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Abstract

Since the early 1960s when Maruyama and Burridge and Knopoff convincingly demonstrated

that the elastodynamic radiation patterns exhibited by shear faulting in an isotropic, elastic

medium were consistent with a pair of force couples, it has become standard practice amongst

seismologists to assume that all earthquakes originate from this force system. This premise carries

with it the assumptions that all earthquakes are occurring on shear faults, have trivial isotropic

components, and can be described by a symmetric strain tensor. However, as the global seismic

network has expanded and as data quality has improved, earthquake sources have been discovered

that cannot be adequately described by a simple double-couple force system. Such earthquakes are

described as having non-double-couple sources. Yet many seismologists continue to quantitatively

analyze earthquakes without considering non-double-couple components. This paper is intended

to introduce non-double-couple sources and analysis techniques and convincingly demonstrate that

non-double-couple components should be acknowledged during earthquake source studies.
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I. INTRODUCTION

A convincing argument could be made that seismology as a field of science came into

existence when it was discovered that the majority of earthquakes are generated by slip

along faults in the late 19th century. Intuitively, the forces involved in shear faulting should

be able to be represented by a single force couple. However, in the early 1960s, Maruyama

and Burridge and Knopoff dispelled this notion when they showed that a distribution of

double couple (DC) forces with canceling net torques along the fault surface was the correct

depiction of forces involved in shear faulting (Figure 1). The radiation pattern of P- and

S-waves from a single double couple point source shows the familiar alternating quadrants

of compression and dilatational first motions. Compressional wave amplitudes disappear in

the fault and auxiliary planes, whereas shear waves reach maximum amplitudes.

FIG. 1: (a) A strike-slip fault showing the orientation of double couple forces along it. (b,c)

Radiation patterns from a double couple point source in relation to the fault and auxiliary (dashed

lines) planes.1

To represent these quadrants of compression and dilatation patterns from an earthquake,

the use of “beachball” focal solution mechanism diagrams is almost ubiquitously used by

seismologists (Figure 2). The first step in generating a beachball diagram is to note the

polarity of the first motion of seismic waves at numerous seismic stations surrounding the

earthquake’s focus. Historically, P-waves have been used since their arrivals are generally

easier to locate in the seismic record.1 The next step is to trace the waves back from each
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seismic station and project the polarity of each wave on the lower focal hemisphere.2 These

lower hemisphere polarities are then projected onto an equal area stereonet and least squares

methods are generally utilized to fit the nodal and auxiliary planes.1

FIG. 2: The process of creating a beachball diagram. (a) Determining first arrival polarity3

(b) Projecting polarities onto lower focal hemisphere3 (c) Plotting lower focal hemisphere on an

equal area net. Note that black circles represent compressional first arrivals and white circles are

dilatational.2 (d) Final beachball focal solution.

This method works very well for DC earthquakes but is capable of failing dramatically

if the earthquake in question is not generated by simple shear faulting (Figure 3). As

technology has improved and the number of seismic stations through the world has increased,

a plethora of higher-quality data have been available for analysis. Due to these advances, it

was determined in the early 1990s that the double couple force system does not adequately

describe many earthquakes.4 This is especially true in active volcanic or geothermal regions

in which mass transport and volume changes are integral parts of seismic sources. Failure

to consider non-double-couple (NDC) source components can lead to incorrect or overly-

simplistic models of earthquake sources as well as lead to skewed regional stress orientations,

yet many researchers continue to assume purely DC sources.4 Therefore, it is of paramount

importance that aspiring seismologists be exposed to an overview of NDC earthquakes and

analysis techniques.

II. FORCE SYSTEMS

A. Derivation

Although any given seismic source mechanism can only be described by one equivalent

force system, the force system may be identical for multiple sources (Figure 4).1 However,
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FIG. 3: The focal solution mechanism for an earthquake recorded on September 15th, 1991 in

Iceland assuming (a) a double couple source and (b) a source with non-double-couple components.

