NON-DOUBLE-COUPLE EARTHQUAKES

1. THEORY
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Abstract. Historically, most quantitative seismological
analyses have been based on the assumption that earth-
quakes are caused by shear faulting, for which the equiv-
alent force system in an isotropic medium is a pair of
force couples with no net torque (a “double couple,” or
DC). Observations of increasing quality and coverage,
however, now resolve departures from the DC model for
many earthquakes and find some earthquakes, especially
in volcanic and geothermal areas, that have strongly
non-DC mechanisms. Understanding non-DC earth-
quakes is important both for studying the process of
faulting in detail and for identifying nonshear-faulting
processes that apparently occur in some earthquakes.
This paper summarizes the theory of “moment tensor”
expansions of equivalent-force systems and analyzes
many possible physical non-DC earthquake processes.
Contrary to long-standing assumption, sources within

Angus D. Miller' and G. R. Foulger'
Department of Geological Sciences
University of Durham

Durham, England, United Kingdom

the Earth can sometimes have net force and torque
components, described by first-rank and asymmetric sec-
ond-rank moment tensors, which must be included in
analyses of landslides and some volcanic phenomena.
Non-DC processes that lead to conventional (symmetric
second-rank) moment tensors include geometrically
complex shear faulting, tensile faulting, shear faulting in
an anisotropic medium, shear faulting in a heteroge-
neous region (e.g., near an interface), and polymorphic
phase transformations. Undoubtedly, many non-DC
earthquake processes remain to be discovered. Progress
will be facilitated by experimental studies that use wave
amplitudes, amplitude ratios, and complete waveforms
in addition to wave polarities and thus avoid arbitrary
assumptions such as the absence of volume changes or
the temporal similarity of different moment tensor com-
ponents.

1. INTRODUCTION

Most earthquakes are caused by shear faulting. The
recognition of this fact [Gilbert, 1884; Lawson, 1908;
Reid, 1910] marked the beginning of seismology as a
science, although for several decades, mathematical the-
ory was inadequate to predict the static and dynamic
displacement fields of faults or other hypothetical phys-
ical sources. Seismologists debated in particular whether
a shear fault is equivalent to a force couple, as seems
intuitive, or to a pair of couples whose torques cancel
each other (a “double couple,” or DC). Single-couple
sources were originally supposed to model faulting, and
DCs were used to represent the sudden vanishing of
shear strength [4ki, 1979]. Single-couple theories con-
tinued to be applied to faulting until Maruyama [1963],
and independently Burridge and Knopoff [1964], rigor-
ously established that a shear fault in an isotropic elastic
medium is equivalent to a distribution of DCs over the
fault surface.

Figure 1 illustrates the relationship between a shear
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fault and the equivalent distribution of DC force sys-
tems. It also shows the radiation patterns of seismic body
waves from a single DC, to which a fault is equivalent in
the point source (long wavelength) approximation. For
compressional waves, this pattern consists of four sym-
metrical lobes of alternating polarity. Compressional
wave amplitudes vanish in the fault plane and also in an
“auxiliary plane” perpendicular to it. The shear wave
radiation pattern is also symmetric with respect to these
two planes, as are the entire static and dynamic displace-
ment fields, so the fault plane cannot be identified from
seismic or geodetic data in the point source approximation.

During the early years of seismology, some theories
attributed earthquakes to processes other than shear
faulting. Ishimoto [1932] in particular, thought that
earthquakes resulted from subterranean magma motion,
and modeled this process using force systems that pro-
duce conical, rather than planar, nodal surfaces for
compressional waves. In recent decades, however, the
model of an earthquake as a DC force system has
underlain most quantitative analysis of seismic waves
and has been highly successful in enabling seismologists
to use earthquakes to advance our understanding of
tectonic processes [e.g., Sykes, 1967; Isacks et al., 1968].
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(a)

(b)

Figure 1. The double-couple earthquake source mechanism.
(a) Plan view of a vertical strike-slip shear fault in an isotropic
medium, showing the direction of slip (open arrows), and the
equivalent distribution of double-couple force systems (solid
arrows, with forces applied at white dots). (b) Radiation pat-
tern of compressional waves, showing fault plane (solid lines),
and auxiliary plane (dashed lines). Adjacent lobes have oppo-
site polarity. (c) Same as Figure 1b, but for shear waves. These
radiation patterns are normalized with respect to their maxi-
mum values. For true comparison, the shear wave pattern
should be enlarged by a factor of (V,/V)> (3%* ~ 5.2, for a
Poisson solid.) The shear wave polarization direction is the
transverse component of the gradient of the compressional

wave amplitude.

As seismological instrumentation and analysis meth-
ods improved, however, departures from the idealized
DC theory were observed. A growing number of earth-
quakes are found to have anomalous mechanisms incon-
sistent with shear faulting. These earthquakes range in
size over many orders of magnitude and occur in many
geological environments, although they are most com-
mon in volcanic and geothermal areas. The physical
causes of these earthquakes are not yet well understood,
and it is likely that more than one process is involved.

At the same time, small departures from the DC
model are found for nearly all earthquakes studied rou-
tinely using high-quality data from global digital seismo-
graph networks. Most of these non-DC components are
probably artifacts of noisy data or imperfect modeling
methods, but many of them are well resolved. These
must indicate departures from idealized fault models,
such as curvature of faults or components of motion
normal to fault surfaces. Further advances in high-reso-
lution studies of earthquake mechanisms, and of non-DC
components in particular, can be expected to play an
important role in elucidating the roles of factors such as
geometrical fault complexity, tensile failure, dilatancy,

and fluid flow in faulting.
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A prerequisite for studying non-DC earthquake
mechanisms effectively is a mathematical method for
describing them. This is provided by the “moment ten-
sor” [Gilbert, 1970], a generalized source representation
that encompasses DCs, more general types of shear
forces, and volumetric forces. The moment tensor also
has important computational properties. In particular, it
yields linear mathematical expressions for displacement
fields, which facilitate their computation and enor-
mously simplify the inverse problem of deducing source
mechanisms from observations.

Studying non-DC components of earthquakes pro-
vides an opportunity to obtain new information about
Earth processes. In the case of volcanic and geothermal
earthquakes, this information may facilitate the exploi-
tation of geothermal energy and help in predicting vol-
canic activity. Deep earthquakes have been regarded as
paradoxical since they were first discovered, and their
causes are still not well understood. Many proposed
deep-earthquake processes involve polymorphic phase
transitions and volume changes, so non-DC earthquake
mechanisms are central to testing such theories.

This paper summarizes seismic source theory and
describes possible physical processes that are candidates
for causing non-DC earthquakes. A companion paper
[Miller et al., this issue] describes observations of such
events, using the material in this paper as a foundation.

2. QUANTITATIVE DESCRIPTION OF
EARTHQUAKE MECHANISMS

2.1. Introduction

It is conventional to represent an earthquake mathe-
matically by a system of equivalent forces. For a shear
fault in an isotropic elastic medium, this force system is
a DC. In order to investigate possible causes of non-DC
earthquakes, we first outline the theory that connects
physical earthquake processes with equivalent force sys-
tems.

2.2. Equivalent Force System

2.2.1. Failure processes. Physically, an -earth-
quake involves some kind of nonlinear failure process,
such as fracture or frictional sliding, acting within a
limited region. The equivalent force system, acting in an
intact (unfaulted) “model” medium, would produce the
same displacement field outside the source region. The
model medium is chosen to be mathematically tractable
and usually is linearly elastic, isotropic, and spatially
homogeneous. Any physical source has a unique equiv-
alent force system in a given model medium, but the
converse statement is not true. Many different physical
processes can have identical force systems and therefore
identical static and dynamic displacement fields.

Because the equivalent force system is all that can be
deduced from observations of displacement fields, it
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constitutes a kind of phenomenological description of
the source. There is a one-to-one correspondence be-
tween equivalent force systems and elastodynamic fields
outside the source region, so we can, in principle at least,
determine force systems from observations. On the
other hand, the correspondence between force systems
and physical source processes is one-to-many, so equiv-
alent force systems (and therefore seismic and geodetic
observations) cannot uniquely diagnose physical source
processes. A familiar example of this nonuniqueness is
the ambiguity between a fault plane and the “auxiliary
plane” orthogonal to it Faulting on either of these planes
produces identical long-wavelength radiation (section
2.4.2).

The failure process can be regarded as a sudden
localized change in the constitutive relation (stress-
strain law) in the Earth [Backus and Mulcahy, 19764, b].
Before an earthquake the stress field satisfies the equa-
tions of equilibrium. At the time of failure, a rapid
change in the constitutive relation causes the stress field
to change. The resulting disequilibrium causes dynamic
motions that radiate elastic waves. For illustrative pur-
poses, we disregard the effect of gravity in the following
discussion. In the absence of external forces, the equa-
tion of motion is

(1)

where p(x) is density, u(x, ¢) is the particle displacement
vector, o (X, t) is the physical stress tensor, x is position,
and ¢ is time. Dots indicate differentiation with respect
to ¢, ordinary subscripts indicate Cartesian components
of vectors or tensors, the subscript “,j” indicates differ-
entiation with respect to the jth Cartesian spatial coor-
dinate x;, and duplicated indices indicate summation.
The true stress is unknown, however, so in theoretical
calculations we use the stress s(x, ¢), given by the con-
stitutive law of the model medium (usually Hooke’s law).
If we replace o; by s; in the equations of motion,
though, we must also introduce a correction term, f(x, 7):

= Sl'j,j + f;', (2)
def

fi = (o = sy) ). 3)

This term has the form of a body-force density, and is the
equivalent force system of the earthquake. It differs
from zero only within the source region. The difference
between the true physical stress and the model stress,
appearing in parentheses on the right side of (3), has
been termed the “stress glut” by Backus and Mulcahy
[1976a, b].

2.2.2. Net forces and torques. Since the 1960s,
when single-couple force systems were shown to be
inappropriate models of shear faults, nearly all analyses
of earthquake source mechanisms have explicitly ex-
cluded net forces and torques from consideration. The
equivalent forces given by (3), which arise from the
imbalance between true physical stresses and those in

puU; = 0y,

pii;
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the model, are consistent with these restrictions. Be-
cause the stress glut o;; — s; is symmetric, f exerts no net
torque at any point. Furthermore, because o; — s;
vanishes outside the source region, Gauss’ theorem im-
plies that the total force exerted vanishes at each instant.

