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Variations in earthquake rupture properties along
the Gofar transform fault, East Pacific Rise
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On a global scale, seismicity on oceanic transform faults
that link mid-ocean ridge segments is thermally controlled1,2.
However, temperature cannot be the only control because the
largest earthquakes on oceanic transform faults rupture only
a small fraction of the area that thermal models predict to
be capable of rupture3–5. Instead, most slip occurs without
producing large earthquakes3,4,6. When large earthquakes
do occur, they often repeat quasiperiodically7,8. Moreover,
oceanic transform faults produce an order of magnitude
more foreshocks than continental strike-slip faults7,9. Here we
analyse a swarm of about 20,000 foreshocks, recorded on an
array of ocean-bottom seismometers, which occurred before a
magnitude 6.0 earthquake on the Gofar transform fault, East
Pacific Rise. We find that the week-long foreshock sequence
was confined to a 10-km-long region that subsequently acted as
a barrier to rupture during the mainshock. The foreshock zone
is associated with a high porosity and undergoes a 3% decrease
in average shear-wave speed during the week preceding the
mainshock. We conclude that the material properties of fault
segments capable of rupturing in large earthquakes differ from
those of barrier regions, possibly as a result of enhanced
fluid circulation within the latter. We suggest that along-strike
variations in fault zone material properties can help explain
the abundance of foreshocks and the relative lack of large
earthquakes that occur on mid-ocean ridge transform faults.

The short (∼90 km), high-slip-rate (∼14 cm yr−1) Gofar
transform fault10 on the equatorial East Pacific Rise (EPR;
Fig. 1) has a warm thermal structure, which limits its largest
earthquakes to 6.0≤Mw≤6.2, whereMw is themomentmagnitude.
These magnitude (M ) 6.0 earthquakes repeat quasiperiodically
approximately every five to six years7 (Supplementary Fig. S1).
The westernmost segment of the Gofar transform fault has two
asperities that have ruptured repeatedly in M ∼ 6.0 earthquakes
(Fig. 1; Supplementary Fig. S1). The eastern asperity (centred on the
blue circle in Fig. 1) ruptured in 1997, 2002 and 2007, whereas the
western asperity (centred on the orange circle in Fig. 1) ruptured
in 1992, 1997, 2003 and 2008 (refs 7,8). These fully coupled fault
patches8 are anomalous relative to the dominant behaviour of
mid-ocean ridge transform faults (RTFs)where 80%of faultmotion
occurs without earthquakes3,4. The repeating large ruptures present
an opportunity to understand the physical processes that produce
the high rates of RTF foreshock activity and limit the size of RTF
ruptures to bemuch smaller than the full fault length9,11.

Based on the regularity of EPR seismic cycles, we deployed an
ocean bottom seismograph (OBS) array to capture the 2008Mw 6.0
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Gofar earthquake as well as its foreshocks and aftershocks. Seven
OBSs, each with a strong-motion accelerometer and a broadband
seismometer, were deployed on the western asperity (Fig. 1), which
ruptured on 18 September 2008 in aMw 6.0 earthquake. The entire
earthquake sequence was recorded on scale by the strong-motion
network, providing an unprecedented data set covering the end of
the seismic cycle on an RTF.

During 2007–2008, the Gofar fault failed in a series of ruptures
that propagated from east to west. Figure 1 shows the epicentres
of nearly 22,000 earthquakes between 1 August and 30 December
2008 relocated with waveform-derived differential arrival times
(see Methods). The 2007M 6.0 rupture zone (∼105.7◦–105.9◦W)
experienced a low rate of seismicity throughout our deployment in
2008 (Fig. 2); in contrast, the area immediately west experienced a
high rate of seismicity between 1 January and 1 September (yellow
region in Fig. 2) culminating in a spectacular swarm of ∼20,000
foreshocks from 10 September (day 254) to 17 September (day 261).
The foreshock swarm was effectively terminated on 18 September
(day 262) by the rupture of the M 6.0 mainshock on the segment
directly to the west (red region in Fig. 2). The westernmost∼10 km
of the plate boundary (106.2◦–106.3◦W) failed in another swarm
of ∼20,000 earthquakes on 10–17 December (cyan in Figs 1, 2;
Supplementary Figs S2 and S3) to complete the seismic cycle. The
fault segments hosting the foreshock and December swarm have
little overlap with the mainshock rupture zone as delineated by its
immediate aftershocks (Figs 1 and 2).

