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S U M M A R Y
Gravity gradients are an effective method for delineating the extent of subsurface density
anomalies. The change in subsurface density contrasts due to the seismic deformation gives rise
to detectable gravity changes via the dilatational gravity signal or Bouguer anomaly. Solutions
for the corresponding gravity gradients of these signals are developed for a vertical strike-
slip fault. Gravity gradient solutions exhibit similar spatial distributions as those calculated
for Coulomb stress changes, reflecting their physical relationship to the stress changes. The
signals’ magnitudes, of the order of 10−4 E, are beyond the resolution of typical exploration
instruments. Improvements to Superconducting Gravity Gradiometers are necessary for gravity
gradients to be used as a viable method for the observation of the stress field changes over
large spatial scales.

Key words: Numerical solutions; Seismic cycle; Time variable gravity; Earthquarke inter-
action, forecasting, and prediction.

1 I N T RO D U C T I O N

The analytic solutions of the deformation field from seismic events

are well established in the literature for elastic half-spaces (Chinnery

1963; Mansinha & Smylie 1971; Okada 1985) and further developed

for the corresponding stress and strain fields (Okada 1992). Seismic

triggering studies that interpret the Coulomb stress changes aris-

ing from the resultant deformation field after a seismic event, have

demonstrated the potential for identifying regions of future seismic

activity (King et al. 1994; Stein et al. 1994; Freed & Lin 2001).

However, the Coulomb stress changes are inherently unobservable

by direct measurement and are typically restricted to surface obser-

vations; their values at focal depths must be inferred.

By contrast with stress and strain measurements, gravity obser-

vations record changes from all depths and their acquisition over

large spatial scales is common due, in large part, to their exten-

sive use in exploration geophysics. The analytic solutions for the

gravity changes from an earthquake were first numerically solved

for by Rundle (1978), and analytically solved for a thrust fault and

dilatational point source by Walsh & Rice (1979). Okubo (1991,

1992) developed the general solutions for a finite fault within a

half-space, which was further extended for complex fault networks

by Hayes et al. (2006). Walsh & Rice (1979) explicitly derive the di-

latational solutions in terms of the stresses induced in the subsurface

medium, and as demonstrated by Okubo (1992), the dilatational, or

Bouguer, gravity anomaly corresponds directly to the subsurface

density from seismic activity. Often, of more practical use in ex-

ploration geophysics are the gravity gradients, which delineate the

edges of subsurface density anomalies (Bell 1997; Saad 2006). As

such, it follows that the gravity gradients may provide more detailed

information on the spatial distribution of the deformation field fol-

lowing an earthquake and, in turn, its subsurface stress and strain.

The purpose of this paper is to provide the analytic gravity gra-

dient solutions for a vertical strike-slip finite fault within an elas-

tic half-space. In Section 2, we outline our method and solutions.

Section 3 shows the results for several of the gradient solutions

followed by a discussion of the results in Section 4.

2 T H E G R AV I T Y G R A D I E N T

S O L U T I O N S

To calculate the gravity gradient changes for an earthquake, we first

use the potential Green’s functions developed by Okubo (1992). In

general, the expressions used for the dilatational gravity potential

changes are given by

�P∗(x1, x2, x3) = {ρG[U1 S∗(ξ, η) + U2 D∗(ξ, η)

+ U3T ∗(ξ, η)] + �ρGU3C∗(ξ, η)}‖, (1)

where ρ is the density of the medium, G is Newton’s Universal

gravitational constant, ξ and η are coordinates on the fault length

and width, respectively and U i is the slip vector. We have used the

double vertical notation of Chinnery (1961). For our analysis, we

need only focus on the strike-slip component, where S∗ (ξ , η) is
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given by,

S∗(ξ, η) = (1 − 2ν) tan δ{−R − 2ξ I1 tan δ

+q sec δ[sin δ · log(R + η) − log(R + d̄)]}, (2)

and note that,

I1(ξ, η) = tan−1

[−q cos δ + (1 + sin δ)(R + η)

ξ cos δ

]
. (3)

In expressions (1)–(3), ν is Poisson’s ratio, d is the depth to the

bottom of the fault beneath the origin and ξ ≡ x 1 − ξ ′ and η ≡
p − η′, where

p ≡ x2 cos δ + (d − x3) sin δ,

R ≡ √
ξ 2 + η2 + q2,

q = x2 sin δ − (d − x3) cos δ,

d̄ = η sin δ − q cos δ.

