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Abstract. Dynamic processes within the Earth are capable of modifying many of its physical properties.
This review considers the modification of electrical resistivity mainly by time-changes in the stress-
field experienced by crustal materials. Laboratory experiments indicate that certain rock types,
whose resistivity is controlled by the volume and geometry of microcracks, can undergo large resistivity
variations in response to the typical strajn accumulation and release that accompanies major earth-
quakes. Electromagnetic response functions are reviewed with regard to their ability to monitor time-
changes of resistivity in active regions, Some examples of the different experimental techniques used
to investigate precursory changes in response functions prior to earthquakes are noted. The problems
and successes of the subsequent correlation and interpretation of the derived response as a function
of time are then discussed. Only relatively few controlled and integrated studies of time-dependent
electromagnetic response functions exist. Those which are available, however, emphasise that changing
stress-differentials occurring before major earthquakes can be monitored using suitable electromagnetic
techniques.

1. Introduction

The Earth we are considering in the present review is a crust and upper mantle heavily
permeated by cracks. Both sedimentary and igneous rocks have a variety of microcracks
within grains and along grain boundaries (Simmons and Richter, 1976). The cracks within
igneous rocks may remain open for some distance into the upper mantle if the pore
pressures are large enough (Brace, 1972). Under purely hydrostatic pressure these various
cracks will stay closed. Dynamic Earth processes, however, produce differential stress
regimes which ultimately lead to the different characteristic tectonic zones. The action of
such stress is capable of both opening and closing such cracks causing changes in many
physical properties. The effect of changing stress on both local magnetic field and electrical
resistivity has already been well-documented by laboratory studies. This review considers
these effects and the observations of time dependent electromagnetic response functions
which appear capable of monitoring such processes in active tectonic situations.

At the outset we must acknowledge two stress-induced effects in relation to electro-
magnetic studies:

(a) Changes in local magnetic field.

(b) Changes in electrical resistivity.
Within a given tectonic zone, both effects might well be observed. However, most studies
to date have involved either (a) or (b). The study of (a) has had a longer history and it is
now possible to review some of the observations in terms of their particular tectonic
setting. This is undertaken in a complementary review presented by Dr J. C. Rossignol.

This review concerns itself with subject matter relating to (b) and the possibilities of



monitoring the effects of dynamic Earth processes by their effects on electrical resistivity.
The subject had its first Workshop Review in Murnau (1978) when Niblett and Honkura
were the reviewers.

2. Stress-Strain Effects on Electromagnetic Phenomena

We begin by noting several terms widely quoted in the literature and their original and
adopted meanings:

Seismomagnetic (see Stacey, 1963)

An investigation of the magnetic behaviour accompanying earthquakes (ie behaviour pre-
and post-energy release) with a view to understanding the correlation and/or precursory
nature of the magnetic effects,

Tectonomagnetic (see Nagata, 1969)

A long-term monitoring of the magnetic field (e.g. in the vicinity of a fault) to detect
changes in the magnetic field due to general tectonic activity and crustal stress accumulation
with a view to understanding earthquake mechanisms.

Vulcanomagnetic (see Stacey et al., 1965)

A special case of the tectonomagnetic effect when the tectonic process is vulcanological.
It is not the purpose of this review to consider observations of these 3 magnetic effects

as they are discussed in detail by Dr Rossignol in a parallel review of the subject. It is

however worth noting a further electrical effect termed:

Electrokinetic (see Mizutani et al., 1976; Fitterman, 1979)

This effect is caused by fluid motion due to stress differentials within the crust. Fluid,
forced through a porous medium, is capable of producing an electrokinetic charge
separation. The resulting potential difference (termed a streaming potential) then causes
current to flow.

2.1. STRESS-STRAIN EFFECTS ON THE LOCAL MAGNETIC FIELD

A change in local magnetic field due to a changing stress field results from the piezo-
magnetic properties of rocks, i.e. a change in magnetisation due to a change in applied
stress. The stress-induced change in magnetic moment (J) can be expressed as:

AJ = AxH + A(NRM) + PRM (1)

where Ay is the change in susceptibility, /f is the applied field, A(NRM) is the change in
the remnant and PRM is the acquired pressure remnant moment, Nulman et al. (1978)
consider the effects of hydrostatic pressure on the susceptibility of magnetite. Much more
work has involved the effects of uniaxial stress on the component parts of (1). Kean et al.
(1976) summarise many of the laboratory studies. In general these studies have found
that susceptibility parallel to the compression axis decreases while the component trans-



verse to this axis increases slightly. Figure 1 shows an example of the behaviour of rocks
containing magnetic minerals within the elastic range. We observe that the pressure
response of both magnetite and titanomagnetite dispersions is a function of grain size of
the magnetic material. The results indicate that rocks containing coarse-grained titano-
magnetites are the most efficient stress transducers. The above example comes from a
study of reversible magnetic changes; Nagata (1969) considers the category of rocks that
undergo irreversible magnetic changes.

