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Abstract. We determined the electric and magnetic fields generated during failure of
faults containing sealed compartments with pore pressures ranging from hydrostatic to
lithostatic levels. Exhumed fault studies and strain measurement data limit the possible
size of these compartments to less than 1 km in extent. Rupture of seals between
compartments produces rapid pore pressure changes and fluid flow and may create
fractures that propagate away from the high-pressure compartment, along the fault
face. Nonuniform fluid flow results from pressure decrease in the fracture from crack-
generated dilatancy, partial blockage by silica deposition, and clearing as pressure
increases. A direct consequence of this unsteady fluid flow may be associated transient
magnetic signals caused by electrokinetic, piezomagnetic, and magnetohydrodynamic
effects. Models of these processes for fault geometries with 1-km-high pressure
compartments show that electrokinetic effects are several orders of magnitude larger
than the other mechanisms. The electrokinetic signals produced by this unsteady flow
are comparable in magnitude and frequency to the magnetic signals observed prior to
the M 7.1 Loma Prieta earthquake of October 18, 1989, provided fracture lengths are

less than 200 m.

Introduction

Byerlee [1990, 1992] and Rice [1992] recently suggested a
resolution of the ‘‘San Andreas heat flow paradox™ by
proposing a model in which fluid pressure gradients within
the fault zone can produce a fault with low strength while
avoiding hydrofracture in the surrounding rock due to ex-
cessive fluid pressure. Byerlee [1993] extended this idea by
suggesting that silica deposition within the fault zone and
between the fault zone and the country rock results in the
formation of sealed compartments of various sizes and
porosities. Compaction increases the fluid pressure to levels
that are greater than hydrostatic but not uniform from
compartment to compartment along the fault.

The formation, growth, and failure of these high-pressure
compartments have interesting consequences, particularly
for fault mechanics and earthquake prediction research.
Changing pore pressure from perhaps lithostatic to hydro-
static in these inclusions should, depending on their size and
location, generate readily detectable strain changes, mi-
croseismicity, and electric and magnetic field transients prior
to fault failure. Observations of high-resolution strain before
moderate earthquakes [Johnston et al., 1987], microearth-
quake patterns [Nadeau et al., 1994], and indications from
exhumed faults suggest that characteristic compartment
sizes could not be larger than 100 m to 1000 m in extent
[Johnston, 1994). Aseismic failure of these inclusions could
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provide the trigger mechanism for larger-scale sonic fault
rupture (conventional earthquakes).

Our primary interest here concerns magnetic and electric
fields that might result from mechanisms initiated by rapid
pore pressure changes and fluid flow following rupture or
partial rupture of these compartments. These mechanisms
include electrokinetic effects [Mizutani et al., 1976; Fitter-
man, 1978, 1979; Ishido and Mizutani, 1981; Miyakoshi,
1986; Dobrovolsky et al., 1989], piezomagnetic effects [Sracey,
1964; Stacey and Johnston, 1972; Sasai, 1980; Johnston, 1989],
and possible contributions from magnetohydrodynamic effects
[Draganov et al., 1991] and stress-resistivity changes [Mazella
and Morrison, 1974; Fitterman and Madden, 1977; Madden,
1979; Morrison et al., 1979; Qian et al., 1983; Sheng and Chen,
1988; Park and Fitterman, 1990]. In this paper we investigate
comparative electrokinetic, piezomagnetic, and magnetohy-
drodynamic models and realistic extensions of these models,
expected from the simple ‘‘compartment failure” hypothesis.
In particular, we suggest that magnetic fields resulting from
irregular fluid flow should be expected given the dramatic
physical changes during compartment failure. Further, these
effects at the hypocenter of the 1989 M; 7.1 Loma Prieta
earthquake may be responsible for the increased ULF noise
reported by Fraser-Smith et al. [1990] near the epicenter before
and after the earthquake.

