long shown promise as a simple and inexpensive
method for monitoring deviatoric crustal stress and perhaps
providing a tool for predicting crustal failure ( Wilson, 1922;
Kalashnikov, 1954; Stacey, 1964; Stacey et al, 1965), but
few unambiguous results have been obtained. Subficlds of
tectonomagnetism are volcanomagnetism and seismomagne-
tism which describe the magnetic field perturbations related
to the actual voleanic eruption process and the earthquake
rupture process, respectively.

The stress dependence of rock magnetization has been
demonstrated under laboratory conditions ( Kaelashnikov and
Kapitsa, 1952; Katipsa, 1955; Ohnake and Kinoshita, 1968;
Kean et al, 1976, Revol et al, 1977, Martin, 1980; Pike el
al., 1981) and theoretical models have been developed in
terms of single domain and pseudo-single domain rotation
(Kern, 1961; Stacey, 1963, Nagata, 1969; Stacey and Johns-
ton, 1972) and multi-domain wall translation (Kern, 1961;
Kean et al., 1976, Revol et al., 1977).

The stress sensitivity of induced and remanent magneti-
zation from theoretical and experimental studies have been
combined with stress estimates from dislocation theory of
fault rupture and elastic pressure loading in active vol-
cances to calculate field changes expected to accompany
earthquakes and volcances (Stacey, 1964; Stacey et al,
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1965; Johnston, 1978; Davis et al, 1979; Sasa:, 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 earthquakes and
volcanic eruptions for rock magnetizations and stress sensi-
tivities of 1 Ampere/meter (A/m) and 107 bar™, respec-
tively. Unambiguous observation of local magnetic signals
of this amplitude require dedicated efforts to understand
and reduce noise in magnetic field measurements.

TECTONOMAGNETISM

a)  Crustal Deformation

Undoubtedly, the most notable development during the
past four years has been the identification of temporal mag-
netic fields that correspond to local gravity, strain, and
uplift changes during part of a remarkable episode of cru-
stal deformation in southern California. This deformational
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 identified in
geodetic data taken near the San Andreas fault between
1979 and 1982 (Savage et al., 1981a, 1981b; Savage and G,
1985) and, in an attempt to integrate these and other data,
Jachens et al, (1983) reported that, during the 1979 to
1982 period, changes in level lines, changes in strain, and

changes in gravity, all occurred in a correlated manner.
When continuous measurements of magnetic field in each
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Fig. 1. 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 the data
(from Johnston et al., 1986).

of the regions investigated by Jachens were sampled at the
same time as the gravity strain, and level data, and then
tested for correlation, the results showed correlation
significant at the 95% level or better (Johnston, 1986) Fig-
ure 1 shows the regression plot between gravity data and
magnetic data from the Tejon, Palmdale and Cajon
regions. When the data are plotted all together in this way
(i.e. with no allowance for different response in different
regions) the correlation coefficient is 093 and is significant
at the 1% level. Figure 2 is a composite plot showing
superimposed time-histories of magnetic field (stars), grav-
ity (dots), areal strain (triangles), and clevation (squares)
data, together with their error bars, from the three regions
in southern California.

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

(1)
where AF is in nanoTeslas and Ag is in microGals,
AF =-0.98Astrain (2)

where Astrain is areal strain in ppm (compression nega-
tive), and

AF =9.1Ah

(3)
where Ah is in meters.

Two possible explanations for these relationships exist.
Either a short term deformational episode has been
independently recorded in each data set or all data sets
have been contaminated by a common source of meteoro-
logically generated crustal or instrumental noise. Because
the inferred relationships between these parameters is in
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approximate agreement with those expected from simple
deformational models (Jachens et al, 1983) and tecto-
nomagnetic models (Joknston, 1986), and since no relation
was found between the continuous magnetic field data and
either rainfall, pressure, or temperature, the deformational
explanation is preferred (Johnston, 1986). Correspondence
between leveling data and magnetic field changes have been
also observed in Japan associated with an episode of uplift
on the Izu Peninsula (Ohshiman et al., 1983; Honkura and
Taira, 1983).

b)  Instrument Development and Measurement Precision
Determination of the precision of local magnetic field
measurements with arrays of magnetometers as a function
of instrument, spatial scale, sampling frequency, and site
location has attracted continued attention since 1982. Sim-
ple differences from 5 km to 10 km station separations are
quite effective at reducing disturbance fields from external
geomagnetic field variations common to all sites. However,
the ability to resolve temporal magnetic fields of crustal
origin becomes progressively worse with increasing site
separation, Increasing time duration, and with differences in
magnetization between sites. The decreased resolution with
increasing site separation measured on the 27 recording
magnetometers installed along 800 km of the San Andreas
fault has the form;

o(nT )=0.01(£0.003)D (km )+0.07(+0.08)  (4)

over the spatial scale of most interest for tectonic processes
of 0 to 50 km. o is the standard deviation of hour averages
of magnetic fleld differences (Johnston et al., 1984).