In relation to the stress-sensitivity of magnetic susceptibility, the numerical studies of
Stacey and Johnston (1972) give values in the range 1.11 to 11.5 x 10~% bar ~'. The
stress sensitivity obtained from the laboratory samples of Kean et al. (1976) give values
in the same range. Given the laboratory data together with theoretical support it has been
possible to estimate the order of the local magnetic field change (AF) we might expect
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Fig. 1. Changes in magnetic susceptibility with stress of magnetite (Fe3gO4) and titanomagnetite
(TM) dispezrsions for 3 different grain sizes (from Kean et al., 1976).



in tectonically active areas. Studies of this kind (Stacey, 1963, 1964; Yukutake and
Tachinaka, 1967) reveal a maximum vatue of AF ~ 10 nT.

2.2. STRESS-STRAIN EFFECTS ON ELECTRICAL RESISTIVITY

The class of rocks that we are examining in time-dependent studies are fault-zone rocks.
As Madden (1980) points out, there are virtually no laboratory studies of materials typical
of a fault zone. Within fault zones, the main conduction mechanism is due to the presence
of water in an interconnected system of pores and cracks within the rock. The actual
conductivity depends on 2 factors:

2.2.1. The Conductivity of the Pore Fluid

The pore fluid conductivity at upper crustal temperatures and pressures depends on the
salinity of the fluid and the temperature. Conductivity is approximately linearly dependent
on salinity. The temperature effect is much more variable. We observe a 10-fold increase
in conductivity from O to 400 °C, beyond which water loses its ability to dissociate
dissolved salts, so the conductivity then decreases as the temperature increases (Madden,
1980).

2.2.2. The Volume and Geometry of Pores and Cracks

Stress affects electrical resistivity by opening or closing existing cracks and creating new
ones. Most early laboratory studies were done under hydrostatic pressure (Brace et al.,
1965). Narrow cracks (low aspect ratio) close with modest pressure so that rocks whose
resistivity is dominated by their crack populations show very large resistivity changes at
modest pressure. This is typical of the behaviour of low porosity igneous and metamorphic
rocks. The resistivity variation is a large amplification of the strain variation.

Brace and Orange (1966, 1968) extended their earlier experiments under hydrostatic
pressure to include the effect of deviatoric loads (= stress) on resistivity changes of water-
saturated crystalline rocks. Some of the experimental results of Brace and Orange (1968)
are reproduced in Figure 2. In general, the resistivity of a saturated rock increases slightly
under compression due to crack closure. Between one- and two-thirds of the fracture
stress, resistivity decreases rapidly to a value an order of magnitude lower than the original
unstressed value. Brace and Orange noted a close correlation between the decrease in
resistivity, the decrease of pore pressure and the onset of dilatancy thus arguing that the
rapid decrease of resistivity was associated with the new crack formation (or increase in
void volume space) that is termed dilatancy. The maximum sensitivity to axial stress
reached by these rocks is about 0.05% bar™!. The results of Brace and Orange (1968)
for a sandstone (porosity ~3%) indicate a resistivity-stress sensitivity equivalent to that
of igneous and metamorphic rocks within the dilatant region. For a high porosity sand-
stone (~24%) shear stress has little observable effect on resistivity

It appears that the sensitivity of the electrical properties of rocks to stress-changes
depends on the extent to which cracks control the resistivity. Madden (1980) summarises
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Fig. 2. Resistivity as a function of axial stress. The numbers after the rock name are the confining

and pore 3pressure in kilobars. The curves have been displaced vertically for convenience: 7.9% means

7.9 X 107 ohm-m. All except the bottom curve are resistivity in the axial direction. Fracture occurred
at points noted by solid squares (after Brace and Orange, 1968).

a large volume of work undertaken at MIT on resistivity-stress relationships using depth
and porosity as parameters. His results are summarised in Table I. The data base is made
up of work on igneous, metamorphic and sedimentary rocks. Madden (1980) favours the
3% porosity rocks as the best estimate we have for the, as yet, unstudied fault zone rocks.

2.2.3. Dilatancy-diffusion

As noted above, at high stress nearly all rocks dilate, ie the void volume increases leading
to an effective increase in porosity. Earthquake prediction studies were given an effective
physical basis by Nur (1972) and Scholz et al. (1973) who took the mechanisms of rock
dilatancy and fluid diffusion and found they were able to explain a large class of reported
precursory phenomena associated with earthquakes. The dilatancy model is deterministic
(cf. probabilistic) and predicts the type of behaviour to be expected in various physical



TABLE I

A summary of the stress sensitivity of resistivity of igneous,
metamorphic and sedimentary rocks from laboratory studies
at MIT. The table uses depth and porosity as parameters with
the sensitivities being expressed as %Ap/bar (from Madden,

1980).
Non-dilatant strain region
Porosity in %
1 3 10 30
Depth 0 0.4 0.3 0.04 0.02
(km)
1 02 0.15 0.04 0.02
3 0.07 0.10 0.03 0.02
10 0.03 0.03 0.02
Dilatant strain region
Porosity in %
1 3 10 30
Depth 0 0.5 0.4 0.1 0.03
(km)
1 03 0.2 0.1 0.03
3 01 0.10 0.05 0.03
10 0.05 0.05 0.03

parameters as shown in Figure 3. During stage I, stress is increasing but is below the level
required to produce dilatancy. In stage II, dilatant cracks form and become undersaturated
and seismic velocity ratios and resistivity respond directly since dilatancy will be accom-
panied by an influx of water into the dilatant zone. Water diffusion continues through
stage III delaying the earthquake by reducing pore pressure on the fault. At the end of
stage I1I the earthquake is triggered when the pore pressure is finally recovered.

