
letters to nature

NATURE | VOL 408 | 23 NOVEMBER 2000 | www.nature.com 457

Acknowledgements

This work was completed while A.G. was a graduate student in the MIT/WHOI Joint
Program in Physical Oceanography. We thank J. Toole, B. Warren, J. Marotzke, D. Glover
and N. Hogg. B. Arbic, G. McKinley, A. Czaja, A. Macdonald, J. Marshall and M. Fieux also
provided helpful comments on the manuscript. We are grateful to the principal
investigators who provided the data from the World Ocean Circulation Experiment and
the Franco-Indonesian Java-Australia Dynamic Experiment. G. Brown and D. Spiegel
helped to design the ®gures. We were supported by the Jet Propulsion Laboratory and by
gifts from Ford, General Motors and Daimler-Chrysler to MIT's Climate Modelling
Initiative. This work is a contribution to the World Ocean Circulation Experiment.

Correspondence and requests for materials should be addressed to A.G.
(e-mail: ganacho@ifremer.fr).

.................................................................
The use of earthquake rate changes
as a stress meter at Kilauea volcano
James Dieterich*, ValeÂrie Cayol²* & Paul Okubo³

* US Geological Survey, Menlo Park, California 94025, USA
² UniversiteÂ B. Pascal, Clermont Ferrand, France
³ Hawaiian Volcano Observatory, US Geological Survey, Hawaii 96718, USA

..............................................................................................................................................

Stress changes in the Earth's crust are generally estimated from
model calculations that use near-surface deformation as an
observational constraint. But the widespread correlation of
changes of earthquake activity with stress1±5 has led to suggestions
that stress changes might be calculated from earthquake occur-
rence rates obtained from seismicity catalogues. Although this
possibility has considerable appeal, because seismicity data are
routinely collected and have good spatial and temporal resolution,
the method has not yet proven successful, owing to the non-
linearity of earthquake rate changes with respect to both stress
and time. Here, however, we present two methods for inverting
earthquake rate data to infer stress changes, using a formulation
for the stress- and time-dependence of earthquake rates6. Appli-
cation of these methods at Kilauea volcano, in Hawaii, yields good
agreement with independent estimates, indicating that earth-
quake rates can provide a practical remote-sensing stress meter.

The inversions use a formulation for earthquake rate changes6

derived from laboratory observations of rate- and state-dependent
fault strength6±8, which constrain the earthquake nucleation process
to be dependent on both time and stress. Previously, this formula-
tion has been applied to model the spatial and temporal character-
istics of earthquake clustering phenomena, including foreshocks
and aftershocks6,7, and to evaluate earthquake probabilities follow-
ing large earthquakes9. The effectiveness of the formulation for
forward modelling of earthquake phenomena, and its derivation
from observed fault properties, provide the basis for its use to
estimate stress changes from earthquake rate data. This approach
yields stresses that drive the earthquake process. As such, it is
distinct from other seismological methods that yield measures of
stress changes resulting from earthquakes.

The formulation of Dieterich6 for rate of earthquake activity R (in
a speci®ed magnitude range) can be written in the condensed form

R �
r

gÇSr

; where dg �
1

Aj
�dt 2 gdS� �1�

where g is a state variable, t is time, and S is a modi®ed Coulomb
stress function de®ned below. The constant r is the steady-state
earthquake rate at the reference stressing rate SÇr. A is a dimensionless
fault constitutive parameter with values usually in the range 0.005±
0.015 (refs 6±8). The modi®ed Coulomb stress function is de®ned
as

S � t 2 �m 2 a�j �2�

where t is the shear stress acting across fault planes that generate
earthquakes (positive in the slip direction), j is the normal stress
(less pore ¯uid pressure), m is the coef®cient of fault friction and a is
a constitutive parameter6,10 with an assigned value in this study of
0.25 (refs 6, 10). In equation (1), the term As is a constant (that is,
changes in j are negligible relative to total j). For a stress step,
equation (1) yields the characteristic aftershock sequence, which
consists of an immediate jump of seismicity rate followed by decay
that obeys the Omori t-1 aftershock decay law with aftershock
duration ta � Aj=SÇ (ref. 6).