Power spectra obtained from pairs of typical magnetome-
ters with site separations between 8 and 15 km show noise
power decreases with increasing frequency by about 8 dB
per decade of frequency, as shown in Figure 3. It is only at
high frequencies (more than 10 cpd in this case) that the
noise power approaches the least count noise limit of the
magnetometers (0.25 nT). At lower frequencies these spec-
tra 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 magne-
tometers with 0.12 nT sensitivity over a range of baselines
in seismically inactive and seismically active regions has
been made to determine whether and under what condi-
tions improved sensitivity might be useful in tectonomag-
netic measurements ( Ware ef al., 1985). The most relevant
experiment using a 13 km baseline in a seismically active
and geologically complex rtegion of the San Andreas fault
showed that external noise which decreases at about 10 dB
per decade of frequency, dominates the observations at
pericds longer than about 10 minutes and both systems
make equivalent measurements. This is shown in the com-
parative plots of power spectral density in Figure 4. For
periods less than 3.5 minutes (420 cycles/day), the proton
magnetometers become limited by least-count noise (0.12
nT) and the improved sensitivity of the rubidium magne-
tometer becomes apparent. If noise power continues to

decrease with frequency magnetic field measurements at
about the 0.001 nT level should be possible at frequencies
greater than 1 Hz. This raises the intriguing possibility that
magnetic variation corresponding to the propagation of



JormsTon: TECTONOMAGNETISM AND T RCTONOBLECTRICITY

985

2
_ B E—
- 5 £
s = o w
[ ] ry
e i
1071 -20-1
TEJON PASS i e
- ] - ﬁ w E
E g4 = = o+0
. Ty = o
= i - a2
= 104 = ? % i E: } < 1
L1 30
-1 : CAJON PASS i g
i —1__",.5-_\ { : u% N
- - e - N N . i M w
A aFeEHL B8 i
- - = N ML i1 o a
o = = R £ 4 3 a2
F L 1" AN Wt :
= 5 Wy { 5 i i’ o <
Do 4 el 241 2
. 3 0-
ih 2 0- 1
101 = =
r l{ } PALMDALE i |'
o Fael A0 T = 2
E o 'E}" o e g ,? soro £
o M e - { g = a
— i i R 3 r ’ i [ —
i e oL . L
‘0-10_ <] } } -1?‘:‘;; 2 1 ‘g
4., 304
-2 0 L2
L Il i 1 e 1 i J
1977 1978 1979 1980 1981 1982 1983 1984 1985
Fig. 2. Superimposed time-histories of magnetic field (stars), gravity (dots), areal strain

(triangles),

and elevation (squares) data, together with their error bars, from Tejon,

Palmdale, and Cajon. Shown also is the least-square linear fit to the data (from Jehnston,

1986).

dynamic seismic waves might be detectable on ultrasensi-
tive magnetometers.

With regard to the detection threshold for tectonomagen-
tic effects, the most important development concerned the
realization that most of the noise (long period and short
period) can be removed if corrections are made for local site
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Fig. 3. Geomagnetic difference-field noise spectra obtained

from multiple magnetometer pairs with site separations

between 10 and 15 km. Shown also is the observed instru-

ment precision limit obtained from magnetometers with a

0.25 nT sensitivity (from Johnston et al, 1984).

response to external field variations. Since different sites
will respond differently because disturbance fields are in
different directions and since disturbance fields in the same
direction may generate different responses at different sites
because the site magnetization vectors are different, these
response effects limit the detection threshold. These effects
can be identified and removed by defining multichannel
Wiener filters which predict the total magnetic field at a
site from component magnetic data during periods of dis-
turbed geomagnetic field (Davis et al, 1979; Davis et al,
1980; Davis et ol., 1981; Davis and Johnston, 1983). This
technique reduced the noise in hour averages from 0.7 nT
to 0.3 nT for baselines from 8 km to 100 km (Davis and
Johnston, 1983).

