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Repeating Deep Earthquakes:
Evidence for Fault Reactivation
at Great Depth

Douglas A. Wiens and Nathaniel O. Snider

We have identified three groups of deep earthquakes showing nearly identical
waveforms in the Tonga slab. Relocation with a cross-correlation method shows
that each cluster is composed of 10 to 30 earthquakes along a plane 10 to 30
kilometers in length. Some of the earthquakes are colocated, demonstrating
repeated rupture of the same fault, and one pair of events shows identical
rupture complexity, suggesting that the temporal and spatial rupture pattern
was repeated. Recurrence intervals show an inverse time distribution, indicating
a strong temporal control over fault reactivation. Runaway thermal shear
instabilities may explain temporally clustered earthquakes with similar wave-
forms located along slip zones weakened by shear heating. Earthquake doublets
that occur within a few hours are consistent with events recurring before the
thermal energy of the initial rupture can diffuse away.

Earthquakes with highly similar waveforms
result when ruptures with identical focal
mechanisms are located so close that com-
plexly scattered waves show little difference
between events (/). Similar earthquakes at
shallow depths have been located accurately
by cross-correlation techniques, thus allow-
ing delineation of small features in the seis-
micity data (2) as well as detailed studies of
earthquake recurrence and rupture properties
(3, 4). Similar deep earthquakes, although
noted previously (5), have not been studied
with modern methods. The study of possible
repeating deep earthquakes may help to ex-

Department of Earth and Planetary Sciences, Wash-
ington University, St. Louis, MO 63130, USA.

plain the mechanism that causes seismic rup-
ture at depths of greater than 100 km (6-10).

Using regional broadband waveforms re-
corded by a 2-year seismograph deployment
in 1993-95 (11), we identified three clusters
of similar earthquakes in the deep Tonga slab.
Seismograms from each cluster show nearly
identical waveforms (Fig. 1), suggesting that
the earthquakes must have similar focal
mechanisms and locations. We used a cross-
correlation technique to determine the rela-
tive arrival times of the regional P and S
waves, as well as teleseismic P phases. The
arrival times were then solved for the relative
centroid positions and times of the events
with a hypocentroidal decomposition method
(12). The resulting arrival times and earth-
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quake locations are more accurate than stan-
dard methods, with relative residuals of about
0.1 s rather than 0.4 s for standard arrival
time determinations. The 95% uncertainty el-
lipsoids have semiaxes on the order of 1 to
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3 km rather than 5 to 10 km for standard
methods.

The Tonga deep earthquakes form a thin,
faultlike planar feature in each of the three
areas (Fig. 2). Such features have been iden-
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Labasa, Fiji vertical component
July 2, 1994 (5:46, Mw 5.6) solid line
July 2, 1994 (6:43, Mw 5.5) dotted line
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Fig. 1. Example of highly similar earthquake waveforms recorded at a temporary broadband seismic

station in Fiji. The waveforms were aligned and
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Fig. 2. Maps of the similar earthquake clus-
ters. (A) Cluster 1 in the central Tonga slab at
depths of 563 to 578 km. (B) Cluster 2 in the
northern Tonga slab at depths of 575 to 605
km. (C) Cluster 3 in the central Tonga slab at
depths of 587 to 603 km. Each figure shows
sets of colocated events (Table 1) and focal
mechanisms from the Harvard CMT catalog
(14).

tified previously (/3), but the improved loca-
tion technique demonstrates that the shear
zones are at most only 2 or 3 km wide. We
also identified several series of earthquakes
that have nearly identical locations (Table 1).
For this study, we define these colocated
earthquakes as events that are separated by
less than 3 km, because at this distance it
becomes possible that the rupture zones of
earthquakes from this data set [moment mag-
nitude (M) 4.3 to 5.6]) might overlap or
show repeated rupture. Three kilometers is
also about the maximum uncertainty in the
earthquake locations.

Cluster 1 consists of nine events that oc-
curred within a 15 km by 15 km planar region
in the central Tonga slab (Fig. 2A). The three
largest events have nearly identical focal
mechanisms determined by the Harvard Cen-
troid Moment Tensor project (CMT) (/4),
showing dip-slip faulting on a steeply dipping
plane aligned with the earthquake locations.
Two of the largest events occurred less than
an hour apart on 2 July 1994 (Table 1) and
show centroids located 2 * 2 km apart and
displaced along the strike of the fault.

Cluster 2 consists of 22 earthquakes that
occurred along a 25 km by 30 km vertical
plane in the northern Tonga slab (Fig. 2B).
The earthquakes are aligned with the near-
vertical fault plane of the centroid moment
tensor solution of the largest event (26 July
1995; moment magnitude 5.3). The strike of
the faultlike structure is approximately
aligned with the near-vertical Tonga slab in
this location and is immediately to the south
and about 25 km deeper than the epicenter of
the 9 March 1994 (M, 7.6) Tonga earthquake
(15). Cluster 2 contains several sequences of
colocated events, including two events sepa-
rated by 55 s on 9 November 1994 (Table 1).
Cluster 3 consists of 10 earthquakes along a
40 km by 15 km planar region in the central
Tonga slab (Fig. 2C). This cluster contains a
pair of colocated events with M_ 5.6 and 5.4
that occurred within a time span of 2 hours on
12 September 1995 (Table 1).