In connection with the above we should note that fluid diffusion is enhanced by the
increase in permeability associated with the effective increase in porosity during dilatancy.
Brace (1978) considers the changes in permeability in sandstone and granite through to
failure. The results indicate an increase in permeability of nearly 3-fold in granite at high
stress (>50% of the fracture stress).
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2.2.4. Frictional Sliding and Fracture

Frictional sliding and fracture within rocks has also been studied with regard to electrical
resistivity measurements. Brace and Orange (1966) concluded that, once a fault was
formed, further resistivity changes were insignificant. Wang et al. (1975) reported that
during stick-slip of saturated granite on sawcut surfaces, changes in resistivity were mea-
surable and significant. The two conflicting results have been reconciled by Wang et al.
(1978) who report at least 2 types of change in resistivity during stick-slip. During frictional
sliding in finely-ground surfaces of water-saturated granite, the resistivity decreases just
before sudden slip but the change is only a few percent. Such a small percentage change
would be difficult to detect.

2.2.5. Summary

Large changes in resistivity do occur during the fracture of initially intact (competent)
rock but the stress-interval over which these changes take place is several kilobars. Readily
detectable changes in resistivity occur only after the onset of dilatancy.

Actual observations of stress accompanying the strike-slip San Andreas Fault (Zoback
and Roller, 1979; Sbar et ai., 1979) indicate an upper limit of 100 bars, well below the
stress level required to initiate dilatancy in competent laboratory samples. At the present
time, most laboratory work has studied the effect of microcrack (cf. joint) dilatancy. We
should note that the stress required to cause dilatancy depends on the aspect ratio of the
cracks. When earthquakes occur along well-established faults the relevant cracks are likely
to be joints and fractures and the stresses probably remain well below the level necessary
to fracture intact rock.

3. Electromagnetic Response Functions

This section briefly reviews some of the electromagnetic response functions that have
been examined for possible time-dependence. We can first divide e.m. studies into those
using active and passive techniques. Direct current methods using controlled source con-
figurations are able to monitor resistivity (p) directly by using the expression p = E/I.
Little or no processing of the response function (p) is required by such methods and it is
worth noting that although many of these techniques obtain a scalar response function,
they have been the most successful in demonstrating resistivity changes associated with
earthquakes.

The response functions deriving from passive techniques have also been studied for
possible time-dependence. Electromagnetic induction within the Earth implies a linear
dependence between electric and magnetic variation fields at a particular frequency. The
single station geomagnetic transfer function uses the linear relation between the 3 field
components recorded at a single site (S):

HS = AHS + BHY @



Where a suitable reference station exists, it is possible to relate the recorded field com-
ponents to those at a reference site (R):

S - R

HS = CHR + DHY

HS = EHE + FHY (3)
—_ 1R 1R

HS = A'HR + B'HR,

see for example Schmucker (1970). Expressions (2) and (3) assume that induction by any
vertical component of the inducing field is negligible; if this is true then the response
functions (4-F) can be regarded as a complete description of anomalous variation fields
due to internal concentrations of current in the region of site S. The internal current
concentrations are provided by lateral variations in geoelectric structure.

The magnetotelluric technique assumes a linear relation between the horizontal com-
ponents of electric and magnetic variation fields at a particular frequency:

Ey Zyx Zxy ( Hy
- (4)
Ey Zyw Zyy \H,

Here the response functions (the set of Z’s) are dimensionally equivalent to impedance. In
the case of a 1-D layered half-space the diagonal elements (Z xx £ YY) are zero and we
define apparent resistivity (p):

2 -

2 =02T =pyx

pyy = 02T |Ey

Hy

Zy

Hy

where T is the period in seconds. For 2 and 3-D structure, the impedance tensor may be
rotated to obtain the now complex apparent resistivity in the principal strike directions
(Sims et al., 1971).

In order to examine the time dependence in any or all of the response functions noted
we must first be sure that the data processing methods used on typical data sets and error
determination procedures are valid in the absence of time-dependent crustal processes.
We now briefly examine the considerations that are involved in these procedures.

3.1. DATA PROCESSING AND ERROR DETERMINATION

When real data are used to estimate the response functions, errors are introduced into the
above expressions. The errors are a combination of measurement-noise, signal-processing
errors and non-planar inducing fields. All the response-functions from passive experiments
must therefore be determined in a statistical sense, usually by least-squares reduction of
the errors within the data set. Such procedures should also be capable of providing
variance estimates of the resulting response functions. Variance estimators are crucial in
the study of time-dependent response functions in order to define a level of confidence
in the results obtained.



