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Deformation of oceanic plates is primarily confined to their boundaries,
but some oceanic transform faults show geologic evidence for migration of
the boundary across a wider zone. We test the extent to which the current
deformation is localized into a single narrow fault valley for two such bound-
aries, the Romanche and Discovery II transform faults. Earthquake reloca-
tion reveals that some large earthquakes involve subevents, or even entire
ruptures, that break sub-parallel faults offset from the primary plate bound-
ary. This observation is confirmed through the estimation of the space-time
rupture properties of the 1994 Romanche and 1997 Prince Edward Island
earthquakes. Both events show strong directivity signals that are oriented
at a high angle to both nodal planes of their moment-tensor and the strike
of their respective main transform faults. These events began with episodes
of smooth moment-release that radiated little high-frequency energy. The
geometry of these events is consistent with the off-fault subevents being trig-
gered by either the dynamic or static stress changes resulting from the slow
components. Thus, these two plate boundaries show evidence for the inter-
action of multiple sub-parallel faults, suggesting that deformation beyond a
single transform valley occurs on both geologic and coseismic time-scales.

1. INTRODUCTION

Transform fault boundaries between oceanic plates
are generally very sharp features where all of the relative
motion occurs across a narrow zone. This localization

Plate Boundary Zones of deformation contrasts with transform fault bound-
Geodynamics Series 30 aries occurring in continental regions, such as the west-
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ern United States, where deformation can be accommo-
dated by multiple geologic structures distributed over a
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wide region. The region of oceanic crust affected by a
transform fault, the transform domain [Fox and Gallo,
1984], can be several tens of kilometers wide and is usu-
ally centered on the transform valley. Within the trans-
form domain, traces of active faulting are confined to a
narrow region less than a few kilometers wide termed
the principal transform displacement zone (PTDZ). The
remainder of the transform valley, including the walls,
generally lacks signs of recent activity. The PTDZ is
considered to be the location of the current plate bound-
ary within which all relative motion occurs. This local-
ization of plate-motion within a belt <2 km wide ap-
pears to be enhanced for large offset transforms due to
the thick lithosphere on the older side of the boundary
[Foz and Gallo, 1984]. While the majority of present-
day plate-motion is thought to be contained within the
PTDZ, it is clear that on geologic time-scales deforma-
tion occurs over the broader region of the transform
domain. This broader deformation is the result of mi-
gration of the principle transform fault within the fault
valley as a response to changes in plate motion as well
as non-transform deformation, such as the creation of
transverse ridges. Occasionally the stresses resulting
from changes in plate-motion are sufficiently large to
cause the location of the boundary to jump to a new
location outside the original transform valley [ Tucholke
and Schouten, 1988]. In such cases, the deformation
appears to occur over a wide region on geologic time
scales despite being localized at any one time. Even in
steady-state geometries, plate motion can be partially
accommodated by distributed deformation up to 20 km
beyond the edge of the fault-valley resulting in measur-
able curvature of abyssal hill structures [Foz and Gallo
1994; Sonder and Pockalny, 1992].

There have been suggestions of active seismicity out-
side the PTDZ. An ocean bottom seismometer (OBS)
study of microseismicity at the Kane transform recorded
a significant number of events located outside the main
transform valley [Wilcock et al., 1990]. The subevent
locations of large earthquakes determined by McGuire
et al.[1996] and McGuire and Jordan [2000] from high-
frequency travel-time picks suggest that present-day co-
seismic deformation may occur across a wide region at
both the Romanche and Discovery II transforms.