Two observations indicate that the physical properties in the
swarm/foreshock regions differ from those in the M 6.0 rupture
zones. First, large ruptures generally fail to propagate through the
foreshock region. Since 1992, sevenM ≥6.0 ruptures have occurred
on the western Gofar fault, all of which have centroids at either the
eastern orwestern asperity7,8 (Fig. 1 and Supplementary Fig. S1) and
have rupture lengths of ∼15–20 km based on the distribution of
2008 aftershocks. None of these large ruptures propagated through
the 2008 foreshock region to rupture both asperities, despite the
near synchronization of their seismic cycles (Supplementary Fig. S1)
and the apparent continuity of the fault (fault offsets are <2 km
based on earthquake locations and bathymetry). This historical
behaviour, together with the sharp boundary observed between
the 2008 foreshocks and aftershocks (Fig. 2 and Supplementary
Fig. S3), indicates that a region with distinct mechanical properties
separates the M 6.0 ruptures of the eastern and western asperities
(Fig. 1) and thereby limits earthquake magnitude along this RTF.
The ability of the foreshock region to repeatedly stopM 6.0 rupture
fronts, despite being only ∼10 km long, indicates that this barrier
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Figure 1 | Earthquake epicentres at the Gofar transform fault. The bathymetry map (the location of which is indicated by the black star on the inset)
shows 21,919 events occurring in August–December 2008 (black dots) and located with a double-difference scheme. Foreshocks on 10–12 September,
aftershocks on 18–20 September and swarm events on 7–8 December are shown in yellow, red and cyan, respectively. OBS locations are shown by the
white triangles (seismometer only) and white stars (seismometer plus strong-motion sensor). The epicentre of the largest (M 5.2) aftershock and the
centroids of the 2008 Mw 6.0 and 2007 Mw 6.2 earthquakes are shown as large brown, orange and blue circles, respectively. OBS G04, G06, G08 and G10
are labelled below their symbols.
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Figure 2 | Earthquake temporal distribution. a, Cumulative number of earthquakes in the waveform-detection earthquake catalogue (black curve). The
yellow, red and cyan curves show cumulative earthquakes in the foreshock zone (105.9◦–105.98◦W), mainshock rupture zone (106.04◦–106.18◦W) and
the December swarm zone (106.2◦–106.3◦W), respectively. The M 6.0 mainshock occurred on day 262, or 18 September (vertical black line). b, Locations
and times of all of the earthquakes in the STA/LTA catalog covering the entire year of 2008. The solid yellow, red and cyan rectangles denote the same
sections of the fault as the coloured curves in a.
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Figure 3 | Along-strike variations in earthquake depths. a, Vertical-component P waveforms for clusters of earthquakes directly beneath each fault-zone
station as a function of hypocentral depth. The waveforms are aligned with S-wave first arrivals at 3.0 s. These clusters are located within 1–3 km epicentral
distance and hence are dominantly vertically propagating rays. The observed S-wave first-arrival time (vertical red line at 3.0 s) and the predicted P-wave
arrival time (earlier red line) from a fault-zone velocity model14 that assumes a Vp/Vs ratio of 1.73 are shown. Note the significant difference in the
maximum S–P time between stations in the rupture zones of M 6.0 earthquakes (G06∼0.8 s, G10∼0.7 s) and those in the swarm/foreshock zones (G08
∼1.25 s, G04∼1.1 s). b, Relocated seismicity with cyan, red, yellow and blue circles denoting the clusters beneath stations G04, G06, G08 and G10 (blue
triangles), respectively.

comprises strongly velocity-strengthening frictional material12 that
is not present in the adjacentM 6.0 rupture zones.