More complete analysis, however, including the ef-
fects of gravitation and mass advection, shows that equa-
tion (3) is based on overly restrictive assumptions and
that net force and torque components are possible for
realistic sources within the Earth [Takei and Kumazawa,
1994]. Additional forces arise from (1) differences be-
tween the Earth’s true density distribution and that in
the model, (2) time variations in density caused by mass
advection, (3) differences between true particle acceler-
ation and that obtained by linearizing the Eulerian de-
scription of motion, (4) differences between the true
gravitational acceleration and that in the model, and (5)
variations in gravity caused by the mass variations (ef-
fects 1 and 2). The unbalanced forces and torques arising
from these effects transfer linear and angular momen-
tum between the source region and the rest of the Earth,
with both types of momentum conserved for the entire
Earth. An easily understood example is the collapse of a
cavity, in which rocks fall from the ceiling to the floor.
While the rocks are falling, the Earth outside the cavity
experiences a net upward force, relative to the state
before and after the event.

The net force component in any source is constrained
by the principle of conservation of momentum; because
the source region is at rest before and after the earth-
quake, the total impulse of the equivalent force (its time
integral) must vanish. Surprisingly, no such requirement
holds for the torque. The total torque exerted by gravi-
tational forces need not vanish even after the earth-
quake. Horizontal displacement of the center of mass of
the source region leads to a gravitational torque, which
must be balanced by stresses on the boundary of the
source and causes the radiation of elastic waves. Because
gravity acts vertically, there can be no net torque about
a vertical axis.

We cannot use the equivalent force system f(x, ¢) and
the elastodynamic equation (2) to determine the dis-
placement field for a hypothetical source process. The
equivalent force system itself depends on the displace-
ment field that is being sought. Two different ap-
proaches are commonly used:

1. In the kinematic approach we assume some
mathematically tractable displacement field in the
source region (e.g., suddenly imposed slip, constant over
a rectangular fault plane), derive the equivalent force
system from equation (3), and solve (2) for the resulting
displacement field outside the source region [e.g.,
Haskell, 1964; Savage, 1966; Okada, 1985, 1992].

2. In the inverse approach we use (2) to determine
the force system f(x, ¢) from the observed displacement
field, and compare the result with force systems pre-
dicted theoretically for hypothesized source processes.
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The most useful way to parameterize the force system in
this approach is to use its spatial moments.

2.3. Moment Tensor

2.3.1. Moment tensor expansion for the response.
Given the equivalent force system f(x, ¢), computing the
response of the Earth is a linear problem, and its solu-
tion can be expressed as an integral over the source
region V' [Aki and Richards, 1980, equation 3.1] (omitting
displacement and traction discontinuities for simplicity):

Lt,-(X, t) = jfj Gij(xa ga t)*f;(gy t) d3§’ (4)

where G;(x, &, 1) is the Green’s function, which gives the
ith component of displacement at position x and time ¢
caused by an impulsive force in the j direction applied at
position § and time 0, and the asterisk indicates tempo-
ral convolution. If we expand the Green’s function in a
Taylor series in the source position &,

Gij(X7 g, t) = Gij(x7 07 t) + Gij,k(xa 07 t)gk +-- > (5)
equation (4) for the response becomes
u(x, t) = szf(X, 0, t)*Fj(t) + Gij,k(X7 0, f)*Mjk(t)
Fo ()
where
def 3
Fit) = fi(& 1) &’ ()
v
is the total force exerted by the source and
def 3
M (1) = Efi(E, 1) d°E (8)
4

is the moment tensor. If the equivalent force is derivable
from a stress glut via (3), then it can be shown that the
moment tensor is the negative of the volume integral of
the stress glut:

M(t) = —JJJ’ (o — s;) d°§

The moment tensor is a second-rank tensor, which
describes a superposition of nine elementary force sys-
tems, with each component of the tensor giving the
strength (moment) of one force system. The diagonal
components M, M,,, and M55 correspond to linear
dipoles that exert no torque, and the off-diagonal ele-
ments M ,, M5, M5, M55, M5, and M5, correspond to
force couples. It is usually assumed that the moment
tensor is symmetric (M, = My, M3 = My, My =
M3,), so that the force couples exert no net torque (see
above), in which case only six moment tensor compo-

)
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nents are independent. In this case, the off-diagonal
components correspond to three pairs of force couples,
each exerting no net torque (“double couples™).

The magnitudes of the six (or nine) elementary force
systems (the moment tensor components) transform ac-
cording to standard tensor laws under rotations of the
coordinate system, so there exist many different combi-
nations of elementary forces that are equivalent. In
particular, for a symmetric, six-element moment tensor
one can always choose a coordinate system in which the
force system consists of three orthogonal linear dipoles,
so that the moment tensor is diagonal. In other words, a
general point source can be described by three values
(the principal moments) that describe its physics and
three values that specify its orientation.

The moment tensor has three important properties
that make it useful for representing seismic sources. (1)
It makes the “forward problem” of computing theoreti-
cal seismic-wave excitation linear. A general source is
represented as a weighted sum of elementary force sys-
tems, so any seismic wave is just the same weighted sum
of the waves excited by the elementary sources. The
linearity of the forward problem in turn makes much
more tractable the inverse problem of determining
source mechanisms from observations. (2) It simplifies
the computation of wave excitation. By transforming the
moment tensor into an appropriately oriented coordi-
nate system, the angles defining the observation direc-
tion can be made to take on special values such as 0 and
/2. Thus radiation by the elementary sources must be
computed not for a general direction, but for only a few
directions for which the computation is easier. In a
laterally homogeneous medium, for example, radiation
must be computed for only a single azimuth. (3) The
moment tensor is more general than the DC represen-
tation. It includes DCs as special cases but has two more
free parameters than a DC (six versus four), which
enable it to represent sources involving volume changes
and more general types of shear than simple slip on a
plane. It is this generality that makes the moment tensor
representation important in studying non-DC earth-
quakes.

2.3.2. Higher-rank moment tensors. As equation
(6) shows, “the” moment tensor described above is only
one of an infinite sequence of spatial moments that
appear in the expansion of the Earth’s response to an
earthquake. The later terms involve higher-rank mo-
ment tensors, which contain information about the spa-
tial and temporal distribution of failure in an earth-
quake, and have great potential value for studying
source finiteness and rupture propagation [Stump and
Johnson, 1982]. Both the total force defined in equation
(7) and the moment tensor defined in (8) may be re-
garded as special cases of the general spatial moment

My (1) f f f EE - fE D dE (10)
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of order s (i.e., having s spatial indices k, [ - -+ ). Because
the arrangement of the spatial indices is irrelevant, the
number of independent components is three (the num-
ber of components of the force f) times the number of
possible products £.&; - -+ (the number of selections of
three things taken s at a time with duplications allowed),
or in total, 3(5"?). Thus the total force (s = 0) has 3
components, the first-order (second rank) moment ten-
sor (s = 1) has 9 components, and the second-order
(third rank) moment tensor has 18 components. (The
larger numbers given by Stump and Johnson [1982, p.
725] fail to take into account the symmetry with respect
to permutation of the spatial indices implied by the
definition (10).)

Instead of regarding the spatial moments as functions
of time, we can describe the time-dependence of the
source using spatiotemporal moments,

My L f di f f f e - (6 D . (11)
|4

It is necessary to use the time derivative of the equiva-
lent force, f, here, because for most seismic sources f
approaches a nonzero value as t — <« [Backus and
Mulcahy [1976a, section 7]. Reasoning as above, we find
that the number of independent components is
3(§+q+3)‘

Because higher-rank moment tensors have so many
components, few attempts have yet been made to deter-
mine them from observed seismic waves. Such work is
sure to play an increasingly important role in future
studies of earthquake processes, especially those of
non-DC earthquakes, because higher moments describe
the orientation and geometry of the failure zone,
whereas first moments (conventional second-rank mo-
ment tensors) do not.

2.3.3. Moment centroid. Representing an earth-
quake as a point source raises the question of where this
point is located, or equivalently, where the origin of the
coordinate system is to be taken in the definitions (10)
and (11). From the definition (7), it is clear that the total
force F does not depend on the origin, and furthermore,
from definition (8), if the total force vanishes, then the
conventional second-rank moment tensor also is inde-
pendent of the origin. (Experimentally determined mo-
ment tensors, however, can depend on the origin be-
cause the Green’s functions depend on the assumed
source position.) The higher moments, however, do de-
pend on the origin, and we can use this fact to choose the
origin objectively.

For nonnegative scalar distributions such as mass and
probability density, the centroid of the distribution is for
most purposes the “best point source” location. The
centroid has the properties of (1) having vanishing first
moments and (2) minimizing the second moments (mo-
ments of inertia, in the case of mass, or variances, in the
case of probability), which measure the spreads of the
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distributions about the chosen point. It is not straight-
forward to extend these concepts to elastodynamics,
however. The equivalent force f(x, ¢) is a vector distri-
bution, so it has three centroids, and furthermore if the
total force F defined in (7) vanishes (as is usually as-
sumed), then the centroidal coordinates are undefined.
Backus [1977] suggested defining the centroid as the
point that minimizes in a least-squares sense the second
moments. The centroid as thus defined minimizes X,
(M{)* with respect to the three spatial coordinates of
the centroid and minimizes 3, (M{")* with respect to
the temporal centroid. This definition is used in “cen-
troid moment tensor” analyses, such as those conducted
regularly in nearly real time by Harvard University [Dz-
iewonski et al., 1981] and the Earthquake Research In-
stitute of Tokyo University [Kawakatsu et al., 1994] (sec-
tion 3.5.3 below).

The centroid of moment release is not the same as the
hypocenter of an earthquake, which is the location usu-
ally reported in seismological bulletins. The hypocenter
is the point of origin of the first-arriving seismic waves,
the point at which rapid failure begins in an earthquake.
The centroid locates the dominant moment release and
represents better the entire earthquake, rather than only
its beginning.

