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Summary

A study of horizontal field transfer functions, in the period range 10-10" s, has been made for the 2
year period preceding the 1979 Carlisle earthquake (magnitude 5). The study using two sites, local to
and remote from the earthquake epicentre, reveals that a precursory effect is observed at short
periods (< 102 s) some 35 km from the main epicentre. The results indicate a change from two-
dimensional geolectric anisotropy to a more conductive three-dimensional geoelectric configuration
during the period immediately preceding the earthquake.



Introduction

Present studies of earthquake mechanisms involve the measurement of a number of diagnostic Earth
properties such as tilt, strain, radon emission, seismic velocities and electrical resistivity. A list of 19
such properties which have been related to earthquake occurrence has been compiled (Rikitake
1979). The temporal variations in one or more of these properties, and their inter-relation, allow
models of earthquake mechanisms to be developed. The physical processes involve rock failure and
almost all currently proposed models involve the response of microcracks to the changing levels of
stress in an earthquake preparation zone. Such models (Brady 1975) also attempt to account for a
number of precursory phenomena that are observed prior to failure. The term precursor is applied to
a variation in one or more of the above parameters which either directly or indirectly indicates that
the process leading to failure has begun.

The model of stress-induced dilatancy (Nur 1972) has had some success in explaining the variation of
a number of independent geophysical parameters prior to seismic events (Scholz, Sykes & Aggarwal
1973). Dilatancy is the non-elastic increase in volume caused by stress, depending not only on the
applied stress, but also on the rate of stress accumulation (Brace, Paulding & Scholz 1966). The
phenomena is well- documented by laboratory studies on crystalline rocks (Brace et al. 1966; Brace &
Orange 1968). The volume increase in stressed rock produces a large increase in effective porosity
(Brace & Orange 1968) and permeability (Brace 1978). Even in partially saturated rock these
changes can produce significant changes in electrical resistivity (Madden 1978). The total resistivity
of crustal material is the sum of the effects of conduction in the solid matrix and conduction along
pores and cracks containing electrolytic fluid. At modest temperatures the fluid effect is dominant
(Brace & Orange 1968; Olhoeft 1981). In the absence of crack porosity, the resistivities of a remark-
ably wide range of rock types are related to porosity by Archies Law:

p/ps=n""

where p is the rock resistivity, ps is the pore-fluid resistivity, n is the porosity and m is an empirically
determined constant generally between 1 and 2. In the case where m = 1, fractional change in
porosity equals minus the fractional change in resistivity, although the application of the above
scalar relationship would be inappropriate to the anisotropic strain and resistivity variations actually
encountered. The overall sensitivity of electrical properties to stress changes depends on the extent
to which cracks control the electrical resistivity. Summarizing a large volume of laboratory work
undertaken at MIT on the resistivity-stress relationships of igneous, metamorphic and sedimentary
rocks, Madden ( 1978) suggests that amplification factors (%Ap/ Al), where W is a strain of between
100 and 200 and stress sensitivities (Ap bar* ) of between 0.05 and 0.4 may be encountered in crustal
dilatant zones. The exceptional amplification factors of between 103 and 105 reported by Yamazaki
(1965) of tuffaceous rocks from the Izu Peninsula have since been confirmed for partially saturated
California tuffs (Morrow & Brace 1981).

Resistivity is not measured directly but rather by active or passive electromagnetic soundings, in
which instance the resistivity is termed apparent. The apparent resistivity measurements of Barsukov
Barsukov (1972), Mazella & Morrison (1974) and Yu-Lin & Fu-Ye (1978) have provided clear evidence
of time-dependent changes in apparent resistivity that correlate with seismic events. A number of



other time-dependent electromagnetic response functions that have been associated with
earthquakes have been reviewed (Rikitake 1976a; Niblett & Honkura 1980). Although some
measurements have provided positive correlations, the situation with regard to geomagnetic
transfer function measurements is more uncertain. It has been pointed out (Niblett & Honkura
1980) that accurately recorded difference fields between pairs of stations (local and remote) should
allow a better assessment of the possible time-dependence of transfer functions within a locally
anomalous region. In addition, electromagnetic induction in a hypothetical dilatant crustal zone,
giving rise to an order of magnitude decrease in resistivity, has been modelled (Rikitake 1976b).
Using the appropriate induction parameters it was found that enhancements of the horizontal field
of up to 100 per cent might be expected for short period (< 100 s) events.