The relationships quoted represent 2-input, 1-output linear systems; Goodman (1965)
and Bendat and Piersol (1971) give the required confidence-intervals for such systems.
Reddy et al. (1976) give an account of the influence of bias (measurement-noise) and
random errors on the magnetotelluric response functions. Gamble et al. (1979) have re-
cently discussed the use of remote reference components (£ or H) to obtain an unbiased
estimate of the impedance tensor. In such circumstances the accuracy with which we can
determine the impedance is a function only of random errors. Such an error can be made
arbitrarily small by increasing the number of observations. The formulation of Goodman
(1965) and Bendat and Piersol (1971) can also be used to place confidence limits on the
geomagnetic transfer functions. An alternative, though equivalent, formulation is given
by Everett and Hyndman (1967). When r observations of a particular response function,
each with its own variance (0,) are available, a linear regression (with weighting factor 1 lo)
will provide the smallest residual standard deviation of any linear instantaneous method.

3.2. FREQUENCY CONTENT

Response functions are usually determined as a sounding curve across a frequency band-
width determined largely by the frequency response of the magnetic sensors. Ideally, we
should examine response functions at frequencies appropriate for sounding mid-to upper-
crustal structure. Using skin-depth values as shown in Figure 4, the appropriate period
range appears to be 10—0.1s. This is in fact a difficult spectral range to record instrument-
ally.

Rikitake (1976a) modelled electromagnetic induction in a 2-D rectangular conductor
taken to represent a dilatant region in the Earth’s crust. Using the appropriate induction
parameters it was found that, for the particular model studied, enhancements of the hori-
zontal field of up to 100% might be expected for short period (< 100 s) events. Honkura
(1976) studied the perturbation of a uniform d.c. electric field by shallow and deep con-
ductivity anomalies taken to represent possible dilatant regions within the crust. The
model is valid at periods which are sufficiently long to provide a uniform electric field in
the crust surrounding the dilatant region. The results suggest that only shallow dilatant
regions would be detectable in the perturbed electric field at these periods. Reddy et al.
(1976) describe MT measurements in Southern California. Assuming a factor of 5
decrease in resistivity due to a dilatancy-diffusion process, Reddy et al. (1976) model the
anticipated change in apparent resistivity pre- and post-dilatancy at 3 sites in terms of an
inferred geoelectric structure. The results for the 3 sites are reproduced in Figure 5. The
maximum percentage change (> 60%) for 2 of the sites occurs at periods of ~ 10 s, The
small percentage change at the third site is due to thick (>>18 km) sedimentary cover.

3.3. SOURCE FIELD CONTRIBUTIONS TO RESPONSE FUNCTIONS

Although we can, as above, define confidence limits on the response functions, the basic
relationships defined in (2) — (4) are based on the assumption that the observed variation
fields derive from induction by plane-wave inducing fields. This assumption can be readity
called into question at both middle and high geomagnetic latitudes. Many authors have
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considered the influence of non-planar source fields on electromagnetic measurements.
In general, only small deviations (of the uniform source field) occur for penetration
depths which are small compared with the wavelength (L) (Srivastava, 1965; Schmucker,
1970). Extreme cases of source localisation occur within the auroral electrojet zone
where there is evidence for small-scale structure (L ~250 km) set up by field-aligned
currents (see for example, Mersman et al., 1979).

Localised source effects on magnetotelluric apparent resistivities were considered by
Quon et al. (1979). The authors considered dipole sources at 100 km elevation above a
simple conductive basin. Such sources would represent the extreme case of source field
localisation in the lower ionosphere. The results for a magnetic dipole source were indis-
tinguishable from those due to a planar field at periods less than 50 s but significant
differences occurred at longer periods. The authors comment “Although geomagneticians
claim that discrete current systems are unlikely at 100 km elevation, the question of the
sources of scatter in good well smoothed MT results remains to be answered”. Figure 6
shows an apparent resistivity curve quoted by Quon efal.(1979). The scatterin the 1-10s
period band is due to weak signal. However, the boxed cluster around 30—700 s was
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obtained from a single record at a time of large signal. Using an empirical approach,
Beamish (1979) considered the effects of source fields on the geomagnetic transfer function
at mid-latitudes in the period range 2507500 s. Source field effects which increased
with both latitude and period were identified. When calculating geomagnetic response
functions at substorm periods at both mid- and high-geomagnetic-latitudes it appears
necessary to either select data (avoiding data extremes) or to provide a sufficient quantity
of data so that a regression procedure may be employed, thus minimising extremes due to
source field effects within the data set.

A similar, though distinct, problem appears to arise when geomagnetic transfer functions
are obtained in the period range of pulsations (10—500 s). Anderson et al. (1978) studied
the local time variation of induction vectors (deriving from (A, B)) in the period range
37-1380 s. When the 2-h LT determinations were averaged over 12 days of data with
the local time dependence retained, diurnal effects in the induction vector were observed.
Beamish (1980) further studied the diurnal characteristics of (4, B) at UK latitudes within
the pulsation bandwidth and observed significant local time variations. To illustrate the
extent of the problem, Figure 7a shows the local time behaviour of | 41 and |Bldetermined
at a station in the centre of a magnetometer array operated in the UK. Twelve 2-h LT
estimates of the transfer function are shown for 5 period bands. The LT variations are
compared with the time-averaged estimate which is superimposed as 2 horizontal lines
representing +2 s.d. about the mean. At periods greater than 90 s (B10, B12), no signi-
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ficant LT behaviour is observed. However, particularly for periods of 40—60 s (B16)
we observe a significant and substantial diurnal variation in 14 1. Toillustrate the difficulties
still further, the corresponding results for Real [4] in the period range 40—60 s (B16)
for 9 stations are shown in Figure 7b. The separation between successively numbered
stations is ~10 km. It seems clear that the LT behaviour is a function of locality. Until
such effects are fully understood it seems necessary to exercise some degree of caution
when examining other possible time variations in transfer functions at pulsation periods.
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4. Observations of Time Variations in Response Functions

In this Section we review some of the observed time-variationsin electromagnetic response
functions and note some of the difficulties and successes encountered. We first consider
controlled source monitoring of resistivity p beneath potential electrodes using current
insertion from current electrodes. The method is direct since p = V/I and little or no
processing of the data is required.