2. GEOLOGIC OBSERVATIONS OF THE
ROMANCHE TRANSFORM

The Romanche transform in the equatorial Atlantic
is one of the most well documented examples of dis-
tributed deformation occurring in oceanic lithosphere

on geologic time scales. At least four sub-parallel fault-
valleys spanning a region 100-150 km wide are visible in
gravity (Plate 1) and bathymetric [Searle et al., 1994]
maps of the western portion of the transform. The val-
ley labeled C in Plate 1 has little to no sediment cover
and contains the active transform fault that stretches

for about 840 km between spreading segments. Valley
D contains a paleotransform fault covered by 400-700m
of sediment that can be traced from about 20° 20°W
to 24° 20° W [Searle et al., 1994]. The eastern limit of
this valley indicates that it ceased being the primary
transform fault at about 27 Ma [Searle et al., 1994].
Valley B cuts through the northern transverse ridge to
merge into the active transform valley near the eastern
ridge-transform-intersection (RTI). It is covered in a few
hundred meters of sediment and may have been the ac-
tive trace of the Romanche transform before a change in
plate motion occurred around 8-10 Ma [Bonatti et al.,
1994]. Valley A located just north of the northern trans-
verse ridge is visible in the bathymetric map of Searle
et al. [1994] and may also be a paleotransform valley.
This suite of fault-valleys combined with evidence for
a ridge-jump event about 5 Ma near the eastern RTI
[Bonatti et al., 1994] provides clear evidence that the
exact location of this plate boundary changes regularly
over geologic time. Bonatti et al. [2001] suggest that
transform boundaries with age offsets greater than 30
Ma, such as Romanche and Andrew Bain, systemat-
ically prefer a multi-fault system as a response to the
increased mechanical strength of their older lithosphere.

Perhaps the most spectacular evidence for the com-
plex evolution of the Romanche transform boundary
comes from the presence of a 140 Myr old limestone
unit in the transverse ridge only about 100 km from the
eastern RT1 [Bonatti et al., 1996] . To explain the pres-
ence of this unit and other continental material [Bonatti
1990] near the spreading axis of the MAR, Bonatti et
al. [1994,1996] have proposed the oscillatory spreading
hypothesis. In this model, the pieces of continental ma-
terial have been repeatedly transferred back and forth
between the African and South American plates owing
to changes in the location of the transform and accre-
tionary plate-boundaries. The most-recent episode of
transform-fault migration appears to have transferred
the material between valleys B and C in Plate 1 from
the South American Plate to the African Plate at about
8-10 Ma [Bonatt: et al., 1994]. Thus, the location of the
plate boundary may have shifted back and forth among
the various faults shown in Figure 1 over geologic time
in such a way that the Cretaceous limestone unit re-
mained near the MAR for more than 100 Ma.
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Plate 1. Maps showing the western portion of the Romanche transform. Colors are the satellite altimet-
ric free-air gravity field [Sandwell and Smith, 1997]. The gravity anomalies range from -15 mGal (blue)
to +15 mGal(red), and the relief is illuminated from the northwest. The four fault-valleys labeled A, B,
C, and D are described in the text. MAR denotes the Mid-Atlantic Ridge. Small circles give locations

and 95% confidence ellipses of the relocated background seismicity. Large circles denote locations and
95% confidence ellipses of the subevents of the 1971 and 1994 M, 7.0 earthquakes.
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Figure 1. P wave seismograms for the 1997 Prince Edwards (left panel) and 1994 Northridge (right
panel) events. Stations SA25 (top) and SA38 (bottom) from a temporary PASCAL array in soutern
Africa are shown for the Prince Edwards Event, and stations CCM (top) and COL (bottom) are shown
for the 1994 Northridge event. The thick traces are records that have been low-pass filtered with a causal
4-pole butterworth filter with a corner at .070 Hz, the thin traces have been high-pass filtered with a

corner at 1 Hz.

3. SLOW EARTHQUAKES ON OCEANIC
TRANSFORM FAULTS

Seismic activity on oceanic transform faults includes
events with anomalously long durations that are termed
"slow earthquakes” [Kanamori and Stewart 1976; Okal

and Stewart, 1982]. Okal and Stewart [1982] noted that
some oceanic transform events have large decreases in
apparent size as a function of the frequency of the waves
used to determine a particular magnitude scale. In par-
ticular, they found that my values (determined at 1 s),
were often a full unit smaller than M, (determined at
20 s) or M,, (determined at > 100 s). Okal and Stew-
art [1982] also noted that events with M, —mp > .9
were associated with complex long-duration source-time
functions. More recently the low values of my vs My,
for oceanic transform fault events have been verified by
Stein and Pelayo [1991] and Ihmle and Jordan [1994] .
Kaverina et al. [1996] suggested that the M, — my dis-
crepancy observed on transform faults may be a global
feature of faulting involving young oceanic lithosphere,
including some subduction zones. Stein and Pelayo
[1991] also compared computed source time function
(STF) durations to seismic moments for a global catalog
of oceanic earthquakes and found that oceanic trans-