High Pore Pressure Fault Model

In Byerlee’s [1993] model of high fault zone pressure,
impermeable seals hydrologically isolate the fault zone from
the surrounding country rock. A three-dimensional network
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of impermeable seals within the fault zone confines fluids at
superhydrostatic to lithostatic pressures in compartments of
various sizes and shapes. The size of these compartments is
poorly constrained, although the vertical extent is limited to
a few hundred meters [Fournier, 1991} and the horizontal
extent is comparable [Johnston, 1994]. Observations of
trapped fluid with high apparent pore pressure in exhumed
faults provide some indication of compartment size. Kerrich
et al. [1977] observed compartment sizes of up to 1 km. For
currently active compartments, size may be inferred indi-
rectly through near-surface strainmeter data. Strainmeters in
200-m-deep boreholes near the San Andreas fault in Califor-
nia operate at sensitivities of about 107°. Since strain
changes above this measurement limit are not readily appar-
ent in these data before large earthquakes [Johnston et al.,
1987], compartments at seismogenic depth could be as large
as several hundred meters if rapid pressure changes occur at
the kilobar level. For these reasons, we initially assume that
compartments extend less than 1 km.

Equally important to this model is the pore pressure
distribution in the fault zone. We may infer a probable pore
pressure system from the heat flow measurements along the
San Andreas fault. Byerlee [1992] provides an expression
which relates the apparent coefficient of friction with the
ratio of the pore pressure in the fault zone to the magnitude
of the vertical stress. For a coefficient of friction, u < 0.1,
implied by the absence of a heat flow anomaly over the fault,
the average pore pressure in the fault zone must be 85% of
lithostatic. If the fault zone consists exclusively of lithostatic
and hydrostatic pore pressure compartments, 75% of the
fault zone volume must be lithostatic pore pressure compart-
ments. In other words, lithostatic compartments must con-
tain 3 times the volume of hydrostatic compartments.

During differential plate motion, shear stress builds in the
weak, fluid-filled fault zone until strong impermeable seals
between high-pressure and low-pressure compartments rup-
ture. Rupture of seals in response to tectonic loading would
initiate shear fractures that propagate into the low-pressure
compartment, enabling the rapid movement of fluid from the
high-pressure compartment. Figure 1 illustrates the geome-
try of this process.

For this model we consider a relatively thin shear fracture
in which fluid is constrained to flow primarily along fault
strike in the direction of fracture propagation. The expres-

sion for one-dimensional transient flow of a compressible
fluid through a porous medium is [Brace et al., 1968]
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where P is pressure in the fracture, 7 is dynamic viscosity,
k is fracture permeability, ¢ is porosity, B is fluid compress-
ibility, B, is compressibility of the solid matrix, and B.g is
effective compressibility of the rock (as measured in a
jacketed sample). For most rocks, B is much larger than
either B; or Beg [Brace et al., 1968]. Therefore the flow
expression is
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The shear fracture propagates into the low-pressure com-
partment. At any time in its evolution the fracture tip is
dilatant. Analysis of exhumed faults shows dilatant behavior
[Sibson et al., 1988; Chester et al., 1993] that may support
this argument even though this is interpreted to result from
fault irregularity. Thus the initial condition of the system
P(x, 0) is small since only the fracture tip is present at the
time of fracture initiation.

In the Byerlee [1993] model the compartments are as-
sumed to include the central fault gouge and the surrounding
breccia zones. This region of a fault zone may be a kilometer
thick and could contain substantial fluid volumes [Cox et al.,
1991]. By contrast, the shear fracture is only a few centime-
ters thick. Since the volume of the shear fracture is negligible
compared to the volume of the high-pressure compartment,
the pore pressure at the compartment boundary (where
rupture first occurs) remains at the high-pressure levels for
the duration of the process. In our extension of the Byerlee
model we assume that the high-pressure compartment has
lithostatic pore pressure levels. To simplify our mathemati-
cal analysis, we use the method of images, which essentially
doubles the width of the low-pressure compartment, with a
high-pressure compartment on either side. This is equivalent
to reflection about the y axis in Figure 1. Thus the boundary
condition is P(*l, 1) = P;.

Here we assume the pressure P approaches zero as the
distance from the high-pressure compartment becomes rel-
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atively large. This provides an approximation of the real
pehavior of the system. Applying Laplace transforms yields
a pore pressure distribution in the shear fracture of

P(x, t) = Py — P; erf (x/2(D1)?) 3)

where D = kinB¢. The pore pressure distribution is illus-
trated in Figure 2. In a more realistic description of the shear
fracture evolution, P — 0 as x — [, and the average pore
pressure in the fracture is hydrostatic. Because of the
differences in formulation, equation (3) is only an approxi-
mation of the more realistic description.