c) Short Wavelength Secular Variation

Further application of this technique was made to correct
for site response and identify the secular variation in data
from the array of 34 total field magnetometers throughout
central and southern California during the period 1976 to
1984 (Johnston et al., 1985). The secular variation obtained
has the form;

F o=k *0+ko* g+ K (5)

where F' is in nT/a, f and ¢ are the geographic latitude
and longitude, and k;, kg and K are 1.5040.08
nT/a.degree, -0.234+006 nT/adegree, and -129.240.1
nT/a, respectively.
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Surprisingly, the observed secular variation obtained did
not agree with that predicted from global secular variation
models. The secular variation was removed from the data
to attempt to identify crustal fields of tectonic origin. The
residual fields obtained are shown in Figure 5 and are most
apparent on the San Andreas fault in southern California
where subsequently a M 5.9 occurred (see below).

SEISMOMAGNETISM

a) North Palm Springs Earthquake

The single most important result in the feld of
seismomagnetism was the first recording of co-seismic
seismomagnetic effects during the July 8§, 1986, North Palm
Springs earthquake. This earthquake had a moment of
2410%° dyne-em and a magnitude of 5.9. Two total field
proton magnetometers were installed at distances of 3 km
and 8 km from the subsequent earthquake and had been
sampling once every 10 minutes since early 1979. The data
are transmitted with digital telemetry to Menlo Park, Cali-
fornia (Mueller et al, 1981).

The local magnetic field at the magnetometer closest to
the earthquake decreased by 1.2 nT while that at the
second, eight kilometers from the epicenter, increased by
0.33 nT. Both instruments were on the same side of the
fault. Figure 6 shows the records from the two sites OCHM
and LSBM referenced to another site in the area CHUM
during the period June 1 to July 12, 1986, and also the
difference between the two local sites OCIIM and LSBM.

A tectonomagnetic model of the earthquake has been
constructed using seismically determined parameters for the
rupture length, width, and the depth. To satisfy the
moment a slip of 20 cm was assumed and the magnetiza-
tion in the region was estimated from surface samples and
regional magnetic anomalies to be 2 A/m. Within the
uncertainties this model predicts the changes observed
(Johnston and Mueller, 1986).

L e ——
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VOLCANOMAGNETISM

Volecanomagnetic monitoring has been confined to the
Long Valley caldera in eastern California and Mt. St.
Helens in Washington. No significant eruptive activity has
occurred in either of these regions during the last four
years. Activity in the Long Valley caldera has been res
tricted to a number of moderate tectonic earthquakes.
Higher rates of change of magnetic field have been observed
in the region (Mueller et al, 1984) but no clear episodic
events have been observed simultancously on several instru-
ments.

The most significant recent volcanomagnetic event on
Mt. St. Helens occurred before an extrusive dome building
eruption on October 30, 1981 (Dauvis 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 sur-
face extrusion of material became obvious as shown in Fig-
ure 7. No correlated activity was apparent in the electric
field measurements.

TECTONOMAGNETIC MODELS

No new work has been reported on tectonomagnetic
models but results from related fields may have a serious
impact on interpretation of these calculations. New work of
the state of stress in seismically active areas (McGarr et al,
1982) and observations of measured stress drops for earth-
quakes (Hanks, 1980) suggests the average deviatoric stress
change during earthquakes may be about 10 or 20 bars
rather than 100 bars as had been previously assumed (Sta-
cey, 1964; Sasar, 1980; Hao et al, 1982). If stress changes

114*
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Fig. 5. Residual total secular magnetic field changes along
the San Andreas fault in central and southern California
not apparently related to sources in the core or the
1onosphere/magnetosphere (from Johnston et al., 1985). The
locations of earthquakes with My 5.5 during the last five
years are shown with stars.
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Fig. 6. Magnetic field at sites LSBM and OCHM with
respect to a common site CHUM (OCCH - bottom, and
CHLS - middle) as a function of time from June 1 to July,
12, 1986, and also the diflerence between the two local sites
(OCLS, top). The M; 5.9 North Palm Springs earthquake
(occurrence time shown with arrow) occurred on July 8,
1986, at an epicentral distance of 3 km from OCIIM and 8
km from LSBM (from Johnston and Mueller, 1986).

are at this level, then the fields expected from them as a
consequence of the piezomagnetic properties of rocks are
correspondingly reduced. This, plus the fact that the
present tectonomagnetic models already underestimate
observations of tectonomagnetic effects generated by dam
loading (Davis and Stacey, 1972) and uplift (Ohshiman et
al., 1983; Johnston, 1986) by at least a factor of five, indi-
cates possible inadequacies in the current theory and
modeling techniques.