form fault events had anomalously long durations for
their seismic moments relative to ridge and oceanic
intraplate earthquakes. Ihmle and Jorden [1994] cal-
culated a second-moment measure of the duration of
earthquake STFs based on low-frequency amplitude
spectra and found that many oceanic transform fault
events have such anomalously long durations that they
require a significant amount of low-frequency radia-
tion before the high-frequency origin time of the event.
While these studies have established that some oceanic
transform earthquakes have anomalously long duration
seismic sources, they were prevented from characteriz-
ing the source process over the entire seismic band by
the sparse distribution of high-quality broadband seis-
mic stations before the mid 1990s and the typically large
distances between these stations and oceanic transform
faults.

The most well recorded example of a slow, oceanic
transform fault event is the April 28, 1997 earthquake
on the Discovery II transform near Prince Edward Is-
land, south of Africa [McGuire and Jordan 2000] . This
event met Okal and Stewart’s criteria for being anoma-
lous in that it was my 5.7 and M,, 6.8 and its P-wave
arrivals clearly indicated a complicated long-duration

source. However, much more can be learned about
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Figure 2. Source time functions for the 1997 Prince Ed-
wards (solid line, [McGuire and Jordan, 2000]) and the 1994
Northridge (dashed line, [Wald et al., 1996]) earthquakes.
Zero on the x-axis is the high-frequency origin time of the
Prince Edwards event, and the Northridge STF has been
shifted along the x-axis to overlap the Prince Edwards main-
shock.

its source process than previous events because it was
recorded by a temporary array of quiet, broadband
stations in southern Africa [James et al., 1998] at an
epicentral distance of only about 20°. The P-waves
recorded at this array clearly show an unusual low-
frequency character relative to ordinary earthquakes
(Figure 1). They begin with a low-frequency ramp that

lasts about 15 s before the arrival of significant high-
frequency energy (Figure 1). This type of low-frequency
ramp is not observed for typical earthquakes of this size,
such as the 1994 Northridge event (Figure 1) or other
magnitude 6 earthquakes on the Discvoery II transform
[McGuire and Jordan 2000]. We determined a STF for
this earthquake that was consistent with the data rang-
ing in period from 1000s to .5s. This STF reproduces
the near lack of high-frequency radiation in the first
15 s, the low-frequency surface-wave amplitudes, and
the precursory ramp in the low-frequency P-waveforms
[McGuire and Jordan 2000]. This STF is compared to
the 1994 Northridge event’s STF [Wald et al., 1996} in
Figure 2. The 1997 Discovery II event had a compound
STF comprised of a long duration (~30 s} slow com-
ponent that was about M,, 6.3 and an ordinary earth-
quake that was similar in size and duration (~35 s) to the
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Northridge event. Because the smooth slow-component
began rupturing before the ordinary subevent, it gen-
erated the precursory ramp seen in the low-frequency
P-waveforms shown in Figure 1.

Another event that showed a low-frequency precur-
sory ramp prior to the arrival of high-frequency P-wave
energy was the 1994 M,, 7.1 Romanche transform earth-
quake in the central Atlantic. While this event was
recorded much less clearly than the Prince Edward’s Is-
land earthquake, a stack of the 6 lowest-noise P-wave
recordings did reveal a low-frequency precursor that ex-
ceeded the background noise level and began about 90
s before the high-frequency arrival times [McGuire et
al., 1996]. Additional evidence for this long-duration
slow-component was obtained from low-frequency mea-~
surements of the source amplitude spectrum made using
surface-wave and free oscillation techniques [McGuire
et al., 1996]. These two types of data suggested the
presence of a 200 s long slow component that began ra-
diating low-frequency energy prior to the onset of the
main shock.