This pore pressure distribution ‘constantly evolves as the
fracture propagates farther into the low-pressure compart-
ment. The abrupt pore pressure change at the fracture tip
causes a phase change, resulting in the rapid deposition of
silica. In addition, the variation in pressure across the
fracture, from near lithostatic .at the rupture boundary to
near-zero at the fracture tip, sharply reduces the silica
solubility [Fournier, 1985; Herrington and Wilkinson, 1993;
Fournier and Potter, 1982]. At a depth of 17 km the silica
solubility across the fracture drops from 1 wt % near the
lithostatic high-pressure compartment to less than 0.5 wt %
at the fracture tip (see Figure 3). Consequently, silica
deposition near the fracture tip may decrease permeability,
reducing and perhaps stopping further fluid flow and fracture
propagation. Should this happen, pressure builds in the
fracture until rupture of the temporary seal occurs and the
shear fracture propagation continues. This stop-and-start
fracture propagation continues until the shear fracture is
stopped or it reaches another high-pressure compartment. In
the latter case, fluid will rush in from the newly breached
high-pressure compartment and the pore pressure distribu-
tion in the fracture becomes quite complex. The shear
fracture may continue to propagate along the fault through
the high-pressure compartment, producing seismic radiation
and moving at Rayleigh wave velocity [Andrews, 1976].
Should this fracture reach another impermeable seal be-
tween a high-pressure and low-pressure compartment, the
seal ruptures and the entire process begins anew. Each time
a seal ruptures or a shear fracture stops and starts, fluid
motion occurs, possibly generating observable magnetic and
electric field changes.
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Figure 2. Normalized pore pressure distribution in the
shear fracture as a function of distance and time. 95% of the
total distribution occurs in the region 0 < x/2(D1) ' < 1.36.
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Figure 3. Solubility of silica in water by weight percentage
versus depth on the San Andreas fault for hydrostatic and
lithostatic pore pressure gradients (derived from Fournier
[1985]).

Possible Mechanisms for ULF Emissions

There are three significant mechanisms for generation of
ULF emissions that could result from the rupturing of an
impermeable seal between high- and low-pressure compart-
ments: magnetohydrodynamic (MHD), piezomagnetic, and
electrokinetic effects. Both MHD and electrokinetic effects
result from the fluid flow associated with the seal rupture.
Piezomagnetism results from changes in magnetism pro-
duced by high pressures in the shear fracture.

In the case of magnetohydrodynamics the motion of an
electrically conducting fluid in the presence of a magnetic
field perturbs that field. The applied field here is simply
Earth’s magnetic field, and the other characteristics are
defined by the fluid action in the fault zone. The magnetic
Reynolds number Re,, provides an approximation of the
perturbation of the magnetic field at the source. For our
shear fracture model the MHD effect is negligible at the
surface [Fenoglio et al., 1994].

This result differs from that obtained by Draganov et al.
[1991], who proposed an MHD model for the region sur-
rounding the Loma Prieta earthquake in which a conductive
sheet of water at 4 km depth moves with a fluid velocity of 40
mm/s. With this model he calculated a surface magnetic field
of approximately 0.1 nT. The difficulties with this model
concern the permeability of 10 ~1® m? proposed for this layer
(i.e., equivalent of sand); the pressure gradient required to
drive fluids at this velocity; the nonrealistic nature of sheet
fluid flow with its implications for strain, seismicity, and
surface hydrology; and the need to make this flow oscillatory
with a wave number, k,, of 107*, if this model is to
approximate the electromagnetic signals observed by
Fraser-Smith et al. [1990] for this earthquake. Even suppos-
ing a fracture system exists in this region, the permeability is
unlikely to exceed 10! m? [Brace, 1980] under the most
favorable of circumstances. With this permeability, the
pressure gradient needed is 4 X 105 Pa/m. For this case,
then, the pore pressure would be 4 X 10'° Pa. Thus the
Draganov model requires a pore pressure well above litho-
static (about 10% Pa at 4 km depth), which is extremely
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unlikely. We therefore conclude that magnetohydrodynamic
effects at depth do not appear to contribute to anomalous
surface magnetic fields.