Some of the colocated events may have
resulted from repeated rupture on the same
fault segment. We investigated the rupture
extent of some of these events using an em-
pirical Green’s function (EGF) deconvolution
method, in which smaller, short-duration
events are used to remove wave propagation
effects and recover the apparent source time
function (/6). A correction to the decon-
volved time function is made to take into
account the finite duration of the Green’s
function event itself, which is estimated by
deconvolving an attenuation operator ob-
tained from a regional attenuation model
(7). The rise time (7,,,), or time elapsed
from the onset to the maximum of the source
pulse, is then measured, and the fault radius is
calculated from a quasi-dynamic model for a
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circular rupture (/8) with

Ti2Ve
r

T 1 - (vsinv/c) (0
where v, is the velocity of the rupture, 6 is the
angle between the fault and the ray at the
source, and c is the wave velocity (9.95 km/
s). It is difficult to determine the rupture
velocity for moderate-magnitude deep earth-
quakes. Large deep earthquakes generally
show rupture velocities of 3 to 4.5 km/s, with
the largest deep earthquakes in the Tonga-Fiji
region showing rupture velocities of greater
than 4 kmv/s (10, 19). So we calculated the
rupture radius assuming a rupture velocity of
3.8 km/s, corresponding to 70% of the shear
velocity.

Results of these calculations show that the
rupture zones of the closely spaced larger
earthquakes overlap. In cluster 1, most of the
5 km by 15 km region along the upper part of
the fault failed during two sequences on 14
February 1994 and 2 July 1994 (Fig. 3). The
degree of fault overlap would be less if the
earthquakes showed unusually low rupture
velocity, but the ruptures of the 2 July double
event would show some overlap even for
rupture velocities as low as 1.4 km/s.

Clusters 2 and 3 also show several colo-
cated series of events that represent repeated
failure of the same fault surface. In particular,
the two events in cluster 3 on 12 September
1995 are located at the same distance (2 km)
and are of nearly the same magnitude as the 2
July events. EGF deconvolution suggests that
the rupture radii of these events are similar to
the 2 July events and thus would overlap.
Cluster 2 also contains a region with four
nearly identical events located within a 3 km

Table 1. Tonga colocated repeating events. Colocated events

relative location method.
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by 2 km by 1 km volume, distributed ran-
domly over the 2-year time period of the
deployment.

Two earthquakes within a 55-s interval at
14:40:49 UT (M,, 4.8) and 14:41:44 (M,,
5.1) on 9 November 1994 suggest that even
the spatial and temporal pattern of moment
release may be repeated. The centroids of
these events are closer than 2 km, and their
positions cannot be distinguished at the 95%
confidence level. Source pulses deconvolved
with the EGF technique for these events show
that each represents a double rupture and that

Distance along the fault (km)

-6 -3 0 3

the time history of the ruptures is nearly
identical for the two events (Web fig. 1) (20).
The time separation of the two pulses is
0.34 s for both events at station Lakeba, Fiji,
and 0.40 and 0.44 s at Labasa, Fiji (Web fig.
1) (20). The similarity of the time functions at
both widely separated stations suggests that
the relative timing and position of the sub-
events are nearly identical for the two earth-
quakes. The average rise time of the pulses
for the 14:40:49 event is 0.28 s and 0.35 s for
the 14:41:44 event, suggesting rupture radii
of 1.5 to 2 km for the subevents of both

Fig. 3. Estimated rup-
ture zones of earth-
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quakes from cluster 1
assuming circular rup-
ture. Rupture radius is
calculated from the
measured rise times
determined by EGF
deconvolution and as-
suming a rupture veloc-
ity of 3.8 km/s (70% of
the shear velocity).
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are defined as events located within 3 km, as determined with a waveform cross-correlation