4.1. CONTROLLED SOURCE

Rikitake (1976b) reports on the work of the Earthquake Research Institute (Tokyo) into
in-situ and laboratory work on resistivity monitoring and measurement. Yamazaki (1967)
constructed a sensitive null resistivity monitor using 7 = 100 mA at f = 67 Hz. The system
is capable of monitoring a change in resistivity of the order of 1 part in 10* Over several
years of observation some 30 or so examples of resistivity steps associated with earthquake
occurrence have been observed. An example is shown in Figure 8 of a step associated with
an earthquake (M = 7.9) at an epicentral distance of over 700 km. The electrodes are set
up across partially saturated tuff which appears to act as an amplifier of linear strain.
The observed gains (Ap/p / AL/L) are in the range 2000 to 10000. The reason why the
rock exhibits such behaviour is not understood since laboratory studies on these tuffs
show amplification factors not exceeding 400 (Madden, 1980).

An intensive program of observations has been conducted in the Garm region of the
U.S.S.R. (Barsukov, 1972; Barsukov and Sorokin, 1973). The array consists of a current
dipole using pulses of 100A which are received 6 km away at potential electrodes. The re-
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Fig. 8. Resistivity step concurrent with the Tokachi-oki earthquake, Japan (M = 7.9) as recorded by
high (H) and low (L) sensitivity channels. The observation point is at A and the earthquake epicentre
is at B (after Rikitake and Yamazaki, 1970).
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Fig. 9. Variation of appatent resistivity in one of the epicentral zones of the Garm region of the
U.S.8.R. Strong earthguakes (K values in circles) appear after a minimum in apparent resistivity
(after Sadovsky et al., 1972).

lative variations in resistivity observed over 4 yrs are shown in Figure 9 in relation to the
strength and occurrences of local earthquakes which tend to occur along thrust faults.
It is apparent that resistivity decreases of 10—15% are observed prior to moderately large
earthquakes. Mazzella and Morrison (1974) report on electrical resistivity variations
associated with earthquakes along the strike-slip San Andreas Fault. A set of 3 potential
electrodes receive at distances of up to 15 km from the source current dipole. The source
is I =200 A at f= 0.1 Hz. Their normalised resistivity data show decreases in resistivity
of 10-20% prior to earthquakes associated with the San Andreas Fault.

4.2. TELLURIC CURRENTS

This section considers a few reports of changes in earth currents in which no reference or
cancellation system is employed. The observations therefore monitor the natural telluric
field variations (both inducing and induced) and have to detect anomalous internal effects
above this background. Rikitake (1976b) gives an account of some historical observations.
Bennett er al. (1977) describe telluric current observations in China prior to the Haicheng
(M = 7.3) earthquake. The systems consist of 2 electrodes of different materials (e.g. Cu
bar and Pb plate) with a horizontal separation of 30—60 m. The systems monitor I in
microamps across a 10 k£ resistor. Figure 10 shows the recording of one such system for
3 months prior to the Haicheng earthquake which occurred along strike-slip faults. The
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Fig. 10. Daily averages of hourly readings of current between N-S and E-W electrode pairs (60m
separation) as reported by Amateur Group 2 at Panshan, China (90 km from the epicenter of the
Haicheng earthquake), (from Bennett et al., 1977).

500 u amp change through the 10 k€2 resistor implies a 5 V change in potential difference
over the 60 m separation.

An intensive study of anomalous changes in telluric currents has been undertaken in
the Kamchatka subduction zone (Fedotov et al., 1970; Myachkin er al., 1972). After
noise elimination procedures were adopted (Myachkin et al., 1972), local anomalous
variations of telluric fields were determined before earthquakes with a magnitude M > 4.5.
The anomalies were registered on 1, 2 or 3 close stations located not further than 150 km
from the epicentres of the earthquakes. Figure 11 shows some of the low pass filtered
plots of the time variations observed. The hypocentres of the earthquakes causing such
effects appear to occur in a restricted depth range of from 20—60 km. Shallower and
deeper events produce no observable effect. Myachkin et al. (1972) suggest: “This pheno-
mena supposedly has a piezoelectric nature. The characteristic bay form of the anomalies
can be caused by sharp acceleration of deformation processes in the source zone and then
by their retardation before the earthquake occurrence”.