The piezomagnetic effect results from a change in magne-
tization of ferromagnetic-bearing rock in response to applied
stress. In our model, as the shear fracture propagates into
the low-pressure compartment, the high pore pressures that
act along the walls of the shear fracture produce piezomag-
netic effects in the surrounding rock. We model this effect by
treating the fracture as a dyke subject to stress equal to the
pore pressure of the high-pressure compartment. Using
numerical integration techniques, we can determine the
magnetic field at the surface caused by the piezomagnetic
effect [Sasai, 1991]. The result is a magnetic field that is
everywhere less than 1072 nT and is strongest directly over
the source [Fenoglio et al., 1994]. This contribution is
additive to any magnetic field anomaly caused by electroki-
netic effects.

The inadequacy of MHD and piezomagnetic effects to
cause sizable (>1 nT) magnetic field anomalies at the surface
for the shear fracture model leaves only electrokinetic ef-
fects as a possible mechanism for the generating large
magnetic field anomalies. The following section describes
the electrokinetic effect resulting from rapid fluid flow into a
shear fracture created by a rupture between high- and
low-pressure compartments.

Electrokinetic Effects

Electrokinetic effects are the electrical currents (and mag-
netic fields) generated by fluid flow through the crust in the
presence of an electrified interface at the solid-liquid bound-
aries. This electrified interface consists of ions anchored to
the solid phase, with an equivalent amount of ionic charge of
opposite sign distributed in the liquid phase near the bound-
ary. For a shear fracture into which fluid flows, this electri-
fied interface exists at the fracture wall [Overbeek, 1953].

When the fluid in such a system moves, the charges in the
fluid are transported along the fracture wall in the direction
of fluid motion; that is, electric current exists. The current
density and fluid flow are coupled processes described by the
following equations [Nourbehecht, 1963; Fitterman, 1979]

74
j=—oVE-—VpP ¢y}
n
and
el k
v=—-——VE-—VP (6]
n n

where j is current density, v is fluid velocity, E is streaming
potential, ¢ is dielectric constant, { is zeta potential, and ¢ is
fluid conductivity. The zeta potential is the measure of the
initial potential (which exists because of a nonuniform dis-
tribution of the ions in the fluid phase) in the electrified
interface.

The current density expressed in (4) has two components.
The second term represents electric current resulting from
mechanical energy being applied to the system and is some-
times called the ‘‘impressed’’ current. In our model this term
describes current generated by fluid flow in the shear frac-
ture. The electric field that develops as a passive response to
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this fluid flow sets up counter or “‘back’” currents in the finig
and the surrounding fault zone depending on the distributiog
of electrical conductivity. The first term of (4) represents
these back currents. The distribution of electrical condye.
tivity determines what net magnetic fields result from these
effects. At one extreme, as in the case of streaming potentig]
(SP) measurements in the laboratory [Ahmad, 1964), insy.
lated reservoirs of conducting fluid at different pressures are
connected by an insulated pipe. Here the back currents are
confined to the conducting fluid where they oppose the
electric currents generated by fluid flow. This results in no
net magnetic field.

The situation in our extension of the Byerlee fault mode] is
very different. The conductivity and geometry of our mode}
can be described in terms of an insulated reservoir of
conducting fluid embedded in a less conducting fault zone of
several kilometers thickness. Rupture of the reservoir allows
fluid to flow in a stop-and-start fashion along shear cracks in
the fault zone. The conductivity of the fluid (brine) is about
1 S/m, whereas the conductivity of the fault zone and its
surroundings ranges from 0.3 to 0.001 S/m [Eberhart-Phillips
et al., 1990].

For this situation, the components of (4) can be viewed as
two separate contributions to the overall electric current,
given by

I=Jitis (6

where j is the net electric current, j; is the impressed current,
and j, is the back current. Within the high-pressure com-
partment, significant fluid flow occurs only near the rupture
point. The impressed currents are small and are effectively
cancelled by secondary back currents. While some current
flow may result as a consequence of different ion mobilities,
no significant magnetic field is generated.

Outside the compartment, fluid flows in the propagating
shear fracture along the fault zone, which is neither hydro-
logically nor electrically isolated from the country rock.
While the primary impressed currents resulting from this
fluid flow are confined to a narrow shear fracture, back
currents develop in the shear fracture and may also flow in
the electrically conducting near-fault materials (volume cur-
rents).