Second, microearthquakes in the barrier region extend a few
kilometres into the uppermost mantle, in contrast to the crust-
confined events within the mainshock rupture zone (Fig. 3).
Vertically propagating S waves within the fault zone arrive ∼1.25 s

after the P wave for deep foreshocks and December swarm
events (beneath stations G08 and G04, respectively), whereas the
maximum S–P times for events in the M 6.0 rupture zones (G06
and G10) are ∼0.6–0.8 s (Fig. 3). This difference seems to result
primarily from variations in earthquake depth along the fault
rather than from lateral heterogeneities in crustal velocity structure.
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We cannot exclude the possibility that some of the difference in
S–P times results from along-strike anomalies in the ratio of the
P-wave velocity to the S-wave velocity (Vp/Vs ratio) but the Vp/Vs
ratio in the lower crust of the foreshock region seems typical
of oceanic crust (Supplementary Fig. S4) and we conclude that
most of the difference in S–P times results from deeper events
in the foreshock region (see Supplementary Methods). Oceanic
earthquakes are generally confined to depths shallower than the
600 ◦C isotherm13. For a half-space cooling model, this depth is
∼4 km in the centre of the Gofar transform and would increase
to only 5–6 km for thermal models5 that include hydrothermal
cooling. Thus, the depth extent of seismicity in the mainshock
regions is consistent with these thermal/rheological models, but the
deeper seismicity in the foreshock zone (∼7–10 km; Fig. 3) is not.

Subtle changes in waveforms from earthquakes directly un-
derneath station G08 indicate that the elastic properties of the
rupture-barrier region changed during the foreshock swarm. We
inferred such medium changes, represented as relative changes
(dv/v) in S-wave speed, from the time-dependent stretching of
the S-wave coda (Fig. 4) measured with a doublet method10 (see
Methods). For each selected earthquake we determined a stretching
coefficient by comparison against a reference signal, which was
obtained by stacking waveforms from selected small earthquakes
that occurred in the foreshock region before day 240 (Fig. 4). The
dense foreshock sequence allowed for continuous monitoring of
S-wave speed variations through themainshock on day 262.

We found a ∼3% decrease in S-wave speed in the fault
zone during the foreshock swarm well before the mainshock
(Fig. 4). An active-source refraction study through the foreshock
zone found a few-kilometres-wide zone of low P-wave velocities
around the active fault that extends throughout the crust14. Our
coda measurements are probably most sensitive to the shallow
(∼0–3 km) part of the damage zone where the P-wave speed
anomaly is greatest (∼30%; ref. 14). The change in elasticity
seems to be limited to the foreshock zone, as waveforms from the
same set of earthquakes recorded at stations located east (G10) or
west (G06) of that zone do not indicate such a time dependence
(Supplementary Fig. S5). If the temporal changes represent the
response of fluid-filled cracks to a change in stress, the minimum
stress change would be about 0.03 MPa (stress sensitivity of 10−6),
but it could be one to two orders of magnitude larger15. Estimating
stress changes from reductions in seismic-wave speed may be
inaccurate, however, because: first, the elastic response may not
be linear; second, the wave-speed reduction was transient (Fig. 4)
unlike the expected static stress change from a creep event; and
third, the velocity reduction correlated with seismicity rate, which
during creep events is expected to be a function of stressing rate, not
stress16. A similar correlation between stressing rate andwave-speed
change has been observed for a large slow-slip event in the Guerrero
subduction zone, implying nonlinear elasticity effects17.

Generating the inferred stress change over a significant portion
of the fault is likely to require a deformation event larger than
the biggest foreshock (Mw 4.1). Such a slip event would have been
primarily aseismic, similar to other earthquake swarms triggered by
creep events11,18. Although no seafloor geodetic data are available
for the Gofar fault, collectively, our observations indicate that both
the foreshock swarm and the changes in seismic wave speed resulted
from the increased stressing rates caused by a large aseismic creep
event that occurred within the rupture-barrier region in the week
before the mainshock.