We use two methods to estimate stress changes from earthquake
rate data. The ®rst gives stress as a function of time in a speci®ed
volume. From equation (1), the observed rate R is used to directly
calculate g as a function of time (that is, g�t� � r=R�t�ÇSr). This
requires an estimate of SÇr , which can be obtained from independent

Figure 1 Map of Kilauea volcano showing earthquakes of magnitude M < 1.5 from 1976

to 1983. Intrusion of magma into the southwest and east rift zones of Kilauea causes rift

expansion, and results in motion of the south ¯ank to the SSE. Eruptive ®ssures initiated

the Puu Oo eruption, which started 1 January 1983 and continues to the present. The

small polygon is the region of analysis of Fig. 2; the large rectangle gives the region of

analysis of Figs 3 and 4.
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observations of deformation rates, or from observations of after-
shock decay using the relation given above for aftershock duration.
Stress changes over successive time intervals are then obtained using
the solution of equation (1) for a stress step at the mid-point of a
time interval

DS � Aj ln
gi �

Dt

2Aj

gi�1 2
Dt

2Aj

264
375 �3�

where gi and gi+1 are the estimated values of g at the beginning and
end, respectively, of the time step Dt.

The second method gives the spatial distribution of stress changes
for a stress event, such as an earthquake mainshock or a magmatic
intrusion. This method uses the solution of equation (1) for a
history that consists of constant stressing at SÇr , followed by a stress
step DS (the stress event), followed by constant stressing at SÇr.
Solving equation (1) for this stressing history, and integrating the
rates to obtain the expected number of events in time intervals, gives

DS � Aj ln
ÇS�exp�N2

ÇSrt1=N1Aj�2 1�
ÇSr�exp�ÇSt2=Aj�2 1�

� �
�4�

where N1 is the count of earthquakes in time interval t1 immediately
before the stress event, and N2 is the earthquake count in interval t2

immediately following the event. As is usual in Coulomb stress

analysis, DS depends on fault orientation and slip direction. Con-
sequently, in solving equation (4) for stress, counts of earthquakes
(sorted by fault orientation) are made for sub-regions centred on
grid points.

The south ¯ank of Kilauea volcano, Hawaii, was chosen for this
initial application of these methods for two reasons: ®rst, this region
experiences frequent stressing events from well studied causes, and
second, various deformation observations have been made that can
provide independent estimates of stress changes. This region is
undergoing rapid deformation due to expansion of the active rift
zones, and has high rates of seismic activity (Fig. 1). Since 1983,
measured rates of south ¯ank displacement11,12, to the SSE, have
ranged between 6 and 20 cm yr-1. Expansion of the rift zones occurs
by two mechanisms: (1) continuous slow intrusion of magma into a
deep dyke-like body13,14; and (2) rapid intrusion events that emplace
shallow dykes, which sometimes form eruptive ®ssures11±13,15,16. Rift
zone expansion is coupled to, and accommodated by, fault slip at
the interface between the volcano and the pre-existing sea ¯oor16±18.
The magnitude 6.1 earthquake of 25 June 1989, and numerous
moderate and small earthquakes, occurred within the region of this
study18±20.

We have examined stresses in several sub-regions of the south
¯ank of Kilauea using the method based on equation (3). The area
indicated by the small polygon in Fig. 1 displays examples of
seismicity and stress changesÐshown in Fig. 2a and b, respec-

Figure 2 Earthquakes and stresses for the small polygon shown in Fig. 1. a, Cumulative

number of earthquakes of magnitude M < 1.5 in the depth range 5±13 km. Transient

changes of earthquake rates followed intrusion events of 1977 and 1983, the 1979

magnitude 5.5 earthquake, and the 1989 magnitude 6.1 earthquake. b, Stresses

obtained from earthquake rates. A low pass ®lter was used to smooth short-term

¯uctuations in rate before calculating the stresses using equation (3) in the text. We

assume A = 0.005, j equal to the overburden pressure less hydrostatic pore-¯uid

pressure using a bulk density of r = 2.3 for the rubbly lava ¯ows of the volcano ¯ank.