See Okubo (1992), fig. 2, for a complete description of the coordinate

system used.

To calculate the gravity gradients, we first define the operators

for the potential Green’s function given by (1), which simplify

to the following expressions for a vertical strike-slip fault,that is,

cos δ = 0.

d

dx1

= ∂ξ

∂x1

∂

∂ξ
|x3=0,

d

dx2

= ∂q

∂x2

∂

∂q
|x3=0,

d

dx3

= − ∂p

∂x3

∂

∂η
|x3=0. (4)

In general, the above operators can be used on the gravity po-

tential solutions in eq. (1) (hereafter, simply denoted as P) to find

the horizontal gravity solutions, as well as their respective gradients

for vertical strike-slip systems. Of the nine solutions for the full

gravity gradient tensor, five are independent. The independent so-

lutions are: P xx, P xy = P yx, P zx = P xz, P zy = P yz and P zz, where

the subscripts indicate the derivatives and x = x 1, y = x 2, z = x 3

using the coordinate system of Okubo (1992). The final dependent

solution, P yy can be found using Laplace’s equation where, P yy =
− P xx − P zz for a closed system (Walsh & Rice 1979).

For the purposes of this paper, we provide the x 1, x 2, and x3

Green’s function gravity gradients,that is, the vertical gravity gradi-

ent, d2 P/dx2
3 = P zz, and the horizontal gravity gradients, d2 P/dx 3

dx 1 = P zx and d2 P/dx 3dx 2 = P zy, using eq. (1) for a vertical

strike-slip fault. For this case where cos δ = 0, we find the following

expressions for the gravity gradient Green’s functions.

S∗
zz(ξ, η) = (1 − 2ν)

q

R(R + η)
, (5)

S∗
zx (ξ, η) = (1 − 2ν)

qξ

R(R + η)2
, (6)

S∗
zy(ξ, η) = −(1 − 2ν)

[
1

R + η
− q2

R(R + η)2

]
. (7)

3 R E S U LT S

Using the Green’s functions (5)–(7) in (1), we can calculate the

gravity gradient solutions for a vertical strike-slip fault. In Fig. 1,

we plot the vertical gravity gradient using eq. (5) for a right-lateral

Figure 1. The vertical gravity gradient for a vertical right-lateral strike-slip

fault. L = 10 km, W = 10 km, depth to the top of the fault is 1 km, and

the dislocation is 5 m. The units are in Eötvös (E), which is equivalent to

0.1 μ Gal m−1 or 10−9 s−2. The thick black line is the location of the fault.

strike-slip fault. The vertical gravity gradient exhibits a similar an-

tisymmetric butterfly pattern as that for the dilatational gravity (See

Okubo 1992, fig. 4).

For the horizontal gradients, we make note of the fact that they are

coordinate dependent, and thus their derivatives are dependent upon

the direction in which their derivatives are found. The consequence

of this is that derivatives in either the positive or the negative direc-

tion will produce similar spatial patterns but with opposite signs. As

such, we plot only the magnitude of the horizontal components. We

further note that we have employed the use of the more common unit

for gravity gradients in exploration geophysics, that is, the Eötvös

(E), where 1 E = 0.1 μGal m−1 or 10−9 s−2 in S.I. units.

In Figs 2(a) and (b), the solutions to (6) and (7) are shown, re-

spectively. The y-component of the gravity gradient has a larger

magnitude than the corresponding x-component of the gravity gra-

dient; however, the pattern produced by the x-component exhibits a

more diverse topology and spatially complex signal.

A common technique in exploration geophysics is to examine the

various combinations of the gravity gradients to further delineate

the extent of the subsurface density anomaly. We examine here a

linear combination of eqs (5)–(7). In Fig. 3, we present two cases

where we have added the components of the gravity gradient in the

following manner,

ε P∗ − Pzx , (8)

where ε is used as a dimensionless scaling factor, from 0 to 1, and

P∗ = P zz + P zy. The scaling factor is used to generate comparable

magnitudes of the z- and y-components of the gravity gradient to

the smaller x-component values, which would otherwise be masked

by these stronger signals.

In Fig. 3, we demonstrate how the effect of the scaling factor, ε,

affects the resulting spatial distribution of the signal. As expected,

smaller value of ε in Fig. 3(a) yields a signal with a greater compo-

nent of the horizontal gravity gradient in the x-direction. This has

the effect of retaining the slight negative values in the top-left-hand

side and bottom-right-hand side quadrants of the signal. The larger

ε value in Fig. 3(b) almost masks these signals completely.