A study of inter-station horizontal field transfer functions between Eskdalemuir (ESK, Fig. 1) and
York during 1978 and 1979 has revealed that a significant time-dependence is observed at short
periods prior to the Carlisle earthquake (M = 5) which occurred on 1979 December 26 (Boxing Day).

The earthquake and geoelectric setting

The Boxing Day Earthquake (BDE) occurred in the vicinity of Carlisle (Fig. 1) following a foreshock
sequence now apparent from data recorded by the LOWNET seismic stations of southern Scotland
(Nielson 1980). A fault plane solution based on aftershock data has been reported by King (1980).
Hypocentral depths range from 3 to 12 km, within the Silurian, and cluster around 7 km. The data
indicate that the BDE could be accounted for by 30 cm of slip along one or more thrust planes some
3.5 km in diameter, assuming a typical stress drop of 30 bar. It was also noted (King 1980) that the
BDE was located along a proposed strike direction of the Palaeozoic lapetus suture zone.

Previous (Edwards, Law & White 1971; Bailey & Edwards 1976) and current geomagnetic induction
studies have identified the Southern Uplands and Northumberland Basin as being underlain by a
region of low integrated resistivity at lower crustal depths. It has been suggested (Bailey & Edwards
1976) that the low resistivity can be directly related to the presence of hydrated Late Palaeozoic
oceanic crust underlying the Southern Uplands. More recent magnetotelluric studies (Jones & Hutton
1979a, b) have provided geoelectric models for sites in Southern Scotland. Of particular relevance is
the one- dimensional model obtained at NEW (Fig. 1). The results indicate a resistive upper crustal
layer (base 16-36 km) underlain by a conducting lower crustal/upper mantle region of resistivity 25-
90 ohm.m. Upper crustal structure is unresolved by the long-period variations used in these studies.

Data and analysis

The geomagnetic data used in this analysis came from two high-resolution magnetometers that
have operated since 1976 at Eskdalemuir (ESK) and York (YOR). The geographical coordinates are,
ESK: 55.32 N and 356.80 E and YOR: 53.95 N, 358.95 E. The observatory at ESK is situated some 35
km from the main epicentre of the BDE (Fig. 1). The instruments are three-axis rubidium vapour
magnetometers with a sampling interval of 2.5 s and a resolution of the order of 0.025 nT (Riddick,
Brown & Forbes 1976). The data are recorded digitally on cassette and subsequently transcribed
into computer compatible format. The data set is not continuous; data gaps exist every 3-4 day due
to cassette change. A timing accuracy of better than 100ms is maintained at each site.



In the case of geomagnetic fields we attempt to separate the total field components (Ti) into normal
(Ni) and anomalous (Ai) parts, with Ti = Ni + Ai. The normal part includes contributions from external
inducing fields and from currents flowing in a normal layered earth. The anomalous part then
includes only contributions from lateral discontinuities in geoelectric structure. We may write

Ai= Kij Ni+Ej

where g; is an error term which is minimized in the determination of the induction tensor K;
(Schmucker 1970). For a general uniform inducing field it has been argued (Lilley 1974) that at a
point near a lateral discontinuity, the induction tensor possesses a simple degeneracy such that

Kll K12 0
K= K21 K22 0
Ka K3 0

Techniques exist for the determination of the vertical field transfer function (K 31 , K 3, ) when only
one station is available (Banks 1973). The determination of the other four elements requires inter-
station techniques. When a suitable reference station exists, it is possible to relate the two horizontal
horizontal components recorded at a site (S) to those at the reference site (R). At a particular
frequency we may write