Sobolev (1975) also reports on telluric currents as short-term precursors in Kamchatka.
He notes “In the majority of cases, the changes of electrotelluric field before an earth-
quake do not exceed the background noise”, (i.e. induced current variations). “This
makes it impossible to distinguish precursors through the recording of one measuring line.
As a result, standardization of methods is needed to conduct the joint processing of several
synchronous records”. Figure 12 shows an example of the recognition of anomalous
changes by computer analysis (programs 1 and 2) of the unprocessed records of 4 telluric
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km ™ and a bay-like form (after Myachkin et al., 1972).
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Fig. 12. Detection of earthquakes in Kamchatka, U.S.S.R. by 2 computer programs. Raw data from
main and doubling N-S and E-W electrodes is also shown. The numbered arrows refer to earthquakes
occurring with M 5.5 (from Sobolev, 1975).

components (E-W, N-S: main and doubling lines) in central Kamchatka. The arrows show
the earthquakes with magnitude M > 5.5 that occurred closer than 250 km from the site.
The results illustrate that most of the earthquakes were preceded by a detectable increase
in the processed signal.

4.3. DIFFERENTIAL ELECTRIC FIELD

This is the equivalent telluric method to that of the differential magnetic method which
detects the piezomagnetic effects of stress. The principal noise components are again the
induced electromagnetic variation fields and in this case electrode potential variations (i.e.
drift and electrochemical) can be an additional source of noise. Both can be reduced by
synchronous detection schemes. Madden (1980) gives a thorough description of work at
MIT in methodology and techniques. The following is a brief summary. The method uses
the fact that the telluric ratios at low frequencies depend on the integrated conductivity
of the crust beneath the recording dipoles. The telluric field differences should therefore
be independent of the frequency content and the wavelengths of the inducing fields. The
tensor nature of the induced electric field can be acknowledged by obtaining the differences
between 3 sets of potential electrodes. Such a telluric cancellation system essentially



monitors time changes in dF/dx and therefore monitors changes in effective anisotropy
of the resistivity beneath the dipole configuration. Noise elimination has been the main
feature of the work and it is hoped to achieve a sensitivity of ~0.03% (typically < 1 mV
km™) which should be sufficient to detect some of the low stress regime effects noted in
Section 2.2. Since the high sensitivity system is measuring tensor telluric field differences,
the system should also be capable of detecting the purely electric effects of the electro-
kinetic process (Section 2) and hence be capable of monitoring pore pressure variations
beneath the recording dipoles.

4.4. SINGLE-STATION GEOMAGNETIC TRANSFER FUNCTION

Observations of the time variations in the response functions defined in Section 3 are now
discussed. Many of these observations were considered by Niblett and Honkura (1980).
Yanagihara (1972) studied annual mean changes of (4, B) over a 70 yr interval at
Kakioka observatory in Central Japan. The earlier scalar analysis was repeated by Shiraki
and Yanagihara (1977) who calculated (4, B) from magnetic storms by spectral analysis.
One storm record (24 h duration) was used each year and 10-yr running averages deter-
mined for a period of 60 min. Their results are reproduced in Figure 13. The reason why
the transfer function at Kakioka undergoes such a secular change is not understood nor
whether the 20 yr decrease prior to the 1923 Kanto earthquake (M = 7.9) is significant.
The transfer function at 60 min. period undoubtedly responds to the Central Japan
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Fig. 13. Changes in real (Ar, Br) and imaginary (4;, B;) parts of the transfer function at Kakioka,
Japan for a period of 60 min obtained from 10-yr running averages. Error bars are 4 s.d. in length
(from Niblett and Honkura, 1980; after Shiraki and Yanagihara, 1977).



anomaly which, as interpreted by Rikitake (1969), consists of a depression of a highly
conducting layer at mantle depths.

Niblett and Honkura (1980) quote the results of Miyakoshi (1975) who found a long-
term (5 yr) variation in the quantity (42 + B?)* at Tashkent. The variation of yearly
mean values of C reached a maximum value about 1 yr prior to the Tashkent earthquake
(M = 5.5) of 1966. No equivalent effect was found in (4, B) when Miyakoshi analysed the
magnetograms for Askhabad relative to the earthquake (M = 6.6) of 1970. Yanagihara
and Nagano (1976) studied the variation of (4, B) at Kakioka observatory in greater detail
than did Shirakiand Yanagihara (1977). They chose a number of isolated bay disturbances
of period ~80 min. for some 22 months of data. No error determinations are given but
the authors quote £0.12 as the 95% confidence interval for the 80 min. component pro-
duced by the analysis of 15 storms (Shiraki and Yanagihara, 1977). If the same result
applies to the time variations observed by Yanagihara and Nagano (1976) then these
cannot be considered significant.

Rikitake (1979a) investigated the transfer function determined from the magnetic
records of Sitka observatory in Alaska from 1968 to 1973, encompassing the Sitka
earthquake (M = 7.2) of 1972. Rikitake selected isolated events (associated with polar
substorms) for half-yearly subperiods. The data base was beiween 35 and 51 events for
each half year. The high geomagnetic latitude (60° N) of Sitka results in standard errors
of 25 and 9% in A and B respectively. The results showing the increase in 4 about a year
prior to the 1972 earthquake are reproduced in Figure 14. Rikitake acknowledges that
the position of Sitka means that the data set is particularly sensitive to the effect of
auroral zone currents even though the data set was selected to minimise such a contribution.