2.4. Surface Sources (Faults)

2.4.1. Basic principles. A fault is a surface across
which there is a discontinuity in displacement. The
equivalent force distribution f for a generally oriented
fault in an elastic medium can be deduced from (2), if we
use generalized functions (the Dirac delta function and
its derivatives) to represent quantities on the fault sur-
face. The general result is

d
filn, 8) = _J’f [u(&, 1) lcuv; aT], d(n — & dAa, (12)

where m is the position where the force is evaluated, § is
the position of the element of area dA4, and the integra-
tion extends over the fault surface [Aki and Richards,
1980, equation 3.5]. The unit vector normal to the fault
surface is v(§), and [u(§, ¢)] is the displacement discon-
tinuity across the fault in the direction of v. The com-
ponents of the elastic modulus tensor are ¢, and 8(x)
is the three-dimensional Dirac delta function.
Substituting the force distribution from equation (12)
into (8), we get the moment tensor of a general fault,

M = _CijklAvk[ul]a (13)

where A4 is the total fault area and the overbar indicates
the average value over the fault.

Two important special cases, shear faults and tensile
faults, illustrate the use of (13).

2.4.2. Shear faults. For a planar shear fault (with
normal v in the x5 direction and displacement disconti-
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nuity [u] in the x, direction, say, so that v, = v, = 0 and
[u,] = [u3] = 0) in a homogeneous isotropic medium
(Cijir = N0y + 218;8;, SO 0 = Ndje,,, +
2pe;;, where e;; are the components of the strain tensor,
N and p are the Lamé elastic moduli, and §; is the
Kronecker delta tensor), equation (8) gives a moment
tensor with a single pair of nonzero components M5 =
M5, = pAiu, where u is the average slip. This corre-
sponds to a pair of force couples, one with forces in the
x, direction and moment arm in the x5 direction, and the
other with these directions interchanged.

For idealized faulting sources, with nonlinear effects
restricted to a mathematical surface, the source region
has no mass or moment of inertia and cannot exchange
linear or angular momentum with the rest of the Earth.
Therefore the assumptions of vanishing net force and
torque are justified for such faulting sources.

Note that we get the same DC moment tensor for a
fault with normal in the x, direction and displacement
discontinuity in the x5 direction. This ambiguity between
“conjugate” faults is a familiar example of the funda-
mental limitations on the information that can be de-
duced from equivalent force systems.

2.4.3. Tensile faults. Another important special
case is a planar tensile fault in an isotropic medium. If
the fault lies in the x,-x, plane and opens in the x5
direction, then v; = v, = 0 and [i,] = [u,] = 0. Equation
(8) gives a moment tensor with three nonzero compo-
nents: My, = M,, = N and M35 = (N + 2p)Au.
This corresponds to three orthogonal dipoles. Two di-
poles lie in the fault plane and have moments of A,
and the third is normal to the fault and has a moment of
(N + 2wn)Aa.

2.5. Three-Dimensional Sources

Some possible non-DC source processes, such as
polymorphic phase transformation, occur throughout a
finite volume rather than on a surface. The equivalent
force system for many such volume sources can be ex-
pressed in terms of the “stress-free strain,” Ae;; [Eshelby,
1957], which is the strain that would occur in the source
region if the tractions on its boundary were held con-
stant by externally applied artificial forces. By reasoning
that involves a sequence of imaginary cutting, straining,
and welding operations [e.g., Aki and Richards, 1980,
section 3.4], the moment tensor of a volume source is

found to be
Mi' = ffj Cijk[Aek[ av.
14

For an isotropic volume change of A} in an isotropic
medium, for example,

(14)

(15)

2.6. Decomposing Moment Tensors
The description of an earthquake source in terms of
moment tensor components is not well suited to human
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comprehension. To make a moment tensor easier to
understand, it helps to decompose it into elementary
force systems. First, we express the moment tensor in its
principal axis coordinate system. Three values (the Euler
angles, for example) are required to specify the orienta-
tion of this system, and three other values specify the
moments of three orthogonal dipoles oriented parallel
to the coordinate axes. Writing these three principal
moments as a column vector, we first decompose the
moment tensor into an isotropic force system and a
deviatoric remainder,

M, 1 M;
M| = M| 1] + | My, (16)
M, 1 M,

with M) = (M, + M, + M;)/3, and then we decom-
pose the deviatoric part into a DC (principal moments in
the ratio 1: —1:0) and a “compensated linear vector
dipole” (CLVD), which is a source with principal mo-
ments in the ratio 1:—Y2:—Y% [Knopoff and Randall,
1970]. Figure 2 illustrates the three elementary force
systems used in this decomposition, showing their com-
pressional wave radiation patterns and the distributions
of compressional wave polarities on the focal sphere (an
imaginary sphere surrounding the earthquake hypo-
center, to which observations are often referred). Many
other decompositions of the deviatoric part are possible,
including many decompositions into two DCs, or into
two CLVDs. Figure 3 illustrates several possibilities
taken from the seismological literature. The question of
how to decompose the deviatoric part of a moment
tensor is surprisingly troublesome. Many schemes in
common use, including the one illustrated in Figure 3e,
which is used in routinely produced moment tensor
catalogs (section 3.5.3), have undesirable properties,
such as changing pure DC or CLVD mechanisms into
mixed mechanisms. The method of Knopoff and Randall
[1970] (Figure 3f), which makes the major axis of the
CLVD coincide with the corresponding axis of the DC,
avoids such pathological behavior and is the method
most widely used in seismological research:

1

M 0 -3
Mé — M(DC) —1 + M(CLVD) _1 , (17)
M} 1 N

with M®P© = M\ — M), and MVP) = —2M. The
moment tensor elements are assumed to be arranged so
that |Mi| = M| = [M3].

The quantity

M(CLVD)

def —M7 1
5 |M(DC) + M(CLVD)| 5

E =
|

(18)

is sometimes used as a measure of the departure of the
deviatoric part of a moment tensor from a pure DC. It
ranges in value from zero for a pure DC to *'2 for a
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Figure 2. Three source types commonly used in decomposing moment tensors: (from left to right) isotropic,
double couple (DC), and compensated linear vector dipole (CLVD). (a) Equivalent force systems, in principal
axis coordinates. For the DC, the force system in a fault-oriented coordinate system is shown underneath. (b)
Compressional wave radiation patterns. (¢) Compressional wave nodal surfaces. (d) Curves of intersection of

nodal surfaces with the focal sphere.

pure CLVD. Positive € corresponds to extensional po-
larity for the major dipole of the CLVD component.

2.7. Displaying Focal Mechanisms

2.7.1. Focal sphere polarity maps. In Figure 3 we
display focal mechanisms by showing compressional
wave polarity fields on maps of the focal sphere. This
representation is familiar, being widely used for DCs,

and is useful for more general (symmetric moment ten-
sor) mechanisms as long as the principal moments are
not all of the same sign (in which case one polarity field
covers the entire focal sphere). Riedesel and Jordan
[1989] proposed a way of plotting moment tensors that
does not have this limitation, but it is not yet widely used.

2.7.2. Source-type plots. Both focal sphere polar-
ity plots like those in Figure 3 and the source mechanism
plots of Riedesel and Jordan [1989] display information
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Figure 3. Some proposed methods for decompos-
ing a general moment tensor into isotropic, DC, and
CLVD parts, illustrated using the mechanism given
by Kanamori et al. [1993, Table 1] for the Tori Shima
earthquake of June 13, 1984. The area of each plot is
proportional to the largest principal moment. Lower
focal hemispheres are shown in equal area projec-

(d) 4.84 2 7a 21 tion, with compressional fields shaded (compare with
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about source orientation as well as “source type” (the
relative values of the principal moments). In fact, con-
ventional DC polarity plots contain information about
only source orientation. When considering non-DC
mechanisms, however, it is useful to display the source
type without regard to orientation. The normalized prin-
cipal moments contain two independent degrees of free-
dom, and there are many possible ways to display such
information in two dimensions. Figure 4 shows the
“source type plot” of Hudson et al. [1989], which gives
—2¢ (equation (18)) versus

def

k =

MY

MO + by (19)

a measure of the volume change. The projection is
designed to make areas proportional to probabilities,
under the a priori assumption that the principal mo-
ments M, and M, are equally likely to take any value
between —|M;| and +|M;|, where My is the absolutely
largest principal moment.

3. DETERMINING EARTHQUAKE MECHANISMS
FROM OBSERVATIONS

3.1. Introduction

Many types of seismic and geodetic observations can
be used to determine earthquake focal mechanisms.
These range from simple determinations of the polari-
ties (signs) of observable quantities, through measure-
ments of their amplitudes, to complete time histories of
their evolution. In this summary we concentrate on data
types and analysis methods that are most useful for
resolving non-DC components.

3.2. Wave Polarities

3.2.1. Classical first-motion methods. The polar-
ity of a seismic wave contains the least information of
any kind of observation (1 bit). Nevertheless, P wave
polarities are the most commonly used observations in
focal mechanism studies because they can be deter-
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Figure 4. (top) “Source type plot” of Hudson et al.
[1989], which displays earthquake mechanisms (symmet-
ric moment tensors) without regard to their orientations.
The quantity k& (equation (19)), which measures volume
change, ranges from —1 at the bottom of the plot to +1
at the top and is constant along the subhorizontal grid
lines. The quantity —2¢ (equation (18)), which describes
the deviatoric part of the moment tensor, ranges from
—1 on the left-hand side of the plot to +1 on the
right-hand side and is constant along the grid lines that
run from top to bottom. Notation is as follows: DC,
double-couple mechanisms; +Crack, opening tensile
faults; +Dipole, force dipoles with forces directed out-
ward; +CLVD, “compensated linear-vector dipoles,”
with dominant dipoles directed outward. —Crack, —Di-
pole, and —CLVD denote the same mechanisms with
opposite polarities. The shaded area is the region in
which all compressional waves have outward polarities;
A similar region of inward polarities occurs at the bot-
tom of the plot. Bold letters A-R indicate some repre-
sentative mechanisms. (bottom) Conventional equal
area focal hemisphere plots of compressional wave po-
larities for the 15 representative mechanisms shown on
the source type plot.

000000

mined easily, even using recordings of low dynamic
range and accuracy from single-component seismom-
eters. Such polarities alone are of very limited use,
however, for studying (or even for identifying) non-DC
earthquakes. Even with observations well distributed on
the focal sphere, it usually is difficult to rule out DC
mechanisms in practice (Figure 5). This difficulty is
especially severe if the earthquake lacks a large isotropic
component.