H2=HS - HEX=C.HX +D.H} +¢, (1)
— s —
HY=H —H}=E.-HR+F.H} +e¢, )

where the superscript A refers to the anomalous part. Provided the separation between the two
sites is less than the scale length of the inducing field, the transfer functions (C, D) and (E, F)
provide a measure of the anomalous horizontal fields recorded at the two sites, S and R. If site R can
be classified as normal, the transfer functions defined in (1) and (2) become (K 11, K 1) and (K 1, K 1)
as defined above. It is worth noting that the subtraction of a reference component is not strictly
required (Schmucker 1970). The correlation can be performed using (H,, HSy ) as recorded at site S.
Such a procedure would result in transfer functions (C', D ') and (E', F') that include contributions from
current flow in a layered earth. The procedure used provides transfer functions (C, D) and (E, F) that
are due to anomalous current flow along lateral variations in geoelectric structure.

In order to provide stable and accurate transfer function estimates, a certain minimum number of
degrees of freedom are required. Previous investigations (Beamish 1979) have demonstrated that,
for the methods of analysis employed, approximately 5 x 24 hr records are required at the latitude
of this study. The data sets should also be evenly distributed in local time (Beamish 1980). In order to
investigate time-dependent effects in transfer functions over the 2 yr period 1978-79, the following
four-part data selection scheme was adopted. (a) In any given calendar month, 5 x 24 hr of
simultaneous data had to be available at the two sites. (b) Each 24 hr record had to run from 00.00-
24.00 LT. (c) In order to avoid data extremes, the 5 IDD and 5 IQD for each calendar month were
excluded. (d) All data records and difference fields used in the analysis were plotted and incorrect
data records rejected.



The above criteria were strictly adhered to with the result that certain months provided insufficient
records for analysis due mainly to instrument malfunctions at one or both magnetometer sites. The
greater availability of good data towards the end of 1979 provided increased temporal resolution.

Effect of site separation

The effect of the N- S site separation of 210 km between ESK and YOR was investigated using
induction arrows which derive from the vertical field transfer function (K 31, K 35) (Schmucker 1970).
Induction arrows allow the complex response (K 31, K 3,) to be presented in terms of amplitude and
an azimuth which defines the normal to the strike of a local geoelectric boundary. Two such
responses are defined for vertical fields responding in-phase (real) and in-quadrature (imaginary)
with the appropriate horizontal field vector.

Induction arrows were computed for two cases using the same 5 x 24 hr of data selected according to
the above scheme. In the first instance, the induction arrows were calculated using the vertical field
at ESK with the horizontal field components recorded locally at ESK. The results, as a function of
period, are shown in Fig. 2(a). In the second case, the analysis was repeated using the vertical field at
ESK with the horizontal field components recorded remotely at YOR. The results are shown in Fig.
2(b). A comparison of the two sets of results reveals that both amplitudes and azimuths for in-phase
and in-quadrature determinations are equivalent at the 95 per cent confidence level throughout the
period range of the analysis. The results argue that the use of reference horizontal fields recorded at
YOR will also be appropriate to the determination of the horizontal field transfer functions (C, D) and
(E, F) in the period range 10-104 s.

Horizontal field results

A determination of the transfer function (C, D), (E, F) is shown in Fig. 3 in terms of real (Re) and
imaginary (Im) parts of the four complex functions of period. The data are centred on day 310, some
50 days prior to the BDE. The results clearly demonstrate that large anomalous horizontal fields are
present at short periods in the real (Re) parts of C and F. Significantly non-zero determinations are
also present in the other phases and functions.