These give a nominal value for As = 0.45 MPa at the representative earthquake depth of

7 km. The inversion employs ÇS r � 0:3 MPa yr 2 1; this value was obtained from the

observed decay of earthquakes following the 1977 intrusion using the relation

t a � Aj= ÇS r.
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tivelyÐthat are representative of the region. At the times of the rift
intrusion/eruption events of 12 September 1977 and 1 January
1983, and the magnitude 5.5 earthquake of 21 September 1979,
seismic activity sharply increased and then decayed to a background
rate following the t-1 Omori decay law. These seismicity changes

give Coulomb stress increases of about 0.5 MPa for the 1977 and
1983 intrusions. As discussed below, these stress changes are
consistent with estimates from boundary element models con-
strained by geodetic data. The seismicity jump at the time of the
1979 earthquake gives a stress increase of 0.2±0.5 MPa. This is
consistent with stresses obtained from elastic dislocation calcula-
tions for an earthquake of that magnitude at that distance (3±
4.5 km distance, 2 km rupture radius, and 3 MPa stress drop).
Aftershocks to the magnitude 6.1 earthquake of 25 June 1989
occurred on three sides of the polygon shown in Fig. 1, and gave
stress increases of 0.3±0.6 MPa, but within the area shown, earth-
quake activity ceased following the 1989 mainshock. It is our
interpretation that the polygon lies within a region of stress drop
for the 1989 earthquake. The stress drop of 0.5 MPa in Fig. 2b is the
minimum needed to reduce the rate to less than one event in the 5
years following the mainshock.

Various factors, including random ¯uctuations in earthquake
rates and possible catalogue inconsistencies during swarm activity,
can introduce artefacts into the inversions that can be confused with
short-term stress changes. Consequently, short-term stress ¯uctua-
tions shown in Fig. 2 should be treated with caution. However, long-
term stressing rate changes and stress steps appear to be well
resolved. The stress solution of Fig. 2b indicates a slowing of
stressing rates, from about 0.30 MPa yr-1 to about 0.15 MPa yr-1,
sometime between 1981 and 1983. This slowing is consistently seen
for other polygons SSE of the 1983 event, and corresponds to a
previously recognized11 decrease of surface deformation rates over
much of the south ¯ank around the time of the 1983 intrusion,
apparently because the continuing volcanic eruption decreased the
supply of magma intruded into the rift.

Independent estimates of stress changes before the 1983 intru-
sion, and of stress changes resulting from it, are obtained from
three-dimensional boundary element models20,21; these stress
changes are shown in Figs 3a and b, respectively. The models satisfy
extensive deformation data sets before, and spanning, the 1983
intrusion; these data include horizontal displacements from trila-
teration measurements, level line data across the rift zone, and tide
gauge data. In addition, the models incorporate topographic effects
and the coupled interactions between the rift zone and the decolle-
ment fault at the base of the volcano. Before the 1983 intrusion
event, earthquakes within the south ¯ank concentrated in regions

Figure 3 Earthquakes of magnitude M < 1.5 and Coulomb stress scale on a cross-

section along the midline of the large box shown in Fig. 1. Coulomb stresses are

calculated for faults that are parallel to the basal fault with slip perpendicular to the rift.

Positive stress favours slip allowing rift expansion (arrows), and negative stress inhibits

slip. The creeping section of the basal fault is shown as a solid line and the locked portion

by a dashed line. a, Earthquakes and Coulomb stresses for the three years before the 1

January 1983 intrusion event and eruption21. b, Earthquakes for the 90 d following the 1

January 1983 eruption. Coulomb stress changes for the intrusion event are calculated for

a pressurized dyke that extends to the surface to give the observed 2-m extension of

trilateration lines that cross the rift zone. c, Stress changes obtained from the earthquake

data using equation (4) in the text.