Using the source parameters and fault dimensions for the Joshua

Tree earthquake, as given by Bennett et al. (1995), we apply the

gravity gradient solution in eq. (8) with ε = 0.035. For comparison

purposes, we also provide the Coulomb stress change in Fig. 5 using
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(a) (b)

Figure 2. (a) The x-horizontal gravity gradient magnitude for a vertical right-lateral strike-slip fault and (b) the y-horizontal gravity gradient magnitude.

Parameters used in (a) and (b) are the same as those used in Fig. 1. Note that the scales are different in (a) and (b).

(a) (b)

Figure 3. The gravity gradient solution given by eq. (8) with (a) ε = 0.15 and (b) ε = 0.4. Parameters are the same as those used in Fig. 1. Note that the scales

are different in (a) and (b).

the Coulomb 3.0 software (Lin & Stein 2004; Toda et al. 2005). It

should be noted that, to have a more consistent comparison with

Fig. 4, Fig. 5 does not include the regional stress component, as it

is currently not included in the gradient solutions.

We observe similarities in the spatial distribution for the gravity

gradient plot of Fig. 4 and the Coulomb stress change plot of Fig. 5.

Moreover, we note that by using eq. (4) we solve for the expected

gravity gradient solution at the surface, whereas the Coulomb stress

changes are calculated at depth.

4 D I S C U S S I O N

Using the gravity gradients to delineate the edges of subsurface

density anomalies, we have provided the gravity gradient Green’s

function solutions for the subsurface density anomalies in the post-

seismic regime for a vertical strike-slip fault. The physical relation-

ship between the gravity gradients and the corresponding Coulomb

stress changes for the deformation field of a finite, strike-slip fault

is clearly evident in the similar spatial distributions of Figs 3 and 4,

respectively. Moreover, Walsh & Rice (1979) have shown explicitly

that the gravity solutions for a dilatational point source and dip-slip

fault can be found in terms of the stress changes following seismic

events.

As such, the use of gravity gradients may offer researchers the

ability to map the actual Coulomb stress changes by using the

Figure 4. The gravity gradient solution of eq. (8) for the 1992 April Joshua

Tree earthquake. The parameters are L = 8 km, W = 10 km, with a right-

lateral dislocation of 0.8 m and an ε value of 0.35. To avoid singularities,

the depth to the top of the fault is 500 m. The thick black line indicates the

approximate location of the Joshua Tree Fault.
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Figure 5. The Coulomb stress change for the 1992 April Joshua Tree earth-

quake. The parameters used are the same as in Fig. 4, calculated at a depth

of 8 km and using a coefficient of friction value of 0.40. The thin green line

indicates the approximate location of the Joshua Tree fault.

gradients as a proxy for the stress changes in the system. Further-

more, we suggest this may offer a practical complement to the tra-

ditional suite of seismic hazard assessment tools such as combined

InSAR and GPS methods (Samsonov & Tiampo 2006) and statistical

seismicity methods (Bowman & King 2001; Tiampo et al. 2002), in

addition to traditional Coulomb stress change solutions (King et al.
1994; Freed & Lin 2001).

Exploration techniques of the 1930s commonly yielded gravity

gradient resolutions of the order of magnitude of ± 1 E (Bell 1997),

and recent developments in quantum-based instruments promise

improved sensitivity in the near future. Moody et al. (2003) are

developing an instrument for use in an aircraft or ship with an accu-

racy of <1 E Hz−1/2. Superconducting Gravity Gradiometer (SGG)

designs for space-borne missions, which require 10−4 E Hz−1/2 sen-

sitivity, have been demonstrated to achieve 0.02 E Hz−1/2 in the lab.

Enhancements to the SGG, for example, by employing magnetically

suspended test masses (versus the current mechanical suspension),

may provide improved sensitivity by several orders of magnitude

yielding resolutions of 10−5 E Hz−1/2 (Moody et al. 2002).

We suggest that highly sensitive SGGs, designed for constant

terrestrial observation, may allow for the measurement of the post-

seismic gravity gradient changes arising from large events such as

the Joshua Tree–Landers–Hector Mine sequence. Plans to incorpo-

rate the underlying regional stress, as well as more complex fault

geometries, are underway. Moreover, extension of the method to in-

clude thrusting fault solutions, which contain larger gravity signals

than strike-slip faults, may produce more readily observed signals.
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