To simplify presentation, four period bands were chosen to represent the period range of the
analysis; these were B3 (4000-2000s), B7 (1000-600s), B11 (250-150s) and B15 (70-50 s). In the
following diagrams the day number of each determination refers to the mean of the five day
numbers used in the determination. The BDE is shown as the broken vertical line on day 360 1979.

A consequence of electromagnetic induction in an earth possessing lateral anisotropy (Jones & Price
1970) is that the transfer functions D, relating the anomalous Hx component to regional N-S current
flow, and E, relating the anomalous Hy component to regional E-W current flow, are small in relation
to both C and F. As noted above, the analysis confirms small, though non-zero, values for both D and
E. We here present results for C and F corresponding to an E-polarization condition (Jones & Price
1970) which generates the largest anomalous horizontal fields.

The behaviour of the real (Re) and imaginary (Im) parts of C during 1978 and 1979 are shown in Fig.
4(a and b respectively). It is apparent that at long periods (B3 and B7) a relatively stable response is
observed throughout the period. Re (C), however, exhibits two distinct effects particularly in the
shortest period band (B 15). The first effect is a long-term increase in the magnitude of Re (C) from



day 0 1978 to day 300 1978. This increase is followed by a period of partial recovery to smaller
values. A second effect occurs in the latter half of 1979. A large and rapid excursion begins after day
200 reaching a maximum on day 294 1979. This second effect is followed by a period of partial
recovery prior to the BDE. The imaginary part of C (Fig. 4b) is much more stable throughout the
period though a significant time-dependence is observed in the latter half of 1979. An excursion
occurs with Im (C) decreasing in magnitude until a minimum occurs on day 294 1979 corresponding
to the time of maximum excursion of Re (C).

The behaviour of the real and imaginary parts of F, relating the anomalous Hy component to regional
N-S current flow, are shown in Fig. 5(a and b respectively). In contrast to Re (C), Re (F) does not
exhibit a long-term trend during 1978. In accord with the behaviour of Re (C), however, Re(F)
undergoes a rapid excursion after day 200 1979, reaching a maximum on day 294 1979 at periods <
250 s. A further oscillation is observed prior to the BDE, corresponding to the one observed in Re (C).
In contrast to Re (C) at long periods (B3 and B7), Re (F) undergoes a rapid excursion immediately
after the BDE. The imaginary part of F (Fig. 5b) is relatively stable throughout the 2 yr period. Again
correlating with the behaviour of Im (C), Im (F) reaches a minimum value on day 294 1979 although
the excursion is by no means as large as that observed in Im (C).

In discussing the time-dependent effects observed we must make the implicit assumption that the
behaviour of C and F relates to time-dependent changes in the internal current system in the vicinity
of ESK and that any such changes do not occur at the reference site YOR. Given this assumption, the
analysis appears to have identified significant temporal changes in the anomalous horizontal fields
recorded at ESK prior to the BDE. The main features of the observed time-dependence can be
summarized as follows. At periods < 250 s, both Re (C) and Re (F) experience a large excursion after
day 200 1979 and reach maximum values on day 294 1979, some 66 days prior to the BDE. Also at
this time the imaginary parts of both C and F tend to minimum values thereby creating a largely in-
phase response at the time of maximum anomalous horizontal field. There is considerable detail in
the temporal effects immediately prior to the BDE. Following the occurrence of maximum horizontal
field both in-phase components Re(C) and Re(F) undergo a partial recovery that indicates a further
oscillation in the behaviour of the anomalous horizontal fields recorded at ESK.