Figure 4 Comparison of stresses calculated from the boundary element model of the

1983 intrusion event (Fig. 3b) with the stresses calculated from the seismicity rate

changes (Fig. 3c). Only the better-quality earthquake-derived stresses with

�N 1 � N 2� < 45 (see text) are shown.
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where stresses, resulting from slow in¯ation of the deep rift zone, are
high (Fig. 3a). At the time of the shallow intrusion, the rift opened
about 2 m (refs 11, 15, 21), an eruptive ®ssure formed (Fig. 1), and
seismicity within this region of the south ¯ank immediately
increased by more than a factor of ten (Fig. 2a). The intrusion
also resulted in changes in the patterns of stressing and seismic
activity (Fig. 3a, b). Relative to the pre-intrusion period, seismic
activity shifted away from the rift and more shallow events occurred.
These changes are consistent with stresses that we have calculated
for the 1983 intrusion (Fig. 3b). That is, the regions of increased and
decreased earthquake rates correspond to regions of increased and
decreased stress, respectively, resulting from the intrusion.

We believe that the boundary element model of the 1983 intru-
sion is also a reasonable representation of the stress changes for the
1977 intrusion. Each occurred in the same region15,20, each resulted
in very similar changes in seismicity patterns and rates, and the
limited deformation data for the 1977 event are consistent with the
more extensive 1983 data set.

Figure 3c gives the distribution of stress changes for the 1983
intrusion obtained from the seismicity data using equation (4).
Counts of earthquakes for this calculation are made on a square grid
with 0.5-km spacing of centres, over a radius of 1 km. A three-year
period, t1, was used for counts before the event (N1), and 90 days, t2,
was used for counts following the event (N2). We use the stressing
rate results for the small polygon in Fig. 1 to set ÇSr � 0:3 MPa yr 2 1

before intrusion and ÇSr � 0:15 MPa yr 2 1 following the intrusion.
Additionally, the parameter As is made depth-dependent by allow-
ing j to increase with depth by the weight of the overburden less
hydrostatic pore-¯uid pressure.

For the region of the small polygon (Fig. 1), the boundary
element model gives a stress increase of 0.3±0.6 MPa for the 1983
intrusion. This compares well with the seismicity-based stress
change of 0.5 MPa obtained for both the 1977 and 1983 intrusion
events using equation (3) (Fig. 2b). The pattern and magnitudes of
stress changes at the time of the 1983 intrusion obtained from
earthquake data using equation (4) (Fig. 3c) are in agreement with
the boundary element calculation (Fig. 3b). Regression of the
Coulomb stresses from the boundary element model of the intru-
sion against stresses from equation (4) has a slope of 1.1, and the
correlation coef®cient is 0.80 (Fig. 4).

In summary, seismicity changes coincide with documented
deformation events for the south ¯ank of Kilauea volcano. Inver-
sions of earthquake rates for stress changes based on equation (1)
give consistent results that agree with other estimates of stress. An
additional internal consistency check of the earthquake rate for-
mulation is provided by the previously described slowing of
deformation rates that began around 1981±1983. As noted above,
equation (1) predicts an inverse relationship between stressing rate
and the time ta for seismicity to decay to the background rate
following a stress step. As the data of Fig. 2a show, the time for
seismicity to return to a background rate following the 1983
intrusion is about twice as long as that following the 1977 intrusion;
this is consistent with a halving of the stressing rate.

The methods presented here provide a way to use seismicity rate
information in earthquake catalogues as a stress meter. This
approach is able to resolve both positive and negative stress steps,
as well as long-term changes in stressing rate. Because this approach
does not depend on previous models of speci®c structures, it can
also provide constraints on the models used to analyse observations
of deformation. M
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No population increases without limit. The processes that prevent
this can operate in either a density-dependent way (acting with
increasing severity to increase mortality rates or decrease repro-
ductive rates as density increases), a density-independent way, or
in both ways simultaneously1±3. However, ecologists disagree for
two main reasons about the relative roles and in¯uences that
density-dependent and density-independent processes have in
determining population size4,5. First, empirical studies showing
both processes operating simultaneously are rare6. Second, time-
series analyses of long-term census data sometimes overestimate
dependence7,8. By using a density-perturbation experiment9±12 on
arctic ground squirrels, we show concurrent density-dependent
and density-independent declines in weaning rates, followed by
density-dependent declines in overwinter survival during hiber-
nation. These two processes result in strong, density-dependent
convergence of experimentally increased populations to those of
control populations that had been at low, stable levels.
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