In analyzing P wave polarities, seismologists usually
constrain earthquake mechanism to be DCs. Finding a
DC mechanism amounts to finding two orthogonal
nodal planes (great circles on the focal sphere) that
separate the compressional and dilatational polarities
into four equal quadrants. Three independent quantities
(fault plane strike and dip angles and the rake angle of
the slip vector, say) are needed to specify the orienta-
tions of the nodal planes. Nodal planes are usually
sought manually, by plotting data on maps of the focal
sphere and using graphical methods to find suitable
nodal planes. Because humans tend to overlook alterna-
tives once a solution has been found, computerized
methods for fitting fault-plane solutions to P wave po-
larity distributions are now commonly used. Most of
these systematically search through the space of solu-

tions [e.g., Reasenberg and Oppenheimer, 1985]. (An al-
gorithm of G. Backus (W. H. K. Lee, personal commu-
nication, 1969) for fitting fault plane solutions to P wave
polarities is perhaps the earliest use of the moment
tensor representation. The algorithm assigns artificial
positive or negative amplitudes to the polarity observa-
tions and fits a moment tensor to these amplitudes by
standard least squares methods. The DC component of
the moment tensor is then taken as the fault plane
solution.) All of these methods, being based on the
assumption that the mechanism is a DC, are of interest
primarily because their failure may indicate a non-DC
earthquake.

3.2.2. Moment tensor methods. When the DC
constraint is relaxed and general moment tensor mech-
anisms are allowed, hand fitting mechanisms to observed
polarities becomes impractical. The number of unknown
parameters increases from three to five (the six moment
tensor components, normalized in some arbitrary way),
and furthermore, theoretical nodal surfaces are no
longer obtainable graphically from standard projections
of the focal sphere. Searching methods still work, of
course, but the addition of two more unknown parame-
ters makes them costly in terms of computer time. The
searching algorithm of Pearce and Rogers [1989] is one of
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Figure 5. [Illustration of the wide range of source mecha-
nisms that typically is compatible with even a high-quality set
of compressional wave polarity observations. Lower focal
hemispheres are shown in equal area projection. The P-wave
polarity data shown are for earthquake of 07:41 UTC, Septem-
ber 15, 1991 at the Hengill geothermal area, Iceland, as re-
corded on a network of portable digital seismometers [Julian
and Foulger, 1996]. Open and solid circles indicate inward and
outward motions, respectively. (a) A DC mechanism that fits
all the data acceptably, considering the reliability of their focal
sphere positions. (b) A more accurate mechanism, with a large
isotropic component, derived by inverting body-wave polarities
and amplitude ratios simultaneously (Figure 6).

the few that allow general moment tensor sources. It has
been used primarily for inverting amplitude ratios (sec-
tion 3.4, below) rather than polarities. Linear program-
ming, an analytical method that treats linear inequali-
ties, is well suited to determining moment tensors from
observed wave polarities [Julian, 1986]. It is efficient and
can delimit the set of solutions consistent with a data set
by finding mechanisms that are extreme with respect to
specified physical criteria. This method is discussed in
sections 3.3 and 3.4, below.

3.2.3. Near-field polarities. ~When near-field ob-
servations (ones made within a few wavelengths of the
source) are available, they can provide a simple and
elegant method of detecting an isotropic source compo-
nent using a single radial-component seismogram [Mc-
Garr, 1992; Urhammer, 1992]. The method uses the
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relative polarities of different seismic phases and thus is
immune to errors that reverse the polarity of the seis-
mogram. Although the method is not guaranteed to
detect isotropic components whenever they exist, it re-
quires few assumptions, so that detected isotropic com-
ponents are comparatively reliable. To illustrate the
method, assume that all the moment tensor components
are proportional to the unit step function U(t) (any
monotonic function of time will work.) Place the origin
of the coordinate system at the source, with the x, axis
directed toward the observer. (The value of the moment
tensor component M, appearing below thus depends
on the direction to the observer.) Then from Aki and
Richards [1980, equation 4.29], in an infinite medium the
radial displacement (the x; component observed on the
X, axis) is

3
ul(t) 4 (3M11 TI’M)W(t)
1
41TpV2 5 (AMy — TrM)U(t — r/Vp)
1
41Tp Aol 22 BMy — TrM)U(t — r/V)
! M3 V, 20
+m 1ot — r/Vp), (20)
where
def [TVs
w(t) = J' tU(t — 1) dr (1)
r/Vp

is a function that vanishes for ¢ = r/V/;, increases mono-
tonically for /V, =< t = r/V and is constant for r/Vg =
t. Here r = x is the source-observer distance and Vp
and Vg are the compressional and shear wave speeds.
The near-field term (the first term on the right-hand side
of (20)) therefore produces a monotonic trend on the
seismogram between the compressional and shear
waves. For a purely deviatoric source (7rM = 0), the
polarity of this near-field term must be the same as that
of the compressional wave (second and fourth terms).
Opposite polarities on any radial seismogram imply that
the source mechanism has an isotropic component. Sim-
ilarly, the near-field shear wave (third term) must have
the opposite polarity to the compressional wave, and any
observations to the contrary indicate an isotropic source
component.

3.2.4. Polarities of other seismic waves. Occa-
sionally, the polarities of waves other than P have
proven useful in source mechanism studies. For exam-
ple, Toksoz and Kehrer [1972] observed that the polari-
ties of Rayleigh surface waves from underground nu-
clear explosions at the Nevada Test Site are sometimes
reversed, and they explained this phenomenon in terms
of the release of tectonic shear strain in the failure zone
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around the explosion (thus turning the tables and de-
tecting DC components in expectedly non-DC events).

3.3. Wave Amplitudes

The amplitude of a radiated seismic wave contains far
more information about the earthquake mechanism
than does its polarity alone, so amplitude data can be
valuable in studies of non-DC earthquakes. Moreover,
because seismic wave amplitudes are linear functions of
the moment tensor components, determining moment
tensors from observed amplitudes is a linear inverse
problem that can be solved by standard methods such as
least squares. Conventional least squares methods, how-
ever, cannot invert polarity observations such as first
motions, which typically are the most abundant data
available. Linear programming methods, which can treat
linear inequalities, are well suited to inverting observa-
tions that include both amplitudes and polarities [Julian,
1978, 1986; Fitch et al., 1980]. In this approach, bounds
are placed on observed amplitudes, so that they can be
expressed as linear inequality constraints. Polarities are
already in the form of linear inequality constraints if the
moment tensor representation is used.

Linear programming methods seek solutions by at-
tempting to minimize the L1 norm (the sum of the
absolute values) of the residuals between the constraints
and the theoretical predictions. If all the constraints can
be satisfied, a second stage of the method can be used to
find those mechanisms that are extreme in terms of
physically motivated linear functions of the moment
tensor components such as volume change. The linear
programming method is computationally efficient, typi-
cally requiring less than 1 s on a workstation to find 16
extreme mechanisms consistent with a set of a few dozen
observations.

Little use has been made of seismic wave amplitudes
in moment tensor studies of earthquake mechanisms.
This is probably because seismologists had already
shifted their attention to inverting complete waveforms
before the moment tensor formalism came into wide-
spread use [e.g., Langston and Helmberger, 1975].

3.4. Amplitude Ratios

Seismic wave amplitudes are subject to distortion
during propagation, particularly because of focusing and
defocusing by structural heterogeneities. A simple way
to reduce the effect of this distortion when deriving
earthquake mechanisms is to use as data the ratios of
amplitudes of waves that have followed similar paths,
suchasP:SV, P:SH, or SH :SV. If the ratio of the wave
speeds is constant in the Earth, then the amplitudes of
the waves are affected similarly and the ratio is relatively
unaffected.

Figure 6 shows observed P:SH amplitude ratios for
the same earthquake and focal mechanisms illustrated in
Figure 5 [Julian and Foulger, 1996]. The use of amplitude
ratios makes it clear that this earthquake is not a DC and
has a large isotropic component.
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Figure 6. Use of amplitude ratios to determine focal mech-
anisms. Comparison of observed P : SH amplitude ratios (black
arrows) with theoretical ratios (gray arrows) for the (a) DC
and (b) non-DC mechanisms from Figure 5. The amplitude
ratios rule out a DC mechanism for this earthquake. Each ratio
is represented by the orientation of an arrow (see inset). After
Julian and Foulger [1996].

Using amplitude ratios makes inverting for source
mechanisms more difficult, however, because a ratio is a
nonlinear function of the moment tensor components.
Systematic searching methods still work [Pearce and
Rogers, 1989], but because the dimensionality of the
model space is increased by two over that for a DC
mechanism, the computational labor is greatly increased
(typically by a factor of >100).

The efficient linear programming method described
above is easily extended to treat amplitude ratio data in
addition to polarities and amplitudes [Julian and
Foulger, 1996]. (The name “linear programming” is a
misnomer. The method actually deals with a class of
nonlinear problems involving variables constrained to be
nonnegative.) An observed ratio is expressed as a pair of
bounding values, each of which gives a linear inequality
that is mathematically equivalent to a polarity observa-
tion with a suitably modified Green’s function. The
non-DC mechanism shown in Figure 6 was derived using
this method.
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3.5. Waveforms
limitations.

3.5.1. Strengths and

dimensional media.
3.5.2. Mathematical formulation.

the system of simultaneous equations

u,(t) A1) Ay,(1) bi(1)
Mz:(t) _ Az%(t) Azy:,(t) * ¢2:(t) , (22)
)] [ Au(0) A(t) ] [ d4(0)

where each matrix element A; is a Green’s function
giving the ith seismogram generated by a source whose
jth component is the impulse 3(¢), and whose other
components are zero. The asterisk indicates temporal
convolution. The Green’s functions can be thought of as
a multichannel filter that takes the n source time func-
tions ¢;(#) as inputs and generates as output the m

synthetic seismograms u;().