We suggest that the anomalous properties of the foreshock
zone (compared with the mainshock regions) are the result of
fluid circulation within the transform-fault domain. Candidate
mechanisms for explaining the velocity-strengthening frictional
behaviour and potentially some portion of the large S–P times in
the swarm regions are: alteration of the fault zone to serpentine, talc
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Figure 4 | Temporal velocity changes. a, A comparison of the reference
stack of aligned S waveforms at G08 (black line) with a single event on day
255 (red line) and that waveform corrected for the measured dv/v
(−2.76%; dotted red line). b, Measured dt(t) relative to the reference trace
for the day 255 earthquake waveform in a. The best-fit slope is a
measurement of−dv/v. c, dv/v measurements (black dots) for a cluster of
439 earthquakes located in the foreshock zone. Insets show the rapid
velocity variations around days 245 and 254. The blue curve denotes the
earthquakes rate in the region that includes the earthquakes used to
measure the velocity changes.

or other hydrous phases; and unusually high porosity and/or fluid
pressures in this region. A∼10-km-long serpentine body along the
Garrett transform fault19 provides an example of the along-strike
compositional variations that can be expected along EPR transform
faults. If present in large quantities, serpentine would produce a
Vp/Vs ratio of∼2.0, possibly explaining a portion of the difference
in S–P times20 and thus much of the apparent along-strike
variations in the depth extent of seismicity. However, the volume
of serpentine that would be required to explain the low P-wave
speed anomaly observed in the fault zone is incompatible with the
local gravity field14. Moreover, our data indicate an ordinary Vp/Vs
ratio in the lower crust (see Supplementary Methods and Fig. S4).
A thin, undetected layer of serpentine along the fault zone could
inhibit earthquake generation. However, although serpentine is
velocity strengthening in standard laboratory friction experiments,
it becomes velocity weakening at seismic-slip velocities21 and hence
may not provide an explanation for the rupture barrier.

Rather, we interpret the low P-wave velocities at seismogenic
depths (3–6 km) in the Gofar foreshock zone14 to result from high
porosity13, possibly reaching a few per cent in the lower crust14. If
this zone of enhanced porosity corresponds to a region of pore pres-
sures in excess of hydrostatic, the Vp/Vs ratio could rise to a level
required20 to explain a fraction of the large S–P times. Although this
effect could explain someof the along-strike variations inmaximum
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S–P time seen in Fig. 3, our analysis of the Vp/Vs ratio indicates
that the large range in hypocentral depths within the foreshock
region is real (see the Supplementary Discussion). Near-lithostatic
pore pressures in the lower crust within a narrow region of the
active fault zone would enable the fault to fail aseismically in slow
earthquakes22, potentially explaining the ability of the foreshock
region to stop large ruptures. Alternatively, the hydrological condi-
tions in the barrier region may favour dilatancy strengthening and
thus prevent the propagation of large ruptures23. The temporal vari-
ations of porosity resulting from dilatancy closely track the history
of strain rate (not stress) in the shear zone23. If the slow earthquake
on days 254–262 caused an increase in porosity over a portion of the
fault zone that is sufficiently wide (∼200–500m) for the coda waves
to detect it, this would explain the unexpected correlation between
seismicity rate (for example stress rate not stress) and wave-speed
reductions (Fig. 4). The high porosity of the Gofar foreshock zone
contrasts with the seismogenic zone of the Clipperton transform
fault where a similar refraction study did not find evidence of a large
decrease in P-wave speed in the lower crust24.M ∼6.6 earthquakes
occur regularly8 in that part of the Clipperton fault, indicating
that the presence or absence of a high-porosity damage zone at
seismogenic depths may be the primary control on whether large
ruptures propagate through a particular segment of an RTF.

Although their relative contribution is not resolved by our data,
it is likely that enhanced cooling, serpentinization and high fluid
pressure combine to produce the apparently greater depth extent
of seismicity and the velocity-strengthening behaviour of the 2008
foreshock region. These mechanisms all point to enhanced fluid
circulation in the foreshock region relative to the portions of the
fault that fail in large earthquakes. Given that velocity-strengthening
regions such as the foreshock zone predominate on the 10,000+
km of faults in the global transform system3,6, we suggest that
the fluid-related effects may be as dominant as thermal effects in
controlling earthquake rupture on oceanic faults.