Honkura et al. (1976) describe preliminary results from a magnetotelluric station
(Charlevoix) operated within a zone of localised seismicity in Quebec. In this preliminary
study both impedance-tensor elements and geomagnetic transfer-functions were examined
with regard to time-dependence in the period range 5—120 min. Although the impedance
tensor elements exhibit a significant time-dependence (see Section 4.6) the corresponding
component parts of (4, B) showed no significant time variation.

4.5. INTER-STATION TRANSFER FUNCTIONS

There exist very few reports of the study of time variations in the inter-station transfer
functions of Equations (3). Niblett and Honkura (1980) quote unpublished work under-
taken by Honkura in Japan.

4.6. MAGNETOTELLURIC RESPONSE FUNCTIONS

Reddy et al. (1976) describe MT measurements in southern California. As noted in
Section 3.2, the authors have modelled the anticipated changes in apparent resistivity
due to a dilatancy process at the 3 monitoring sites. The authors present results in terms
of rotated apparent resistivities in the period band 20—30 s for some 8 months of recording.
The dimensionality coefficients for all sites are small indicating 2-D structure. The anti-
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Fig. 14. Changes in the transfer function (4, B) at Sitka, Alaska for short period (~600 s) variations
obtained from data in half-yearly intervals. Error bars are 2 s.d. in length (from Rikitake, 1979a).

cipated change in rotated apparent resistivities at 2 of the sites is ~ 50% in the 20—30 s band.
Reddy et al. (1976) show that observed variations of between 10 and 20% can be accounted
for by the biases introduced by changes in multiple coherencies (i.e. changes in noise
levels) on the different channels. The authors conclude that no significant changes occurred
during the first 8 months of recording although no earthquakes of magnitude M > 4
occurred in the vicinity.

Kurtz and Niblett (1978) give an extended account of the time dependence of mag-
netotelluric response functions in Quebec. They describe results from 5 magnetotelluric
stations and indicate that with the procedures used some 17 days of continuous recording
are required to produce reliable estimates of the impedence tensor. Due to the complex
geology of the region all the sites possess moderate to large dimensionality coefficients. A
series of magnetotelluric response functions for over 2 yrs of data are presented at 300
and 600 s period. Significance tests were applied to the variations and it was found that
only the variations at one station (Charlevoix) could be considered significant. Much of
the variation at Charlevoix is caused by a trend of 14% per year which the authors suggest
may be caused by seasonally changing conditions in the nearby St. Lawrence River.
Superimposed on the linear trend are significant non-linear variations suggesting that
crustal resistivity is changing in response to the more or less continuous crustal instability
of the region.



5. Correlations of the Time Variations of Response Functions

It seems clear from the above studies that the active measurements of resistivity have
observed the largest and most unambiguous variations in crustal resistivity. Two of these
studies (Barsukov and Sorokin, 1973; Mazella and Morrison, 1974) have a clear affinity
with the dilatancy-diffusion mechanisms proposed by Scholz et al. (1973). An important
aspect of this mechanism is that precursor times appear closely correlated with the
magnitude of the impending earthquakes as shown in Figure 15. The logarithm of the 5
different precursory duration times (crustal movement, radon emission, Vp/Vs anomaly,
AF and electrical resistivity) for more than 30 earthquakes seems to correlate with the
ultimate magnitude of the earthquake suggesting a common physical mechanism for each
of the observed anomalies. If the above effect is viewed solely as a manifestation of a
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Fig. 15. Time interval (duration after onset) of various precursory phenomena as a function of earth-
quake magnitude (after Scholz ef al., 1973). The electrical resistivity data are all taken from the
controlied source data obtained in the Garm region, U.S.S.R. (see Barsukov and Sorokin, 1973).



dilatancy process then it appears from the work of Rikitake (1976b) that dilatancy
phenomena are to be associated with earthquake mechanisms across a very wide tectonic
framework. Rikitake (1979b) considers nearly 400 observations, from some 19 different
types of earthquake precursor and obtains the relationship

logm T=0.6M-1.01.

The data set is taken from very different tectonic environments mainly in the Peoples
Republic of China, Japan, the U.S.A. and the U.S.S.R. Both Rikitake (1979b) using
empirical evidence, and Brady (1976), considering models of the inclusion theory of rock
failure, indicate that observed precursors can be classified into 3 kinds. Class I precursors
are long term, of the type discussed above, and are therefore to be associated with dilatancy.
Class II precursors refer to short term indicators of failure, preceding the earthquake by
a few days or hours. Changes in far-field stresses, such as tidal effects, are shown by Brady
(1976) to be of particular importance in initiating Class II precursors. Class III precursors
precede the earthquake by a matter of seconds.

Care must be exercised when relating resistivity changes to the dilatancy model since
changes in seismic velocities (Vp/Vs) can also be accounted for by a dry dilatancy model,
ie without fluid diffusion (Stuart, 1974; Brady, 1974). The differences in terms of resist-
ivity variations between the wet and dry models of dilatancy are clearly considerable.
Myachkin et al. (1975) discuss methods of differentiating between the possible wet and
dry mechanisms of dilatancy. In addition we should acknowledge that there can be a total
absence of any precursory phenomena in some shallow earthquakes (Kerr, 1979). We
should also in our studies contrast deep earthquakes such as those occuring in subduction
zones and shallow events since in the view of Dzeiwonski and Gilbert (1974) earthquakes
occur through the lubrication of a fault plane. For shallow events, lubrication may indeed
occur via a dilatancy diffusion mechanism. However, for deep events, lubrication may
arise from local melting along the fault plane itself.