A digitized
waveform is just a series of amplitude measurements, so
waveform inversion may be regarded as an extension of
amplitude inversion. This extension offers a great poten-
tial increase in power, however, because it can deter-
mine source time functions, which reveal the durations
of earthquakes and can detect changes in mechanisms
that may occur during earthquakes [Stump and Johnson,
1977]. Many algorithms in common use, however, im-
pose constraints that preclude determining source time
histories. All components of the moment tensor may be
constrained to have the same time function and to differ
only by constant factors, and sometimes the source time
function is furthermore specified a priori, for example as
a step function (so the far-field waves are impulses).
Such methods are essentially equivalent to amplitude
inversion, with whole waveforms being used to make
more accurate measurements of amplitudes than those
provided by peak values. The most severe limitation on
waveform inversion methods is the need for accurate
Green’s functions (theoretical waveforms). It is not yet
practical to compute such waveforms for realistic three-
dimensional Earth models, and detailed three-dimen-
sional models are in any case seldom available. These
problems become more severe at high frequencies, so
most waveform inversion studies have so far used long-
period seismic waves (frequencies below ~0.1 Hz). It is
likely that limitations imposed by Green’s functions will
be largely overcome in the near future by advances in
methods of solving wave propagation problems in three-

A theoretical
seismogram can be written as a sum of terms, each of
which is the temporal convolution of a Green’s function
and the time function of one source component (equa-
tion (6)). The source components can include compo-
nents of the equivalent force and moment tensor com-
ponents of any order. If there are n such source
components (six, in the usual case of a symmetric sec-
ond-rank moment tensor), which we arrange in a column
vector ¢(¢), then a set of m seismograms corresponds to
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Estimating the source time functions from a set of
observed seismograms and assumed Green’s functions is
thus a multichannel inverse filtering, or deconvolution,
problem. It can be solved, for example, by transforming
to the frequency domain (so that the convolutions be-
come multiplications) and then applying standard least
squares methods to solve for each spectral component.
Alternatively, the output seismograms in (22) can be
concatenated into a single time series, and the Green’s
functions in each column of the matrix A can be similarly
concatenated. Then when each time series is expressed
explicitly in terms of its samples, the least squares nor-
mal equations turn out to have a “block-Toeplitz” struc-
ture, so that they can be solved efficiently by Levinson
recursion [Sipkin, 1982].

Usually, however, the problem is simplified by (1)
assuming that all the source components have the same
time functions and differ only by constant factors, and
perhaps by (2) assuming a simple functional form for the
source time function and solving for a small number of
parameters (e.g., rise time, duration) appearing in this
functional form. Such simplifying assumptions, though
greatly reducing computational labor, are poorly suited
to investigating unknown source processes such as those
on non-DC earthquakes, for which they may not hold.

3.5.3. Routine analyses. Harvard University, the
U.S. Geological Survey (USGS), and the Earthquake
Research Institute of Tokyo University all routinely de-
termine moment tensors for large earthquakes through-
out the world in near-real time and distribute the results
via global computer networks within a few hours of the
occurrence of an earthquake. Harvard and the USGS
later analyze more complete data sets and publish the
results in the Bulletin of the International Seismological
Centre and in the USGS Preliminary Determination of
Epicenters (PDE) bulletin. Harvard and the USGS also
publish their final solutions regularly in the journal Phys-
ics of the Earth and Planetary Interiors. All of these
groups, unfortunately, constrain mechanisms to be
purely deviatoric. All of them also decompose moment
tensors in a manner that is ill suited to the study of
non-DC processes [Dziewonski et al., 1987, page 5] (sec-
tion 2.6).

Harvard University began regular computation of
centroid moment tensor (CMT) solutions with earth-
quakes of 1982. Solutions for 401 earlier earthquakes,
going back to 1977, are given by Dziewonski and Wood-
house [1983] and Giardini [1984]. By now, more than
10,000 solutions have been published. Solutions are de-
rived from body wave portions of seismograms and,
except for the smallest events, also from mantle waves,
using methods described by Dziewonski et al. [1981] and
Drziewonski and Woodhouse [1983]. Harvard is the only
one of the three institutions that publishes earthquake
source durations, but these are values determined from
seismic moments using an empirical formula and are not
measured values. Error bounds, but not complete co-
variance information, are given for the moment tensor
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elements. No information is given about the quality of fit
to the data that was achieved. For an explanation of the
published tables, see Dziewonski et al. [1987].

The U.S. Geological Survey also began regular deter-
mination of global moment tensor solutions in 1982, and
rapid determinations began in May 1993 [Sipkin, 1994].
In order to obtain solutions as quickly as possible, the
USGS uses only the P wave group (including the sur-
face-reflected phases pP and sP) in its analysis. Before
inversion, observed and theoretical waveforms are
aligned in time, to reduce the effects of timing errors,
epicentral mislocation, and three-dimensional Earth
structure. Therefore the epicentral coordinates do not
correspond to the moment centroid. Focal depths are
determined by finding the depth that best fits the ob-
served waveforms, and correspond closely to centroid
depths. No information is given about probable uncer-
tainties in moment tensor components. Measures of the
quality of fit to the data are, however, published in the
periodic summaries in Physics of the Earth and Planetary
Interiors.

The Earthquake Research Institute of Tokyo Univer-
sity began computing centroid moment tensors in Octo-
ber 1993, using a method similar to that of Harvard
[Kawakatsu et al., 1994; Kawakatsu, 1995]. This proce-
dure is completely automated, and its speed is limited
primarily by data acquisition, although the method is still
in the experimental stage. Because solutions are not
reviewed by seismologists prior to distribution, they are
accompanied by information about the quality of fit to
the data that was achieved. Confidence intervals, but not
complete covariance information, are given for the mo-
ment tensor elements.

3.6. Limitations

3.6.1. Imperfect Earth models. If the Earth
model used to analyze the radiation from an earthquake
differs from the true structure of the Earth, systematic
errors will be introduced into the Green’s functions and
thus into inferred source mechanisms. Near-source an-
isotropy, discussed in section 4.4 below, is one cause of
such errors. Some types of observations, such as those of
SV waves, are particularly sensitive to Earth model errors.

The component of a shear wave polarized in the
vertical plane tangential to the ray emerging at the
surface (the SV wave) is subject to distorting effects that
limit its usefulness. (1) Strong heterogeneity near the
surface causes some of the energy of the ST” wave to be
converted to compressional waves. These converted
waves arrive at the sensor slightly before the direct wave
and tend to obscure its true arrival time, amplitude, and
waveform. (2) When the SV wave is incident beyond the
critical angle (so that the reflected compressional wave is
evanescent), the waveform becomes complicated and
nearly useless for source mechanism investigation. This
effect limits the usefulness of SV waves to epicentral
distances that are either less than about the focal depth
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(within the “shear wave window”) or beyond about 44°.
Shear waves polarized horizontally (SH waves) do not
suffer from either of these problems.

3.6.2. Deficient combinations of modes. Even if
the Green’s functions are correct, it may be impossible
to determine the source mechanism completely in some
circumstances. For particular types of seismic waves,
there may be certain source characteristics that cannot
be determined. For example, shear waves alone cannot
detect isotropic source components because purely iso-
tropic sources do not excite shear waves. Similarly,
sources with vertical symmetry axes (those whose only
nonzero components are M, = M,, and M;;, with the
x5 axis vertical) excite no horizontally polarized shear
(SH) or Love waves and cannot be detected using such
waves alone. For any Rayleigh mode the component
M5 occurs only in the combination M,; + M,, +
f(w) M55, where the frequency function f(w) depends on
the mode and the Earth model. The M55 component can
be traded off against M|, + M,, without changing this
combination, so isotropic sources are unresolvable by
Rayleigh waves of a single frequency and mode [Men-
diguren, 1977], and even with multimode observations,
determining M5, requires a priori assumptions about its
spectrum. In most studies, enough different modes
and/or frequencies are used so that none of these de-
generate situations arises. Furthermore, all general in-
version methods in widespread use provide objective
information about uncertainty and nonuniqueness in
derived values, so degeneracies can be detected if they
happen to occur.

3.6.3. Shallow earthquakes. If an earthquake is
effectively at the free surface (shallow compared to the
seismic wavelengths used), then it becomes impossible to
determine its full moment tensor. Only three moment
tensor components can be determined, and these are not
enough even under the a priori assumption of a DC
mechanism (which requires four parameters). This de-
generacy follows from the proportionality between the
coefficient C; giving the amplitude of a seismic mode
excited by the moment tensor component M;; and the
displacement derivative u; ; for the mode. (This propor-
tionality follows from the principle of reciprocity.) The
vanishing of the traction on the free surface,

O3 = M(u1,3 + us,l) =0,
023 = P«(Uz,3 + us,z) =0, (23)

03 = Nuyy +usz) + (N + 2p)us; =0,

therefore implies that three linear combinations of the
excitation coefficients must vanish:

Ci;=0,
Cy =0, (24)

)\C” + )\CZZ + ()\ + 2!.L)C33 = O
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(Here we restrict ourselves to symmetric moment ten-
sors.) It follows that a moment tensor whose only non-
zero components are M5 and M, radiates no seismic
waves (to this order of approximation) and, moreover,
that a diagonal moment tensor with elements in the ratio
N:N:(N + 2p) likewise radiates no seismic waves. The
first case corresponds to a vertical dip-slip shear fault or
a horizontal shear fault, and the second corresponds to
a horizontal tensile fault. This second undeterminable
source type has an isotropic component, so isotropic
components cannot be determined for shallow sources.
It is common practice to choose the undetermined mo-
ment tensor components so as to make the source a DC,
at the same time minimizing the magnitudes of the
introduced components.

This degeneracy is most often important in studies
using surface waves or normal modes, because these are
usually observed at frequencies below 0.05 Hz, for which
the wavelengths are greater than the focal depths of
many earthquakes. Observations of this sort are some-
times used in studies of regional tectonics, but such use
requires assumptions that are incompatible with investi-
gating non-DC mechanisms.

For very shallow earthquakes the free surface effect
can significantly distort higher-frequency waves as well.
Normal-faulting earthquakes on mid-ocean ridges, for
example, often yield teleseismic fault plane solutions
with nonorthogonal nodal planes [Sykes, 1967, 1970],
which have been misinterpreted as evidence of refrac-
tion of rays around hypothetical magma chambers be-
neath the ridge [Solomon and Julian, 1974]. The obser-
vations in such cases are explained adequately in terms
of interference between direct P waves and the surface-
reflected phases pP and sP, which arrive at nearly the
same time and cause first motions to be determined
incorrectly [Hart, 1978].

4. POSSIBLE NON-DC EARTHQUAKE PROCESSES

4.1. Processes Involving Net Forces

4.1.1. Physical principles. Most experimental in-
vestigations of earthquake source mechanisms have ex-
cluded net forces and torques from consideration a
priori. As was discussed in section 2.2.2, the laws of
physics do not require such restrictions. Net forces are
possible for an internal source because momentum can
be transferred between the source region and the rest of
the Earth. Momentum conservation does, however, re-
quire that the impulse (time integral) of the net force
component must vanish if the source is at rest before and
after the event.