Changes in the geoelectric configuration

Once determined the complex transfer functions (C, D) and (E, F) can be used to define both
directional and dimensional indicators of geoelectric structure (Lilley 1974). Several methods of
presentation exist which display the anomalous magnetic field response to normal or regional
horizontal fields. To summarize the response of both H*, and HAy at ESK we assume a regional
horizontal field H® at YOR with azimuth 8z which results in an anomalous horizontal field H* with
azimuth 6, at ESK. The regional and anomalous horizontal fields are then defined by H. =H® cos 6,
,H', =H%sin By, H', =H"cos 8, and H", =H" sin B; . Using (1) and (2) we can then define the
amplitude of the anomalous horizontal field vector at ESK as

(HA? =(C*+EY cos?Op +(D*+ F?)sin20y +(C2D*+ EXF?)sin 205 (3)

where H® has been defined with unit amplitude and zero phase. Similarly the azimuth of the 6,
vector is given by



tan 6, = (E +F tanBg) / (C + D tanBg)

Using (3), two ellipses of rotation are obtained by plotting at azimuth 8z, two radii inversely
proportional to the real and imaginary parts of H*. Alternatively, we may plot two radii directly
proportional to the real and imaginary parts of H* at the local azimuth 6,. The second method is the
more readily interpreted since ellipse dimensions are directly proportional to the anomalous field in
the principal directions.

Fig. 6(a, b) displays the in-phase rotation ellipses obtained from data centred on day 063 1979 (Fig.
6a) and secondly from data centred on day 310 1979 (Fig. 6b), when a major excursion in Re (C) and
Re (F) occurs. Referring to the shortest period (B 15) in which the largest precursory excursions are
apparent we note that in early 1979 (Fig. 6a) the anomalous horizontal field response at ESK is
approximately two-dimensional; the strike direction of conductive anisotropy and anomalous current
flow being normal to the major axis of the rotation ellipse (142° geographic, Fig. 6a). It is worth
noting that a strike direction of 52° is consistent with late Palaeozoic strike-slip movements in the
region of the Solway Firth (Phillips, Stillman & Murphy 1976), and the major Caledonian trends of the
region. During the period immediately prior to the BDE (Fig. 6b) the preferential direction of response
maximization disappears at short periods. Such behaviour suggests a distinct change from a two-
dimensional geoelectric configuration to a more conductive three- dimensional configuration during
the period immediately preceding the BDE.

Comparing Figs 6(a) and 6(b), it is apparent that the largest increase in the horizontal field vector
occurs in a direction parallel to the strike direction of 52°. The largest increase in anomalous current
is therefore directed normal to the strike direction although a significant increase in anomalous
current is also observed along the strike direction.

Discussion

It is clear from the results obtained that a dense network of stations would be required to interpret
the detailed behaviour of the anomalous horizontal fields recorded at ESK. Any interpretation of the
observed time-dependence is further restricted due to the lack of additional geophysical/geochemical
observations prior to the BDE. The following discussion relates entirely to the observation that
changes in the geoelectric configuration, as deduced from the anomalous horizontal fields at ESK,
precede the BDE.

Several possible mechanisms have been proposed which could account for the observed time-
dependence (Rikitake 1976a). It appears difficult to account for the observed magnitude of the
enhanced fields entirely in terms of the effects of conduction in the solid phase. The low integrated
resistivity beneath the Southern Uplands has already been noted. The implications of such low
resistivities (< 100 ohm.m) at lower crustal depths have recently been discussed by Ohloeft (1981). It
appears likely that free-water saturation of a few weight per cent are required to explain such values.
It is also apparent from the laboratory work that from room temperature through to granitic melting
(650-1100 °C) changes of several weight per cent water are capable of producing decreases in
electrical resistivity of between 3 and 9 orders of magnitude.

The mechanism of stress-induced dilatancy (Nur 1972) predicts an order of magnitude decrease in
the electrical resistivity of water saturated silicate rocks after the onset of pore dilation, within a



closed system. Pore dilation in laboratory samples occurs at between1/3 to 2/3 of the fracture stress
(Brace & Orange 1968), and it is apparent that the average stress drop associated with most
earthquakes (< 200 bar) would be insufficient to initiate dilatancy in the competent laboratory
samples. At the present time, most laboratory work has studied the effect of microcrack (cf. joint)
dilatancy. When an earthquake occurs along well-established faults, the relevant cracks are likely to
be joints and large scale fractures. In such a heterogeneous fault zone, the stress field is unlikely to be
be uniformly distributed. Recent detailed studies (Wyss, Johnston & Klein 1981) have revealed the
presence of localized and dilatant regions of high stress within an earthquake preparation zone.