Methods
We constructed an initial earthquake catalogue covering the calendar year of
2008 using standard short-term average to long-term average (STA/LTA)-based
detection algorithms for P waves and wavelet-based detections25 for S-wave arrival
times. However, owing to the very low-amplitude P-wave arrivals on OBSs and
the short temporal separations between P and S waves, these algorithms missed
many arrivals. To overcome this limitation, we used the best located events from
the STA/LTA catalogue to provide waveform templates for a matched filter-based
detection algorithm similar to that of Peng26 (see SupplementaryMethods).

A subset of 21,919 earthquakes between August and December 2008 from
the waveform-derived catalogue were used in the relative relocations. These
events had detections on at least six stations and they were retained by the
hypoDD relocation programme’s27 clustering algorithm, requiring at least seven
differential time observations per pair with a cross-correlation cutoff of ≥0.75.
Differential arrival times were calculated using a time-domain interpolation
algorithm28 and resulted in a significant (∼0.2 s) improvement over first-arrival
picks (Supplementary Fig. S6). A window of 2.56 s around each arrival was
extracted from the waveform database, tapered and filtered. S waves were bandpass
filtered between 5 and 12Hz whereas P waves were filtered between 5 and
15Hz. In general, the broadband channels were used for the correlation except
for a period of 3–9 days following the M 6.0 earthquake when they were not
functioning due to clipping/relevelling problems. On these days, the accelerometer
components were used. The relocations were done in three subsets by longitude,
106.40◦W–106.00◦W, 106.04◦W–105.90◦W and 105.94◦W–105.50◦W. For
the eastern and western sections, we required six observations per pair, whereas
for the middle section we required eight observations per pair owing to denser
instrumentation and higher seismicity rates in this region. For the three groups,
we used 1.9 million, 0.7 million and 0.6 million P and 3.7 million, 1.9 million
and 3.7 million S differential arrival time measurements to relocate 10,779, 9,462
and 6,258 earthquakes, respectively. For earthquakes in the regions of overlap, we
used the location estimate from the middle relocation with stricter criteria. We did
not use catalogue arrival times owing to their significantly higher percentage of
mis-identified phases. We used a one-dimensional version of the P-wave velocity
model of Roland14 that accounts for the significant (∼20–30%) reductions in
P-wave speeds in the Gofar fault zone relative to ordinary EPR crust. We assumed a
Vp/Vs ratio of 1.73. Experiments were carried out to verify the depth extent of the
relocated seismicity (see SupplementaryMethods).

The dv/v of the S-wave velocity during the foreshock sequence is measured
using the doublet method29. This method measures time shifts dt between a
waveform and a reference trace, as a function of the time t in the record. Here
we selected foreshocks with waveforms as recorded at station G08 similar to
a master event and contained within a cluster ∼1 km long in the along-strike
direction, and used a stack of those occurring before day 240 as a reference trace.
For each of the 439 selected foreshocks and each of the three broadband and the
three accelerometer components, the waveform is compared with the reference
trace using a tapered, one-second-long, moving time window centred on t to
measure dt as a function of t . This is done in two different frequency bands
(5–8Hz and 8–12Hz). Although this method works well for small dv/v , when
velocity variations are as high as 3%, as measured here, the same time windows
for the reference and the present event do not correspond to the same cycles
in the waveform (especially for large values of t ) and dt cannot be measured.
To overcome this limitation, we first determine a coarse stretching coefficient ε

(which is an approximate value for dt/t ) using the stretching method30 and use
it to define the centre of the time window for the selected event in the doublet
method as (1+ ε)t instead of t . A stretching coefficient dt/t is then inferred
using a linear regression to fit dt as a function of t (Fig. 4 middle). Assuming
a homogeneous velocity variation dv/v , then dt/t is equal to the opposite of
the relative change in S-wave velocity −dv/v between the (arbitrary) reference
and the event date. The resulting dv/v estimates are of similar amplitude on
the six components and the two frequency bands we used (within 10%—see
Supplementary Fig. S7), which gives confidence that they are not biased by any
coupling resonance issues. Measurements on the six components and the two
frequency bands are then averaged to increase the accuracy on dv/v . Repeating
this process for each event of the dense foreshock sequence allows for a continuous
monitoring of S-wave velocity variations from day 215 to day 262 when the main
shock occurred (Fig. 4c).
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