4.1.2. Landslides. Among sources that involve net
forces, landslides have received the most attention.
Modeling a landslide as a block of mass M sliding down
a ramp of uniform slope gives an equivalent force of
—Ma, where a is the acceleration of the block [Hasegawa
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and Kanamori, 1987; Kawakatsu, 1989; Dahlen, 1993].
The force is thus parallel to the slope, in the direction
opposite to the motion while the slide is accelerating and
in the same direction while the slide is decelerating.

The gravitational forces on a landslide also produce a
torque of magnitude mgAx, where ¢ is the acceleration
of gravity and Ax is the horizontal distance the slide
travels. This torque can be substantial. The May 18,
1980, eruption of Mount St. Helens, for example, was
accompanied by a landslide with a mass of about 5 X
10" kg that traveled a horizontal distance of about 10
km [Voight et al., 1981]. These values correspond to a net
torque of about 5 X 10'® N m. By comparison, the two
largest earthquakes accompanying the eruption had sur-
face wave magnitudes of about 5.3 [Kanamori and Given,
1982], which correspond to seismic moments of about
2.6 X 10" N m [Miller et al., this issue]. Apparently, no
seismological analyses of landslides to date have in-
cluded such torques in the source mechanism.

4.1.3. Volcanic eruptions. The eruption of mate-
rial by a volcano applies a net force to the Earth, much
as an upward directed rocket exhaust would. Of course,
the total impulse imparted to the Earth-atmosphere
system is zero, as with any internal source, but the
spatially and temporally concentrated force at the vol-
canic vent can generate observable seismic waves,
whereas the balancing forces transmitted from the
ejected material through the atmosphere back to the
Earth’s surface excite waves that are probably unobserv-
able in practice. Therefore a volcanic eruption may be
modeled as a point force SAP, where S is the area of the
vent and AP is the pressure difference between the
source reservoir within the volcano and the atmosphere
[Kanamori et al., 1984].

Other processes accompanying volcanic eruptions
might act as seismic wave sources. A change in pressure
in a spherically symmetric reservoir acts as an isotropic
source with a moment tensor given by equation (15)
(section 2.5). For a tabular or crack-shaped reservoir,
the force system is the same as that for a tensile fault,
discussed in sections 2.4.3 and 4.3.

4.1.4. Unsteady fluid flow. Other possible volca-
nic source processes include unsteady fluid flow in vol-
canic channels. If the speed, and thus the momentum, of
magmatic fluid flowing in a volcanic conduit varies with
time, a time-varying net force,

Fz_”LpadV,

is exerted on the surrounding rocks, where p is the
density of the fluid and a is its acceleration (Figure 7).
This process may cause “long-period” volcanic earth-
quakes [Ukawa and Ohtake, 1987] and the closely related
phenomenon of volcanic tremor [Julian, 1994]. Time
variations in the flow speed might be caused by the
breaking of barriers to flow, or be self-excited by non-

(25)
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linear interaction between the flowing fluid and the
deformable channel walls [Julian, 1994].
4.2. Complex Shear Faulting

4.2.1. Multiple shear events. If earthquakes oc-
cur close together in space and time, observed seismic
waves may not be able to resolve them, and they may be
misinterpreted as a single event. The apparent moment
tensor of the composite event is then the sum of the true
moment tensors of the earthquakes, and because the
sum of two DCs is not, in general, a DC, shear faulting
can produce non-DC mechanisms in this way. Not all
combinations of earthquake mechanisms give non-DC
resultants, however, and in fact many of the most likely
combinations have composite mechanisms that are DCs,
including earthquakes with (1) parallel fault planes, (2)
parallel slip directions, or (3) parallel intermediate prin-
cipal axes (null axes). Important special cases that sum
to produce DCs include cylindrical faults with slip par-
allel to the axis (case 2) or perpendicular to the axis
(case 3) [Frohlich et al., 1989; Frohlich, 1990], listric, or
“sled runner” faults (case 3), and conjugate faults (case
3). Of course, combining DCs cannot ever produce
mechanisms with isotropic (volume change) compo-
nents, because the trace of the moment tensor is a linear
function of its components. Multiple shear-faulting
mechanisms therefore lie on the horizontal (k = 0) axis
of source-type plots.

Some particular geological environments may favor
fault geometries that give non-DC composite mecha-
nisms. For example, most earthquakes in subducted
lithospheric slabs have mechanisms with the P or T axis
in the downdip direction. A combination of such an
earthquake and an earthquake caused by bending
stresses near the slab surfaces can have a non-DC com-
posite mechanism [Frohlich et al., 1989]. Similarly, a
combination of a normal-faulting earthquake on a mid-
ocean ridge and a strike-slip earthquake on a transform

Conduit

Magma
Reservoir

Figure 7. Schematic view of magma-transporting channels
within a volcano [from Ukawa and Ohtake, 1987]. Time-varying
fluid advection, whose source mechanism includes net forces,
may cause “long-period” volcanic earthquakes and volcanic
tremor.
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Figure 8. Geometry of volcanic ring faulting used in com-
puting mechanisms shown in Figure 9. Dip-slip motion on fault
of dip & is uniformly distributed over azimuth range 6.

fault gives a non-DC composite mechanism [Kawakatsu,
1991].

By analyzing complete seismic waveforms, rather
than just polarities or amplitudes, it is often possible to
identify cases of complex shear faulting by resolving a
multiple event into subevents with different mecha-
nisms. This requires use of algorithms that allow the
moment tensor to vary with time in a general way [Sip-
kin, 1986]. Many algorithms for inverting waveforms,
however, assume that all the moment tensor compo-
nents have identical time functions and may even make
a priori assumptions about what this function is. In such
cases, even if the subevents have identical DC mecha-
nisms, the apparent mechanism can have a spurious
non-DC component [Sipkin, 1986].

4.2.2. Volcanic ring faults. Dikes intruded along
conical surfaces with both outward and inward dips are
often found in exhumed extinct volcanoes and are ex-
pected consequences of the stresses caused by inflation
and deflation of magma chambers [Anderson, 1936].
These dikes are of two types: “cone sheets,” which dip
inward at ~30°-70°, and are thought to form as tensile
faults during inflation, and nearly vertical or steeply
outward dipping “ring dikes,” which form through shear
failure accommodating subsidence following deflation or
eruption of magma. For both types the axes of the cones
are approximately vertical. In a few cases, microearth-
quake locations at active volcanoes show evidence of
current activity on such structures, for example on near-
vertical faults at Rabaul caldera on New Britain [Mori
and McKee, 1987]. If dip-slip shear faulting occurs on a
conical fault, and the rupture in an earthquake spans a
significant azimuth range (Figure 8), the resulting mech-
anism, considered as a point source, can have a non-DC
component [Ekstrom, 1994]. (Strike-slip motion on such
a surface always gives pure DC mechanisms.) Figure 9
shows a suite of theoretical source mechanisms corre-
sponding to dip-slip ruptures spanning various azimuth
ranges on conical faults of different dips. For steeply
dipping faults the non-DC components are small (for
vertical faults they vanish), so cone sheets are more
efficient than ring dikes as sites for this non-DC process.
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Figure 9. Non-DC mechanisms for volcanic ring faulting
(Figure 8). Theoretical compressional wave nodal surfaces for
an arcuate dip-slip fault whose strike spans a range 6 and
averages north-south. Each focal sphere corresponds to two
situations: a fault dipping to the west by the smaller angle &
given or to the east by the larger angle. All mechanisms are
purely deviatoric. Numbers below each mechanism give values
of € (equation (18)), which describe the deviatoric parts of the
moment tensors. Upper focal hemispheres are shown in equal
area projection. Lower hemisphere plots are left-right mirror
images. For normal faulting (upper block moving down), cen-
tral fields have dilatational polarity.

4.3. Tensile Faulting

4.3.1. Opening tensile faults in the Earth. An ob-
vious candidate mechanism for geothermal and volcanic
earthquakes is tensile faulting, in which the displace-
ment discontinuity is normal, rather than parallel, to a
fault surface. The equivalent force system of a tensile
fault consists of three orthogonal linear dipoles with
moments in the ratio (A + 2p):\:\. It is equivalent to an
isotropic source of moment (N + 2wn/3)Au plus a
CLVD of moment (4w/3)Au (section 2.4.3). The far-
field compressional waves have all first motions outward,
with amplitudes largest (by a factor of 1 + 2u/\) in the
direction normal to the fault. Figure 4 shows the position
of tensile faults on a source-type plot.

Compressive stress tends to prevent voids from form-
ing at depth in the Earth, but high fluid pressure can
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overcome this effect and allow tensile failure to occur.
The situation is conveniently analyzed using Mohr’s cir-
cle diagrams (Figure 10). The effect of interstitial fluid at
pressure p in a polycrystalline medium such as a rock is
to lower the effective principal stresses by the amount p.
Thus fluid pressure, if high enough, can cancel out much
of the compressive stress caused by the overburden.
Fluid pressures comparable to the lithostatic load are
found surprisingly often in deep boreholes.

A second prerequisite for tensile failure is that the
shear stresses be small, or equivalently that the principal
stresses be nearly equal. The diameter of the Mohr’s
circle in Figure 10 is equal to the maximum shear stress
(difference between the extreme principal stresses). If
this diameter is too large, the circle can touch the failure
envelope only along its straight portion, which corre-
sponds to shear failure. Only if the shear stress, and thus
the diameter, is small will the circle first touch the failure
envelope in the tensile field to the left of the T axis.

4.3.2. Crack dynamics. In theory, a fluid-driven
tensile fault in an infinite homogeneous medium cannot
propagate faster than the fluid can flow, and therefore

T
A Shear Failure

Tensile Failure

I

C;p G,—p

Yo

Figure 10. Conditions for shear and tensile failure (adapted
from Julian and Sipkin [1985, Figure 16]). Mohr’s circle dia-
gram shows the relationship between shear traction T and
normal traction o across a plane in a stressed medium. Locus
of (o, 7) points for different orientations of the plane is a circle
of diameter o, — o, centered at ((o; + 03)/2), where o, and
o5 are the extreme principal stresses. Failure occurs when
circle touches the “failure envelope”, and the point of tangency
determines the orientation of the resulting fault (see inset).
(The theoretical failure envelope shown corresponds to Grif-
fith theory of failure, as modified by F. A. McClintock and J. B.
Walsh [Price, 1966].) The straight portion of the failure enve-
lope in the compressional field (o > 0) represents the Navier-
Coulomb criterion for shear failure. (top) At high confining
stress with no fluid pressure, only shear failure occurs. (bot-
tom) High fluid pressure lowers the effective confining stress,
and tensile failure occurs for low stress differences.
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cannot radiate elastic waves and cause an earthquake.
This is because a fault propagates only when the stress
intensity at its tip exceeds a critical value, the fracture
toughness of the rock. If the fault tip propagates ahead
of the driving fluid, the stress intensity decreases and
propagation stops until the fluid again reaches the tip.