Cluster ) . . Depth No. of Uncertainty
no. Year Month Day Hour Minute Second Latitude Longitude (km) M,, arrivals (km)
1 94 7 2 5 46 54.8 —20.90 —178.34 565. 56 32 0.9
1 94 7 2 6 9 5.4 —20.96 -178.39 563. 43 9 2.4
1 94 7 2 6 43 155 —20.92 —178.35 565. 5.5 28 1.1
1 94 7 2 8 53 235 —20.94 —178.37 564. 44 14 14
1 94 2 14 0 42 371 —20.82 —178.30 563. 5.0 14 14
1 94 2 14 22 10 490 —20.82 —178.31 563. 46 13 1.6
1 94 2 14 22 14 42,0 —20.81 —178.30 564. 4.4 10 2.1
2 94 1 9 14 40 49.6 -18.14 —178.14 604. 48 24 1.2
2 94 " 9 14 41 44.2 —18.13 —178.15 603. 5.1 28 0.9
2 94 10 7 12 54 486 -18.13 —178.14 596. 48 19 16
2 95 3 18 17 0 54.3 -18.14 —178.14 598. 5.0 15 1.9
2 94 2 17 22 40 56.7 —17.98 —178.26 580. 5.1 14 2.7
2 94 6 19 22 33 28.7 -17.98 —178.27 579. 48 13 2.5
2 95 1 9 19 50 6.2 —17.95 —178.28 580. 5.0 14 2.2
2 95 10 13 8 20 183 —-17.96 —178.26 579. 48 17 29
2 95 5 25 16 45 58.4 —18.03 —178.18 586. 5.1 16 2.7
2 95 10 1 16 38 36.3 -18.04 —178.18 588. 4.9 20 2.2
3 95 9 12 12 44 41.2 —-21.70 —179.00 594. 5.4 28 1.7
3 95 9 12 14 23 331 —21.68 —179.00 594. 56 28 15
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earthquakes. These events represent four rup-
ture events within a 2-km region during a
time period of less than 1 min.

There is an important temporal element
in the colocation of repeating ruptures, as
four of the seven cases of colocated earth-
quakes recurred within a time span of less
than 1 day (Table 1). The rate of subse-
quent earthquakes as a function of time
after the initial earthquake in our data set is
inversely proportional to time (Fig. 4), in-
dicating that the tendency for recurrent
faulting drops off rapidly with time, as does
aftershock activity in general (27). Howev-
er, this temporal association is not an after-
shock phenomenon, as the seismic mo-
ments of the repeating events are similar to
the initial event, whereas the largest deep
earthquake aftershocks are generally about
two orders of magnitude smaller than the
mainshock (22). In addition, the high rate
of repeating earthquakes observed in Tonga
would be unexpected, given the low after-
shock activity of deep earthquakes. The
tendency for repeating deep earthquakes to
show small recurrence times is much dif-
ferent from shallow repeating earthquakes,
which show regular or semirandom distri-
butions with time except in known after-
shock zones (4).

Several mechanisms have been pro-
posed to explain deep earthquakes, includ-
ing transformational faulting (6, 8, 23),
dehydration embrittlement (7, 24), ductile
shear zones (25), and fault zone melting
(9). Previous studies suggest that repeating
earthquakes would be incompatible with
transformational faulting because a fault
zone filled with transformed material
would quickly strengthen due to grain size
growth and become incapable of additional
faulting (6). However, all faults and shear
zones show a finite width, and the repeating
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earthquake data are compatible with rup-
ture on parallel en-echelon faults that can-
not be spatially resolved by the location
procedure (within 1 to 2 km of each other).
Laboratory data on transformational fault-
ing suggest that the lens of transformed
material (“the anticrack”) has a small width
relative to length (26). The presence of
transformed material at the center of the
fault zone inhibiting repeated faulting
along the same plane is similar to strain
hardening along shallow faults. Strain hard-
ening leads to broadening of the shear zone
as slip is transferred into the surrounding
low-strength region (27); the same process
could lead to en-echelon transformational fault-
ing events adjacent to the initial one. In this
model, the temporal dependence of the repeat-
ing earthquakes can result from either the time
scale of the grain size growth in the anticrack or
weakening of the surrounding region due to the
latent heat of the original transformation event.
However, the large rupture extent of the largest
deep earthquakes and occurrence of aftershocks
outside the active slab argue against the trans-
formational faulting model (7, 10, 15).

Our preferred interpretation is that deep
earthquakes represent runaway thermal
events, either involving sudden ductile creep
along a shear zone (25) or melting (9). Each
of these strain-softening models would pro-
vide a logical mechanism for localizing re-
peated failures along the same fault. The
seismically active structures imaged by the
repeating earthquakes may represent deep
shear zones that remain weak relative to the
surrounding mantle because of lowered vis-
cosity resulting from shear heating and from
possible grain size reduction (28).

A deep shear zone would be expected to
strengthen rapidly after catastrophic failure be-
cause of conductive cooling and the tempera-
ture-sensitive rheology, providing an explana-

Fig. 4. Log-log plot of 100
the rate of repeating
earthquakes as a func-
tion of after the initial __
event of the sequence, 'g 10
taken from the data <
set of colocated €
events (Table 1). The 3 1
line shows a linear
least squares fit, in ®
which the rate is pro- @
portional to t~%°7, § 0.1
demonstrating  that £
the repeating earth-
quakes show a strong o 0-01
preference for short £
recurrence intervals. 2

2 0.001

0.01 0.1
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tion for the observed short recurrence time for
repeating earthquakes. The rate of thermal dif-
fusion can be estimated from the characteristic
cooling time ¢ = x?/k, where « is the thermal
diffusivity (~10~° m?%/s) and x is one-half the
thickness of the cooling zone (assuming that the
fault cools from both sides). For a fault zone
with a thickness of 1 m, the characteristic cool-
ing time is on the order of 3 days, which can
explain the short recurrence times of the deep
earthquakes we have analyzed.
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