With regard to Class II and III precursors, both have been observed by the controlled
source resistivity meter of Yamazaki (Yamazaki, 1975; Rikitake and Yamazaki, 1979)
and in the telluric current observations in the Peoples Republic of China (Bennett et al.,
1977). Clearly the processing of the larger quantities of data required for other reponse
functions precludes observations of this kind. In addition to these precursory type effects
we should also pay due regard to the long-term studies of resistivity variations that
amount to ongoing tectonomagnetic experiments. The works of Madden (1980) and Kurtz
and Nibiett (1978) are examples of this kind. Work currently in progress in Quebec is
exploring the correlations between time-variations in impedance elements and variations
in seismic travel times, tilt and water levels. It appears that the results will ultimately
reveal the nature of the crustal response to long-term stress accumulation rather than
unambiguous precursory phenomena (Niblett, 1980, personal communication).



6. Discussion

When considering the existing laboratory data on the effects of stress on electrical resistivity
we should bear in mind that studies of jointed and fractured rock, typical of a fault zone,
are only just being initiated. We must, at present, infer the behaviour of such rocks from
the studies of competent igneous, metamorphic and sedimentary rocks.

Low stress-evel changes produce only small percentage changes in resistivity. Large
(10%) decreases in resistivity occur with the onset of dilatancy in competent laboratory
samples. The dilatancy-diffusion mechanism is seen to account for a wide variety of
precursory phenomena (including resistivity and earth currents) from a wide variety of
tectonic sites. With the associated increase in pore volume and permeability associated
with dilatancy we could anticipate even larger (> 10%) decreases of in-situ resistivities
due to large scale fluid diffusion from non-dilatant country rock. If this is the case, then
examination of electromagnetic difference fields (and associated response functions)
from sites within and outside the dilatant zone offer a means of monitoring the dilatancy-
diffusion process. The obvious proviso is that we use instrumentation which is sufficiently
sensitive (see below).

The size of a dilatant region is a matter of some debate. Dobrovolsky et al. (1979)
consider a circle of effective manifestation of precursory phenomena, centred on an
epicentre, to be:

r= 100.43M (km)

This estimate is to be compared with the precursor region size determined by Rikitake
(1975) to be:

7= 10051M-2.27) (km)

These formulae relate to the maximum area in which co-seismic crustal deformation can
be observed. Scholz ef al. (1973) consider that the dilated region can be considerably
larger than that predicted by the above. Nur (1975) considers that when fault creep
precedes failure then the dilatant volume can either increase with time (crack dilatancy)
or decrease with time (joint dilatancy).

The onset of dilatancy in competent laboratory samples occurs at between 1- and 2-
thirds of the fracture stress. Clearly we would like to know the stress levels at depth.
However, acceptable approaches to stress measurement at depth are still being explored
(Jamison and Cook, 1980).

We should note that, in general, the observations used in deriving geomagnetic transfer
functions have not been from designed field studies. Investigators have tended to use the
data from an appropriately situated magnetic observatory. Considering the problems
associated with these response functions we should acknowledge that the monitoring
of the time dependance of lateral concentrations of current, using single station transfer
functions, are at best a second-order effect of most of the stress-induced effects considered
here. As mentioned above, for time dependent studies an appropriate method is to



estimate (Hyg, Hy, HZ) from difference fields, i.e. H*=H S_HR where HS. HR are field
components recorded at 2 sites S and R (see for example, Babour and Mosnier, 1977).
Although difficulties of interpretation can arise over the choice of a reference site R when
local currents exhibit a marked phase variation with respect to regional currents, the
method is capable of removing source field ambiguities within the data set. When both
§ and R are influenced by the same current concentration, the method should allow time
changes in the gradient of the anomalous field to be monitored.

The situation with regard to the time dependence of magnetotelluric response functions
largely concerns the accuracy with which a particular response function can be determined.
Typically, active resistivity measurements (e.g. Mazella and Morrison, 1974) quote a
standard error of 1% while passive experiments (e.g. Reddy et al., 1976) quote a standard
error of 10% in rotated tensor impedances. Both the remote reference methodology of
Gamble et al. (1979) and the differential electric field measurements of Madden (1980)
are worth considering if a sensitive field monitoring system is under consideration.

We should also keep in mind that electromagnetic soundings integrate the effects of
the induced distribution of fields within the skin-depth volume. To observe time variations
of crustal resistivity using passive techniques we should ideally sound localised crustal
volumes using high frequency (audio) bandwidths. Several groups have turned to the high
frequency mode of sounding in order to obtain strategic information at shallow (0—5 km)
crustal depths (e.g. Hoover etal., 1976; Strangway, 1980). These high resolution soundings,
applied within the context of geothermal and toxic waste disposal programs, should
ultimately provide the ability to monitor some of the smaller-scale (though none the less
important) time dependent crustal processes here considered.
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