Direct observations of crack behaviour (dilatant-induced and pre-existing) under stress (Hadley 1975;
Batzle, Simmons & Siegfried 1980) have revealed that stress-induced cracks are non-randomly
orientated with the plane of the induced crack close to the axis of maximum compressive stress. It
has been argued that such stress-induced cracks will appear anisotropic to short-period seismic
waves (Crampin & McGonigle 1981). The symmetry directions of large-scale dilatancy should also
introduce modifications to geoelectric structure in the principal directions of crustal stress
accumulation. Subsequent fluid diffusion (when it occurs) will be governed by the overall pore
pressure gradients generated by the dilatant volume. When two models (wet and dry) of earthquake
precursor mechanisms are compared (Mjachkin et al. 1975) it is predicted that during an anomalous
period, maximum resistivity decrease should occur in a direction parallel with the eventual fault
plane (dry model) or inclined to it, in the case of a wet dilatancy-diffusion mechanism. It is clear from
the results shown in Fig. 6 (a, b) that, with regard to the fault plane solution obtained for the BDE
(King 1980), the direction of maximum anomalous current increase is inclined to the fault plane thus
favouring a dilatancy-diffusion interpretation. It is apparent from the results presented in Figs 4(a)
and 5(a) that predominantly N-S anomalous currents affecting the anomalous Hy component at long
periods (B3 and B7) occur after the BDE. Such behaviour may again be compatible with a dilatancy-
diffusion interpretation. If pore fluid is present in microcracks, post-dilatant recovery (crack closure)
will be governed by the rate at which fluid can be expelled. Temporal variations in electrical resistivity
are indeed anticipated during dilatancy recovery (Scholz & Kranz 1974) although the reason why
only the anomalous horizontal fields of long periods (> 600 s) are affected, remains unclear. The
persistence of anomalous horizontal fields of long periods after an earthquake occurrence has
previously been noted in the results of Rikitake et al. (1980).

While this study allows a geomagnetic precursor to be defined, albeit in hindsight, the lack of
additional control does not allow possible earthquake mechanisms to be investigated in detail. A
strong aftershock sequence in the region is currently being monitored. It would be of interest to
extend this study onwards in time to investigate further geomagnetic effects during the recovery
period.
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Figure 1. Outline geological sketch map of the earthquake region. The solid rectangle defines an area
of epicentral locations obtained with an error of less than 2 km. ESK: Eskdalemuir, NEW:
Newcastleton, CAR: Carlisle.
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Figure 2. Real (Gg, B) and imaginary (G,, 8,) induction arrows obtained at ESK. (a) Single-station
result, using vertical and horizontal fields at ESK. (b) Inter-station result, using vertical field at ESK
and horizontal fields at YOR.
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Figure 3. Horizontal field transfer functions (C, D) and (E, F) in terms of real (Re) and imaginary (Im)
components, as a function of period. Data centred on day 310 1979.
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Figure 4. Estimates of inter-station horizontal field transfer function C during 1978 and 1979 for four
period ranges: B3 (4000-2000 s), B7 (1000-600 s), B11 (250-150 s) and B15 (70-50's). (a) In-phase
(real) component, (b) In-quadrature (imaginary) component. All error bars are +1 sd. The occurrence
of the Boxing Day earthquake is shown as the broken vertical line.
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horizontal field transfer function F during 1978 and 1979, and as
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Figure 6. Anomalous horizontal field rotation ellipses for four period ranges and two separate time
intervals. (a) Data centred on day 63 1979, (b) Data centred on day 310 1979: the number in the top
right corner of each frame refers to the azimuth (clockwise, geographic) of the major axis of the

rotation ellipse.
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