The relative importance of the contributions of the net
magnetic field from each of these two current systems is an
important issue. To address the contribution from volume
currents, we consider the special case where the material
outside the fault is uniformly conducting with j vanishing at
infinity. For this case, the field at r from the Biot-Savart law
may be written [Williamson and Kaufman, 1981] as

)

Tan

V' xj(r
#OI J()dV

-]

where B is the magnetic field and uq is the permeability of
free space. This shows that the field is due to the geometrical
aspect of the current system with a finite curl. Furthermore,
since for uniform conductivity the volume current j; is
proportional everywhere to the gradient of the electric
potential and since the curl of a gradient is zero, only the
currents within the shear fracture give rise to a magnetic
field. In our case, while the fault zone and near-fault con-
ductivity structure is not uniform, it is reasonably so at the
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depth at which the Loma Prieta earthquake occurred [Eber-
hart-Phillips et al., 1990]. Thus we would expect the primary
contribution to the magnetic field to be due to impressed
currents in the fracture reduced by direct back current flow
also within the fracture. The majority of the impressed
current is cancelled by the the direct back current, but some
current also flows in the surrounding conductive medium.
Laboratory experiments involving flow of blood through
conducting tissue indicate that measurable magnetic fields are
generated by volume currents [Williamson and Kaufman,
1981]. These results are intriguing, although their applicabil-
ity to earth materials is uncertain. Laboratory experiments
of magnetic fields generated by flow of conducting fluids
through fractured crustal rocks at seismogenic pressures and
temperatures are clearly needed to determine the net current
flow and relative importance of back current within a frac-
ture. An exact solution will require a detailed knowledge of
the conductivity of the material within and outside the fault
zone, but presently, these data are not available. Dobrovol-
sky et al. [1989], Mizutani et al. [1976] and others have
suggested that back currents may be ignored. We initially
assume this to be the case to calculate an upper estimate of
the magnetic fields generated for our model.

This simplifies our electrokinetic construct. We simply say
the fluid within the fracture flows at approximately the same
rate as the fracture propagates. Thus, when the fracture
ceases propagation (and the fracture is entirely fluid filled;
that is, soon after another high-pressure compartment is
reached), the fluid flow will quickly cease and the electroki-
netic effects end. Equilibrium is reestablished. Proceeding
from these arguments, our current density is

.. Prel
IR TCNL

This current density in the shear fracture generates a
magnetic field at the surface. We apply the Biot-Savart law
to determine the magnetic field.

-x 2/4Dt. ( 8)
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Table 1. Constants Important for Electrokinetic Effects

Variable Value

e, dielectric constant 7.07 x 107'° F/m
¢, zeta potential 0.1V

B, fluid compressibility 3x 10710 pa-!
@, porosity 0.5

7, dynamic viscosity 1074 Pas

o, magnetic permeability of free space 47 x 1077 Hm
k, fracture permeability 10712 ;2

p, density of rock 2500 kg/m?

I, fracture length 200 m

d, depth to the top of the fracture 17 km

h, height of fracture 1000 m
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Figure 4. Comparison of the horizontal magnetic field
along fault strike generated by fluid flow in a shear fracture
200 m long and 1000 m high buried at 1 km, 5 km, and 17 km
(at time t = 1 s).

where r = [(x — x')2 + y2 + (z — z)%1'2, j, =
Prel/n(D)\2, and g is the magnetic permeability of free
space. The magnetic field cannot be determined analytically
from this integral expression. We can integrate with respect
to the vertical variable z’ to reduce the problem to a single
integral. Using integration by parts allows numerical integra-
tion that reveals the horizontal magnetic field B, to be
several orders of magnitude larger than the vertical magnetic
field B,. Therefore we will limit our analysis to the horizon-
tal magnetic field at the surface.

For a current sheet 200 m in length and 1000 m in height,
the surface magnetic field can be calculated for different
depths and times using the physical constants summarized in
Table 1. Figures 4 and 5 show the magnetic field profiles
along fault strike for varying depths and times, respectively.
As the depth of the source increases, the peak magnetic
value decreases and the signal becomes more and more
spatially distributed. As time increases, the magnetic field
decreases rather uniformly along fault strike. The curve
labeled ¢+ = 1 s in Figure S corresponds to the curve labeled
z = 17 km in Figure 4.
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Figure 5. Horizontal magnetic field evolution along fault
strike generated by fluid flow in a shear fracture 200 m long
and 1000 m high buried at 17 km. The evolution is shown at
times ¢ = 1, 10, and 100 s.
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For the modestly sized source considered, the magnetic
field at the surface may be as high as =2 nT even for a source
buried at 17 km. Clearly, electrokinetic effects resulting from
rupture of impermeable layers between fault compartments
of differing pore pressure may be quite large.