Departures from heterogeneity can change the situa-
tion radically, however, and make tensile faults unstable
and able to propagate ahead of the driving fluid at elastic
wave speeds and cause earthquakes. In particular, ten-
sile faults propagate unstably when they (1) approach a
free surface (and probably also regions of low elastic
modulus), (2) approach other tensile faults, and (3)
initially propagate outward from magma chambers
[Sammis and Julian, 1987].

4.3.3. Effects of fluids. As discussed above, the
compressional waves radiated by an opening tensile fault
are expected to have compressive (outward) first mo-
tions for all observation directions. The subsequent mi-
gration of fluid into the fault, however, will superimpose
a slightly delayed dilatational signal. In seismological
observations with wavelengths larger than the source
dimensions, these two signals will be indistinguishable,
and the effect of fluid motion may be to reverse the
apparent first motion polarities for observations near the
plane of the fault [Foulger and Long, 1984]. In numerical
models of propagating fluid-filled tensile faults, the di-
latational signals are always too weak to cause such
reversal, however [Chouet and Julian, 1985; Chouet,
1986].

4.3.4. Fault-opening slip pulses. In laboratory
studies, shear faulting in foam rubber models often
involves transient separation of the fault surfaces [Brune
et al., 1993]. The mechanism by which this occurs is
poorly understood, but the opening facilitates slippage
and decreases the amount of heat generated [Anoosheh-
poor and Brune, 1992, 1994]. If a similar mechanism
occurs in nature, it might resolve some current para-
doxes about faulting, such as how faults can slip under
extremely low driving shear stresses [Zoback et al., 1987]
and why friction does not produce large heat flow anom-
alies near major faults [Lachenbruch and Sass, 1980].
Because the opening is transient, with the fault surfaces
closed both before and after an earthquake, this phe-
nomenon will not contribute to moment tensors of tem-
poral order zero. Only explicitly time-dependent or high-
er-order temporal moments can represent transient
opening. As studies using such source descriptions be-
come more common, they may provide evidence about
whether slip on natural faults is facilitated by this mech-
anism.

4.3.5. Combined tensile and shear faulting. Al-
though tensile faults could cause earthquakes that in-
volve volume increases, they cannot explain non-DC
earthquakes whose isotropic components indicate vol-
ume decreases. Tensile faults can open suddenly for a
variety of reasons (section 4.3.2), but they would be
expected to close gradually and not to radiate elastic
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Figure 11. Non-DC mechanisms for combined tensile and
shear faulting with different geometries. Both faults are verti-
cal, with the shear fault striking north-south and the tensile
fault striking west of north at the angle «, indicated by bold
ticks. (left) Tensile fault opening normal to its face. (Right)
Tensile fault opening obliquely, parallel to the shear fault.
Compressional wave nodal surfaces are shown for different
relative moments of the tensile (M”) and shear (M*) compo-
nents. Solid curves are for M” = 0.5M°, dashed curves are for
MT = 0.2M°, and dotted curves are for MY = 0.1M5.
Numbers to the right of each plot give values of & and €
(equations (19) and (18)) for each mechanism. Focal hemi-
spheres (either upper or lower, because of symmetry) are
shown in equal area projection.

waves. If a tensile fault and a shear fault intersect,
however [Shimizu et al., 1987], then stick-slip instability
could cause sudden episodes of either opening or clos-
ing, with volume increases or decreases. The stresses
around the tips of both shear and tensile faults favor this
type of fault pairing. A similar type of mixed faulting
occurs in rocks subjected to strain in the laboratory
[Brace et al., 1966; Scholz, 1990, section 1.2.3.]. A similar
situation can occur in the case of shear faulting near mines,
with the tunnel playing the role of the tensile fault.
Figure 11 shows the theoretical source mechanisms
for combined tensile and shear faults of different geom-
etries and relative seismic moments. When the tensile
fault opens or closes in the direction normal to its face,
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the mechanisms have large isotropic components, with
most of the focal sphere having the same polarity as the
tensile fault and two unconnected fields having the op-
posite polarity. The symmetry of the moment tensors
makes it impossible to determine the angle between the
two faults. An angle of 45° — x is equivalent to an angle
of 45° + x. When the tensile fault opens or closes
obliquely, in the direction parallel to the shear fault,
then the mechanisms are closer to DCs and less sensitive
to the relative seismic moments.

If the dominant principal axis of the tensile fault lies
in the same plane as the P and T axes of the shear fault
(i.e., if the null axis of the shear fault lies in the tensile
fault plane), then the composite mechanism lies on the
line between the DC and Crack positions on a focal
sphere plot. For more general (and less physically plau-
sible) geometrical arrangements, the composite mecha-
nism lies within a region consisting of two triangles
(Figure 12).

4.4. Shear Faulting in an Anisotropic Medium

The equivalent force system of an earthquake de-
pends on the constitutive law used to compute the model
stress s; in equation (2). This means that a fault in an
anisotropic elastic medium has a different equivalent
force system than it would if the medium were isotropic
and, in particular, that a shear fault in an anisotropic
medium generally has a non-DC moment tensor, which
can be determined, for example, from (13). Most rocks
are seismically anisotropic because of such effects as
layering on a scale smaller than seismic wavelengths
[Backus, 1962], preferential orientation of crystals, and
the presence of cracks and inclusions [Leary et al., 1990],
so most earthquakes should have non-DC mechanisms
because of anisotropy.

Elastic wave propagation in an anisotropic medium is
more complicated in several ways than in an isotropic
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Figure 12. Source types for combined tensile and
shear faulting. Numbers give angles between the tensile
fault planes and the intermediate principal (null) axes of
the shear faults. Small angles are physically most plau-
sible. (For the mechanisms shown in Figure 11 this angle
is zero.) For all possible relative orientations and mo-
ments, the source type lies between the corresponding
curve and the straight line from +Crack to —Crack. The
upper half of the plot corresponds to opening faults, and
the lower half corresponds to closing faults. For an
explanation of the plotting method, see Figure 4.

medium. The particle motion in body waves is no longer
either longitudinal or transverse to the direction of prop-
agation but is generally oblique, so body wave modes are
referred to as “quasi-compressional” and “quasi-shear.”
The “direction of propagation,” in fact, is no longer a
single direction, but rather two directions for each mode:
the normal to the wavefront (the “phase velocity” direc-
tion) and the direction of energy transport (the “group
velocity” direction, from the source to the observer).

Of course, Green’s functions for the anisotropic me-
dium must be used to compute the radiated seismic
waves for the force system given by equation (13) and to
solve the inverse problem of determining the force sys-
tem from observed seismograms. If enough information
is available about source region anisotropy to determine
such Green’s functions, then it will be possible to recog-
nize when non-DC force systems are consistent with
shear faulting. In practice, however, information about
anisotropy in earthquake focal regions is seldom avail-
able, so Green’s functions appropriate for isotropic con-
stitutive laws are used instead. In this case the non-DC
force system of most interest is not the one given by (13),
but rather the one that would be derived from seismic
waves using an isotropic constitutive law when the focal
region is actually anisotropic.

Figure 13 shows compressional wave nodal surfaces
computed by Kawasaki and Tanimoto [1981] for a shear
fault in a medium with orthorhombic anisotropy appro-
priate for single-crystal olivine. The anisotropy in this
model is stronger than would be appropriate for mantle
rocks, which are polycrystalline aggregates including py-
roxenes and other minerals and having olivine crystals
preferentially but not perfectly oriented. The nodal
curves indicate that the effect of anisotropy is strong
enough to be significant in well-constrained experi-
ments. The figure also indicates that anisotropic Green’s
functions must be used to obtain accurate nodal posi-
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tions. If nodal surfaces are computed with correct
(anisotropic medium) moment tensors but isotropic-
medium Green’s functions, they are subject to errors
comparable to the non-DC effect being studied.

Nodal surfaces do not tell the whole story, however.
Source region anisotropy can cause large variations in
seismic wave amplitudes even when it does not affect the
nodal positions. Figure 14, for example, shows the the-
oretical radiation patterns of quasi-compressional and
quasi-shear waves for a DC force system in a medium
with moduli derived from measurements on peridotites
thought to be derived from the upper mantle [Gajewski,
1993]. (This DC source does not, of course, correspond
to shear faulting, because the medium is anisotropic.)
For observations in a plane of symmetry of the medium,
the nodal locations are about the same as for isotropic
media, but the quasi-SV amplitudes differ greatly from
the SV amplitudes in the isotropic case. For observations
outside the symmetry planes, the radiated amplitudes
differ greatly from the isotropic case and the radiation
pattern does not even have the same number of lobes,
although some of the nodal positions remain the same. It
is clear the effects of source-region anisotropy are sig-
nificant and should be taken into account, especially in
studies using seismic wave amplitudes.

4.5. Shear Faulting in a Heterogeneous Medium

If an earthquake occurs in a place where the elastic
moduli vary spatially, its apparent mechanism will be
distorted, and a DC earthquake may appear to have
non-DC components. This occurs when the spatial de-
rivatives of Green’s functions (strains) appearing in the
second term on the right side of the moment expansion
(6) vary significantly over the source region, so that the
values at § = 0 are inappropriate for a portion of the
moment release. In effect, neglected higher moments
are contaminating estimates of the lower moments.

This effect is not a consequence of using an incorrect
Earth model to compute the Green’s function. In this
discussion we assume that the Earth model and Green’s
function are exact. The distortion of the focal mecha-
nism is caused by the finiteness of the source region.
Errors in the Green’s function due to our incomplete
knowledge of Earth structure and to the mathematical
complexity of elastodynamics can of course cause severe
errors in derived earthquake mechanisms, but that is not
the phenomenon under discussion here.