TECTONOELECTRIC EFFECTS

Electrical phenomena and electromagnetic effects related
to earthquakes experienced a resurgence of interest during
the quadrennium. While these subjects do not fall under
the perview of tectonomagnetism as discussed above, they
are of sufficient importance and are sufficiently related that
they are included here. Mechanisms have been proposed to
explain the occurrence of earthquakes lights (Lockner et al,
1983) and the possibility of electromagnetic emission before
the 1960 Chilean earthquake has been proposed (Warwick
et al., 1982).

a) Earthquake Lights

The age-old problem of earthquake lights seems not to be
such a paradox anymore. While the very existence of these
lights had long been questioned because of the paucity of
unambiguous data, the anecdotal nature of many of the
reports, and the absence of satisfactory theory explaining
how large charge concentration can be generated and main-
tained in a highly conducting earth, recent documentation
of lights during the Tangshan earthquake in China {Huang
and Hanzen, 1979) and the Matushiro earthquakes in Japan
(Derr, 1973) have indicated that they are physically real.
A mechanism for charge generation and charge concentra-
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tion near earthquake rupture zones has been proposed
(Lockner et ol, 1983) that could explain many of the
luminous, electric and electromagnetic phenomena that are
reported to accompany earthquakes,

This proposed mechanism depends on the facts that 1)
significant frictional heating occurs in an earthquake shear
zone during rupture, 2} the heating will vaporize water and
pore fluids in and near the shear zone and dramatically
decrease the conductivity of the shear zone except on the
fault face, and 3) intense shearing and vaporization gen-
crates massive charge separation and concentration. Con-
tinued frictional heating on the fault face results in a situa-
tion where a central conductor a few centimeters wide on
the fault face is surrounded by a low conductivity region of
sheared rock containing vaporized water. The fault face
conductor will collect and concentrate charge on its edges.
Charge collected at the surface expression of the fault will
produce an intense electric field. Depending on atmospheric
electric field conditions, the earthquake generated field may
produce corona discharge (St. Elmo’s lights), clectromag-
netic emission, or lightning.

The decay-time of accumulated charge in the earth’s
crust is an important issue receiving considerable attention.
Taken at face value, the charge relaxation time in typical
crustal materials with conductivities between 0.0001 and
0.01 Sm™! is less than a microsecond. This would seem to
preclude retention of charge in regions other than in tran-
sient low-conductivity zones such as discussed above and
would imply great difficulty in generating and propagating
electromagnetic emission in the crust. Measurements of the
frequency dependence of conductivity of crustal rocks and
fault zone materials indicate that significant polarization
effects occur and that localized charge might remain in the
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Fig. 7. Electric, magnetic and tilt time histories prior to
and following the surface expression of an extrusive erup-
tion (vertical dashed line) on October 29, 1981, on Mt. St.
Helens (from Davis et al., 1984).
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wet conducting crustal materials for periods as long as a
few seconds (Lockner and Byerlee, 1985).

b)  Electromagnetic Emission

Another, perhaps related, enigma concerns the generation
of high frequency electromagnetic emissions during earth-
quakes. This area of research has received considerable
attention following reports of changes in the level of 81-kHz
electromagnetic radiation around the time of a magnitude
6.1 earthquake at a depth of 81 km beneath the receiver
(Gokhberg et al., 1982). Radio emissions at 18 MHz were
recorded at widely separated receivers in the northern hem-
isphere for about 15 minutes on May 16, 1960. These
records have been claimed to be related to the great 1960
Chilean earthquake which occurred 6 days later ( Warwick

While generation of high frequency electromagnetic radi-
ation can be easily demonstrated in controlled laboratory
experiments involving rock fracture ( Warwick et al, 1982;
Brady and Rowell, 1986), the physical mechanism of the
source and the method of propagation of very high fre-
quency (VHF) electromagnetic waves through many tens to
hundreds of kilometers of conductling crust is not at all
clear. In all events, there is a need for more systematic

observations and experiments in this field.
In a related area, self-potential (SP) anomalies do show

apparent correlation to episodes of extrusive activity and
eruptions on Kilauea volcano in Hawaii (Jeckson, 1986).
The pertinent physical mechanisms in this case are elec-
trokinetic effects, generated 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.

et al, 1982).
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