Discussion of the Loma Prieta Earthquake
ULF Observations

Of the mechanisms considered, electrokinetic effects gen-
erate the strongest magnetic field at the surface associated
with a shear fracture driven by high pore pressures in
response to failure of an impermeable layer between fault
zone compartments. The October 17, 1989, Loma Prieta M
7.1 earthquake offers a unique opportunity to test the valid-
ity of the fracture propagation model. Before and after this
earthquake an ultralow frequency (ULF) magnetometer op-
erated in Corralitos, California, only 7 km from the epicenter
of the mainshock. This instrument indicated a number of
ULF magnetic field fluctuations recorded as spectral peaks
throughout its 0.01- to 10.0-Hz bandwidth [Fraser-Smith et
al., 1990]. Within the ULF range, the 0.01- to 0.02-Hz
frequency window showed the most remarkable signals, with
barely perceptible changes in the 5.0~ to 10.0-Hz bandwidth.

The primary focus of this paper is to determine whether
the evolution of the compartment model proposed by Byer-
lee [1993] can generate magnetic signals large enough to
account for the observations of Fraser-Smith et al. [1990].
Specifically, we wish to examine two major increases in the
magnetic field of October 1989, one on October 5, 1989, and
the other just 3 hours prior to the mainshock. In the 0.01- to
0.02-Hz bandwidth, the magnitudes were 2.0 nT for the first
and 6.7 nT for the second.

The static considerations of the previous sections illus-
trate that electrokinetic effects generate signals comparable
with the largest changes in the Fraser-Smith et al. data. The
question becomes how to explain the oscillatory nature of
the signals. For the geometry of the fault zone described by
Byerlee [1993], these oscillations can occur in two significant
ways, as mentioned in the fault model section. The first is a
stop-and-start propagation of the fracture within the low-
pressure compartment. This mechanism is triggered because
of the tremendous decrease in pore pressure from the
rupture in the impermeable boundary between compart-
ments to the fracture tip. This pressure decrease results in
reduced solubility and deposition of silica in the fracture.
With enough deposition the fracture may be sealed and
propagation ceases. With the end of fluid motion the elec-
trokinetic effects also cease. The pressure in the newly
sealed fracture rapidly rises to lithostatic levels, the new seal
ruptures, and the process repeats. This process continues to
repeat until the next lithostatic compartment is reached.
Upon reaching the next lithostatic compartment the defor-
mation propagates at shear wave velocity to the next imper-
meable seal between high- and low-pressure compartments.
The full process repeats itself again.

The length of the fracture determines the time it takes for
the fracture to propagate that distance. If we assume that the
fluid pressure rises virtually instantaneously to lithostatic
levels once the fracture seals or is partially blocked by silica
deposition, then the fracture propagation time is equal to the
period of oscillation for this intermediate stage. We can
derive a relation between propagation time and fracture
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Table 2. Relationship of Frequency Window and
Fracture Length

Frequency, Period, Fracture Length
Hz s m !
0.01-0.02 50-100 157-222
0.02-0.05 20-50 99157
0.05-0.10 10-20 7099
0.1-0.2 5-10 50-70
0.2-0.5 2-5 3143
0.5-1.0 12 2231
1.0-2.0 0.5-1 16-22
2.0-5.0 0.2-0.5 9.9-16
5.0-10.0 0.1-0.2 7.0-9.9

distance using the pore pressure distribution in the shear
fracture (see Figure 2). The pore pressure expression (3)is a
complimentary error function which asymptotically ap-
proaches zero as the horizontal variable approaches infinity.
The region which covers 95% of the pore pressure distribu-
tion is 0 < x/2(D)'? < 1.36 (see Figure 2). This area
represents an approximation of the finite length fracture.
Under this assumption, if we consider that silica deposition
and initiation of the stop and start mechanism occur at the
rightmost point of the 95% distribution, we can find an
expression which relates fracture length / and propagation
time T:

112(DT)V2 = 1.36 (10a)

or

T =1%7.4D. (10b)

Since T is also the period of oscillation, the frequency
window corresponding to a particular fracture length is
simply 1/T.