Consider an earthquake near an interface across
which the elastic moduli change discontinuously [Wood-
house, 1981], so that the truncated Taylor series (equa-
tion (5)) is a particularly poor approximation. Then the
inferred mechanism of an earthquake that is assumed to
occur on one side of the interface will be distorted if the
earthquake actually is on the other side. If the source
region includes both sides of the interface, it is unavoid-
able that a portion of the moment release will be dis-
torted in this manner.
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Figure 13. Quasi-compressional wave nodal surfaces for
shear faults in an anisotropic medium [from Kawasaki and
Tanimoto, 1981]. The medium has elastic moduli appropriate
for single-crystal olivine (orthorhombic symmetry), with a axis
vertical, b axis horizontal and trending N103°E, and ¢ axis
horizontal and trending N13°E. Faulting occurs on the a-c
plane (strike 13°, dip 90°). (a) Strike-slip faulting (rake = 0).
(b) Oblique faulting (rake = 45°). Large circles indicate prin-
cipal moment directions; Small circles indicate principal mo-
ment directions for DCs appropriate for an isotropic medium.
Solid and dashed lines show the nodal surfaces computed using
moment tensor and Green’s function for an anisotropic me-
dium, and an isotropic medium, respectively; dotted lines show
the nodal surfaces for Green’s function and DC mechanism
appropriate for an isotropic medium. Lower focal hemispheres
are shown in equal area projection.

If we arrange the independent components of the
moment tensor in a column vector,
def T
m = [My My, My M3 My M), (26)
then the seismic waves excited can be written g’m,
where g is a column vector whose components are spa-
tial derivatives of Green’s functions appearing in the
second term on the right side of (6). Because displace-
ment and stress are continuous at the interface, the
elements of g on one side of the interface are related to
those on the other side by a relation that can be written
Afgt=A"g", (27)
where A is a matrix that depends on the orientation of
the interface and the elastic moduli adjacent to it, and
the plus and minus superscripts indicate values on the
two sides of the interface. It follows that
g+Tm — ng[AJrflAf]Tm’ (28)
or in other words, that an earthquake with moment
tensor m occurring on the “plus” side of the interface
excites the same waves as an earthquake with moment
tensor [A* ~'A7]"m occurring on the opposite (“minus”
side. In a coordinate system with the x5 axis normal to
the interface, the matrix connecting the true and appar-
ent moment tensors is
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Figure 14. Theoretical radiation patterns of far-field high-frequency (top) quasi-compressional and (bottom) quasi-shear waves
excited by a DC in an anisotropic medium intended to model the upper mantle (peridotite with systematically oriented olivine
crystals) [after Gajewski, 1993]. The principal moment axes trend east-west and plunge at =45°. The a axes of the olivine crystals
are oriented horizontally east-west. Dotted lines show radiation patterns in an isotropic medium, for comparison. (a) Amplitudes
in an east-west vertical plane (the a-c plane of the olivine crystals). By symmetry, there is no quasi-SH wave in this case. (b)
Amplitudes in a vertical plane striking 30° east of north. Two quasi-shear waves of intermediate polarization are excited. (c) Same
as Figure 14b, for an isotropic medium. The two-lobed pattern is for horizontally polarized (SH) waves, and the four-lobed

pattern is for waves polarized in the vertical plane of the figure (S waves).
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100 0 0 R,
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001 0 0 0
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1_)\-¢—+72M+a (30)
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= (1)
def N7+ 27
ST o (32)

Figure 15 shows the distortion of the apparent mech-
anisms of DCs of various orientations occurring adjacent
to a horizontal interface across which the elastic-wave
speeds change by 20%. If the fault plane is parallel to the
interface (or if the interface is the fault plane), then
shear faulting does not lead to apparent non-DC mech-
anisms, although the scalar seismic moment is distorted.
This case is not illustrated in the figure but is clear from
the structure of the matrix in (29). Only M, ; and M ,5 are
nonzero, and matrix multiplication merely multiplies
these elements by R,, producing a DC of the same
orientation but with its moment multiplied by the ratio
of the rigidity moduli. If the fault is perpendicular to the
interface, then the apparent mechanism is still a DC for
all slip directions, but its orientation and seismic mo-
ment are distorted, as the first column of the figure
illustrates. For general fault orientations the apparent
mechanism has artificial isotropic and CLVD compo-
nents.

4.6. Rapid Polymorphic Phase Changes

Except in the shallowest parts of the crust, compres-
sional stresses in the Earth greatly exceed shear stresses.
Therefore earthquake processes that involve even rela-
tively small volume changes could release large amounts
of energy. For this reason it has long been speculated
that polymorphic phase transformations in minerals
might cause deep earthquakes. Such speculation has
been stimulated also by consideration of the simple
theory of frictional sliding, which seems to require im-
possibly large shear tractions when the confining pres-
sure is high, and by the theory of plate tectonics, which
involves large-scale vertical motions in the upper mantle.
Many common minerals undergo polymorphic changes
in crystal structure in response to changes in pressure
and temperature, and some of the major structural fea-
tures in the Earth, most notably the “transition region”
at depths between about 400 and 800 km in the upper
mantle, are attributed to such phase changes (in this
case, involving the mineral olivine, (Fe, Mg),SiO,, trans-
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Figure 15. Apparent non-DC mechanisms caused by shear
faulting with unit moment near a horizontal interface, for
various dip and rake angles. Solid curves show compressional
wave nodal planes corresponding to true (DC) mechanisms.
Dotted curves show nodal surfaces for apparent mechanisms
obtained if DC moment release on the low-speed side of
interface is assumed to be on the high-speed side; dashed
curves are the same, but with sides interchanged. Both media
are Poisson solids, and the ratio of elastic moduli across the
interface is 1.7:1, corresponding to a wave speed contrast of
about 20% if density is proportional to wave speed. Numbers
below each mechanism give the DC moment and the values of
k and € (equations (19) and (18)) corresponding to the dotted
curves. Dips of 0 are not shown because the apparent mecha-
nisms are DCs (although with moments distorted by the ratio
of the rigidity moduli). Dips of 90° correspond to cases with
rake of 0 (first column). Focal hemispheres (which may be
considered either upper or lower) are shown in equal area
projection.

forming to the spinel and then perovskite crystal struc-
tures).

As slabs of lithosphere subduct into the mantle, oli-
vine and other minerals are carried out of their stability
fields and into the stability fields of denser phases, into
which they transform. If these changes occur rapidly
enough to radiate seismic waves, they constitute earth-
quakes, and their mechanisms will have isotropic com-
ponents. They probably will also have deviatoric compo-
nents because the process of phase transformation will
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Figure 16. Transformational faulting mechanism for deep
earthquakes. (a) schematic diagram of expected subduction
zone temperature (thin lines) and olivine to spinel structure
phase equilibrium (heavy lines). In equilibrium the « — 3 and
B — v phase transformations occur at lower pressures for
lower temperatures (transformations have positive Clapeyron
slopes), so the phase boundaries are shallower within the
subducting slab. (b) The transformational faulting model pre-
dicts that equilibrium will not be maintained at the lower
temperatures near the middle of the subducting slab because
of slower reaction rates. Thus a wedge of metastable olivine (o
phase) (shaded) can exist within the slab, possibly as deep as
650 km. Transformational faulting earthquakes are predicted
to occur when the metastable olivine transforms directly to
spinel. The wedge narrows with depth, as the slab heats up, and
the olivine — spinel transformation takes place. Thus large
deep earthquakes may occur on several adjacent short faults,
rather than one long fault [Houston, 1993].

release shear strain, much as explosions are often ob-
served to release tectonic shear strain [Toksoz and Ke-
hrer, 1972]. There seems to be no reason, however, why
such a deviatoric component should be a DC rather than
a CLVD, and in fact, the CLVD force system was first
invented as a possible mechanism for deep earthquakes
caused by phase transformations [Knopoff and Randall,
1970].

At least two effects can tend to inhibit rapid phase
transformations. The first is thermal diffusion, which
must occur to transfer the heat liberated or absorbed in
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the transformation. The second is mass diffusion, which
is needed to accommodate the chemical differentiation
that accompanies many phase transformations such as
those in solid solutions like olivine. Rather special con-
ditions are probably required for a phase transformation
to cause earthquakes.

In the laboratory, metastable minerals sometimes un-
dergo rapid phase transformations within thin zones,
which facilitate shear faulting and cause acoustic emis-
sions, for example in ice [Kirby, 1987]. This “transforma-
tional-faulting” process might also occur in subduction
zones in the Earth if, at the low temperatures within
subducted slabs, olivine is carried to depths far outside
its stability field (Figure 16) [Kirby et al., 1991]. The
transformation of olivine directly to the spinel structure,
bypassing the intermediate 8 spinel phase, is expected to
be particularly efficient at radiating seismic waves. If the
zones are thin enough, such a process could be consis-
tent with observations that deep focus earthquakes have
dominantly DC focal mechanisms, lacking significant
isotropic components.

Transformational-faulting earthquakes are expected
to have dominantly DC focal mechanisms, with small
isotropic components whose magnitudes depend on the
thicknesses of the zones of phase transformation. Re-
solving isotropic components in the presence of the
distorting influences of near-source heterogeneity and
anisotropy is a challenge for observational seismology.

The zone of metastable olivine is expected to become
thinner with depth as the slab heats up and olivine
transforms to the spinel structure (Figure 16). This nar-
rowing would impose limits to the source dimensions of
transformational earthquakes, and these limits would
vary with depth and with fault orientation. Larger earth-
quakes would have to involve slip on multiple faults, and
the non-DC components associated with such complex
faulting (section 4.2) might produce a systematic in-
crease in || with magnitude and depth [Houston, 1993].

5. DISCUSSION

A wide variety of processes could cause earthquakes
mechanisms to depart from the idealized double-couple
force system that characterizes planar shear faulting in a
homogeneous isotropic medium. These departures can
be as extreme as unbalanced forces or torques, or they
can be minor anomalies that are barely resolvable with
the best data currently available.

Many of these processes, including unsteady fluid
flow, shear faulting on ring structures, and tensile fault-
ing (possibly combined with shear faulting) are particu-
larly likely in geothermal and volcanic environments,
where observed non-DC observations are commonest. A
better understanding of these non-DC earthquakes may
be useful in understanding and predicting volcanic ac-
tivity and in prospecting for and exploiting geothermal
energy.
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Weak non-DC effects can result from departures
from idealized models of shear faulting, such as fault
complexity, dilatancy, fault-opening slip pulses, and het-
erogeneity and anisotropy of the host medium. Study of
these effects will probably be valuable in refining our
knowledge of how faults work. Such study will require
improvements in our ability to resolve small non-DC
components. Some current habits, such as constraining
isotropic components of mechanisms to vanish and as-
suming temporal similarity between moment tensor
components, hinder progress and should be discontinued.
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