(b) was shown to be the more accurate mechanism using amplitude ratio techniques (see Julian et

al, 1998). Note that a double couple source acceptably fits the data and causes the seismic source

to be interpreted as a strike-slip fault when in actuality the source is most likely the closing of a

crack in a geothermal area.1

there is a one-to-one mapping between force systems and the elastodynamic field outside

of the source region. The classical example of this is that for an earthquake that occurs

due to shear faulting, it is impossible to determine the fault plane from the auxiliary plane

based on seismic data alone. It should also be noted that two differently oriented DC events

that are both closely spatially and temporally related may not be able to be resolved as two

separate events and can thus appear as a single NDC event.4

The derivation of the equivalent force system for an earthquake begins with the equation

of motion for the propagation of seismic waves, ignoring the effects of gravity:

σij,j = ρ
∂Ui

∂t
, (1)

where ρ(x) is the density of the material the waves are traveling through, U(x, t) is the

displacement vector, σ(x, t) is the stress tensor, x is position, and t is time.5 However, we

don’t actually know the true stress of the medium being modeled, so it is estimated using a

generalized version of Hooke’s law:

Sij = cijklεkl (2)
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FIG. 4: Graph depicting the relationship between source types, force systems and elastodynamic

fields

where Sij is the estimated stress tensor of the modeled medium, cijkl is a four-dimensional

hypercube of 81 elastic moduli, and εkl is the strain tensor.6 Sij,j may be substituted into

Equation 1, but since this is only an approximation of the stress, the equivalent force

system, f(x, t), must be added:

Sij + fi = ρ
∂Ui

∂t
, (3)

fi ≡ (σij − Sij),j . (4)

It is important to note that equivalent force goes to zero outside of the source region.1

B. Existence of Net Force and Torque

The argument for no net torque and force can be derived from Equations 3 and 4.

Since both σij and Sij are symmetric, it follows that fi cannot exert any net torque at any

point. Also, since fi is always zero outside of the source region, the Divergence theorem can

be utilized to show that the net force disappears within the source region, as well.1 However,

these conclusions are reached while ignoring the effects of gravity. It turns out that mass

advection and differences in densities between the modeled and true medium can give rise

to net forces and torques that must be balanced by the rest of the Earth.1

A particulary interesting example is the case of a seismic source with a moving center of
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mass, such as moving fluid in a volcanic or geothermal area. Since the source is assumed to

be at rest before and after it generates a seismic signal, conservation of momentum holds, and

the time integration of net force must go to zero.1 However, consider the case of a geyser: As

fluid accelerates upward to the surface, seismic signals (most likely in the form of tremor) are

generated and recorded by seismic stations while a net upward force is generated. Once the

fluid exits the conduit from which it is traveling and erupts into the atmosphere, it no longer

generates a seismic signal capable of being recorded by seismographs, and the deceleration

of the fluid is not registered in the seismic record. Therefore, from the perspective of a

researcher analyzing the data, it will appear as though the seismic source has created a net

force on the Earth. Also, any source with a center of mass that travels horizontality will

exert a net torque on the Earth.1

III. MOMENT TENSOR

It is a linear problem to determine the response of the Earth to a given equivalent force

system.1.The displacement field will simply be the temporal convolution of the equivalent

force system with the medium’s Green’s function, Gij(x, ξ, t), integrated over the entire

source region:

Ui(x, t) =
∫ ∫ ∫

V
Gij(x, ξ, t) ? fi(ξ, t)d

3ξ (5)

where ξ is the position of the source which is set to occur at t = 0.7 Using a Taylor series

expansion on the Green’s Function at the source position:

Gij(x, ξ, t) = Gij(x, 0, t) +Gij,k(x, 0, t)ξk + . . . (6)

and substituting into Equation 5, the displacement equation becomes:

Ui(x, t) = Gij(x, 0, t) ? FJ(t) +Gij,k(x, 0, t)Mjk(t) + . . . (7)

where

Fj(t) ≡
∫ ∫ ∫

V
fj(ξ, t)d

3ξ (8)

is the 3-component force rate of the source and

6



Mjk(t) ≡
∫ ∫ ∫

V
ξkfj(ξ, t)d

3ξ (9)

is the 9-component first-order moment tensor rate.1 Although higher-order moment tensors

which give information about the spatial and temporal evolution of failure within the source

region exist, as suggested by Equation 7, little effort has been made to resolve them from

seismic observations due the large numbers of components involved.1

By integrating the moment tensor rate over the time that the source was active, the

traditional moment tensor, Mij, can be obtained and has the following form:

Mij =


M11 M12 M13

M21 M22 M23

M31 M32 M33


Each of the components corresponds to the magnitude of a force couple illustrated in

Figure 5. It should be noted that all diagonal terms are force couples which will cause a

change in volume. Thus, the isotropic component of the moment tensor can be determined

by its trace. An important property of the moment tensor is that it can always be rotated

into a coordinate system in which the equivalent forces only act in the direction of the

principal axes.1

FIG. 5: Matrix of double couple forces associated with the moment tensor.7
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IV. MOMENT TENSOR DECOMPOSITION

A. Theory

With the moment tensor expressed in its principal coordinate system, it can easily be

decomposed into three types of sources shown in Figure 6: Isotropic, Double Couple, and

Compensated Linear Vector Dipole (CLVD).1

FIG. 6: Force couples, moment tensors (in principal coordinate system), and radiation patterns

for the three source types used in moment tensor decompostion.1

To begin, seperate the isotropic and deviatoric parts of the moment tensor:
M1

M2

M3

 = M


1

1

1

 +


M ′

1

M ′
2

M ′
3

 ,

where M is the average of the principle components and the M ′ terms are the remaining

deviatoric parts.1 The next step is to divide the deviatoric remainder into its DC and CLVD

parts: 
M ′

1

M ′
2

M ′
3

 = M (DC)


0

−1

1

 +M (CLV D)


−1

2

−1
2

1

 ,

where M (DC) ≡ M ′
1 − M ′

2 and M (CLV D) ≡ −2M ′
1 with the deviatoric moment tensors

rearranged such that |M ′
1| ≤ |M ′

2| ≤ |M ′
3|.1
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B. Plotting

Unfortunately, the conventional beachball diagrams used to represent DC focal mecha-

nism solutions only contain information about the orientation of the source and nothing

about the source type. For this reason, in the late 1980s a “source type” plotting scheme

was proposed to show the relative contributions of different source types (Figure 7). In

contrast to the beachball diagrams, a source type plot does not display any information

about the orientation of the source.1

FIG. 7: “End-member” moment tensors8 and the 1984 Tori Shimi Earthquake1 plotted on a

“baseball diamond” scheme of displaying focal solutions.9

The x-axis of the plot displays how much the deviatoric component of the moment tensor

differs from that of a pure double couple by plotting −2ε, where

ε ≡ 1

2

M (CLV D)

|M (DC) +M (CLV D)|
. (10)

The y-axis of the plot shows how the volume of the source changes by plotting κ, where
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κ ≡ M

|M |+ |M ′
3|
. (11)

Figure 7 demonstrates this scheme by plotting canonical moment tensors as well as the

1984 Mw 5.6 Tori Shima earthquake.

However, this method has not become anywhere near as popular as beachball diagrams.1

Although at least part of this trend can attributed to the fact that few researchers regularly

consider NDC sources, it may be possible that seismologists simply prefer to use focal

mechanism displaying schemes that reference sports. For this reason, it is proposed that

this system of plotting focal mechanisms be referred to as a “baseball diamond” plot.

V. CONCLUSIONS

A complete understanding of source mechanisms includes both Double Couple and Non-

Double Couple Sources. Seismic sources in which the center of mass changes with time

(landslides, volcanic eruptions, fluid migration, etc.) have the potential to exert net torques

on the rest of the Earth and may appear to also exert a net force in certain circumstances.

Through moment tensor decomposition, a general moment tensor can be separated into its

isotropic, DC and CLVD components. This allows it to be plotted on a “baseball diamond”

plot, which shows the relative contributions of different source types without regard to the

source orientation.
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