The strain data and exhumed fault observations, along
with determinations of average pore pressure in the fault
zone, limit the compartment size and geometry. For equal
width and height of the lithostatic and hydrostatic compart-
ments, the hydrostatic compartments must be one-third the
length of lithostatic compartments. Since the electrokinetic
effects occur only in the low-pressure compartments, the
maximum fracture length would be about 300 m. For this
case, we ignore stop-and-start fracture propagation in the
low-pressure compartment and consider only the repetition
as the fracture propagates along the fault. The period of
oscillation is about 180 s, which corresponds to a frequency
of 0.006 Hz. This frequency is between the ULF range
(0.01-10.0 Hz) and the sampling frequency (0.0016 Hz) of
strainmeters. Consequently, accepting the veracity of the
Fraser-Smith et al. data places an additional constraint on
the compartment size vis-a-vis the fracture propagation
rates.

Table 2 shows the fracture lengths which correspond to
each frequency band in the ULF range. Consider the 0.5- to
1.0-Hz bandwidth, with associated fractures of about 20-30
m in length. In the magnetic data recorded at Corralitos, the
last obvious disturbances occur in this frequency window.
Suppose that a 25-m fracture repeatedly forms within the
low-pressure compartment until reaching the next high-
pressure compartment. For a 200-m-long low-pressure com-
partment, eight such fractures will form, generating a repeat-
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Figure 6. Horizontal magnetic field for 25-m fractures as seen by a surface observer 17 km above the
initial rupture. This magnetic field arises from the current associated with fluid flow into a 200 m by 1000

m shear fracture.

ing magnetic signature. Figure 6 shows the magnetic field
time series for an observer standing 17 km directly above the
rupture between the high- and low-pressure compartments.
Figure 7 shows the power spectrum which results from this
repeated signal. The most obvious and important feature of
the power spectrum is the increasing strength of the signal as
frequency decreases. This matches the general character of
the magnetic data recorded by Fraser-Smith et al. [1990].

Conclusions

This investigation of magnetic effects associated with the
evolution of the compartment fault model proposed by
Byerlee [1993] yields several interesting results. Most impor-
tantly, the rupture of brittle impermeable layers between
compartments of different pore pressure regimes in response
to tectonic loading leads to shear fracture formation in the
low-pressure compartment. Extremely turbulent fluid flow
into the shear fracture generates magnetic signals measur-
able at the surface as a result of electrokinetic effects. Other
mechanisms, such as piezomagnetism and magnetohydrody-
namics, contribute negligibly to the overall magnetic field.
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Figure 7. Power spectrum for the time series in Figure 6.
The general characteristics of this plot are similar to the

energy distribution in the magnetic data recorded by Fraser-
Smith et al. [1990].

Stop-and-start fracture propagation, a consequence of the
spatial distribution of the pore pressure within the shear
fracture, may explain the short-period ULF signals recorded
prior to the Loma Prieta earthquake. If this mechanism
generated these measured signals, segments of the fault of
perhaps several kilometers in extent were failing largely
aseismically during this time. The cumulative effects of such
large-scale aseismic failure could have been detected on a
strain array over the area had one existed at the time.
Further, some increase in microseismicity should also have
occurred, though none was apparent during the period prior
to the Loma Prieta earthquake [White, 1993].

The aftershock record of the Loma Prieta earthquake
shows no strong correlation between seismic events and
magnetic field fluctuations [Fenoglio et al., 1993]. However,
the highest correlation levels in the comparison occurred for
coincident aftershocks and magnetic signals. Given that the
compartment failure mechanism can trigger earthquakes, it
is not unexpected that the aftershocks, occurring in an
already weakened and deformed region, are coincident with
magnetic field changes that might result from further fluid
flow in response to continuing failure of the brittle imperme-
able layers between compartments.

Strain constraints [Johnston et al., 1990] and exhumed
fault observations limit the size of the high-pressure com-
partments to less than 1 km in extent. By inference from the
average pore pressure within the fault zone, the low-
pressure compartments are only one-third the extent of the
high-pressure compartments. Even for low-pressure com-
partments only 200 m across, the electrokinetic effects at the
surface are similar in magnitude to the recorded magnetic
field data. This being the case, the compartment fault model
appears capable of satisfying the ULF observations associ-
ated with the Loma Prieta earthquake.
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