While the time domain observation of low-frequency,
precursory arrivals for the Romanche and Prince Ed-
ward Island earthquakes can be clearly interpreted as
evidence for a slow-source process, the complemen-
tary spectral observations are more ambiguous owing
to their dependence on an assumed earth-model. For
instance, Abercrombie and Ekstrém [2001] presented re-
gults which claim that the low-frequency spectral anoma-
lies observed for the 1994 Romanche event were an ar-
tifact of using the PREM elastic structure [Dziewonski
and Anderson(1981)] (which has a 21 km thick crust) to
calculate the synthetic seismograms on which the mea-
surements depend. Abercrombie and Ekstrom [2001]

found that synthetic seismograms calculated using a
thinner (6.5km) crust (more appropriate for an oceanic
region) lead to an almost flat low-frequency amplitude
spectra which implies an absence of a slow-component.
This absence of a slow component would be in disagree-
ment with the P-waves. In Figure 3A-B we present mea-
surements of the low-frequency source-spectra for the
1994 event that were made using synthetic seismograms
calculated for the PA5 elastic structure (Pacific basin
velocity model with a 6.8 km crust)[ Gaherty et al., 1996]
combined with the PREM attenuation model. This am-
plitude spectrum shows a distinct increase in amplitude
below about 8 mHz. While this low-frequency ampli-
tude anomaly is slightly reduced relative to the result
we obtained with the PREM elastic structure, there is
still a clear break in the amplitude spectra indicating a
compound source. Inversion of these spectra combined
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Figure 3. (A) Amplitude and (B) phase-delay spectra for the 1994 Romanche Transform earthquake
determined using the oceanic velocity structure PA5. Points are estimates with one-sigma error bars
obtained from propagation-corrected spectra averaged overa global network of 32 broadband stations;
wave types used in the measurements are spheroidal free oscillations (solid circles), and long-period body
wavetrains (solid triangles). Solid lines are the spectra obtained by Fourier transforming the source time
function in panel D. The phase-delay spectrum is referenced to the NEIC high-frequency origin time,
which corresponds to the initiation of event A. The spectra were made with synthetic seismograms for
a point-source at 18 km depth with a focal mechanism (strike 85, dip 84, slip -161) determined from
low-frequency inversion. (C) Comparison of the observed P-wave stack from McGuire et al. [1996] (thick
line) with a synthetic seismogram (thin line} computed for the source time function in panel D. (D) Solid
line is the source time function obtained by the joint inversion of the spectral-domain data in panels A
and B and time-domain data in panel C.

with the low-frequency P-waveform stack (Figure 3c)
vields a STF that is consistent with both types of data
(Figure 3D). This STF shows a compound nature sim-
ilar to the Discovery II event (Figure 2) in that it is
comprised of both a (~200 s long) slow component and
a {~20 s long) ordinary M,, 7 earthquake. Thus, the

source-spectra determined for an oceanic velocity model
are consistent with the low-frequency precursor seen in
the P-wave stack. The difference between our result and
that of Abercrombie and Ekstrom [2001] may be due to
the difference in measurement technique (note the di-
vergence of our PREM spectra from theirs at around 10




mHz in their Figure 4) or in the differences in oceanic
velocity /Q models used. We find that the precursor
seen in the P-waves for this event is consistent with the
amplitude spectra calculated for an oceanic model. The
STF determined from the oceanic model is very simi-
lar in its compound event character to the much more
well constrained STF for the Prince Edwards event, sug-
gesting that they result from unusual but similar source
processes.

Preliminary directivity studies of the 1994 Romanche
and 1997 Prince Edwards Island events indicated that
they may have ruptured multiple fault-planes. Hence,
there may be a connection between slow rupture and the
broadly distributed deformation observed at Romanche
on geologic time-scales. In this paper we present more
detailed studies of the directivity in these ruptures
and examine the relationship between these slow earth-
quakes, the background seismicity, and the long-term
evolution of complicated multi-fault transform bound-
aries.

4. SEISMICITY OF THE ROMANCHE
TRANSFORM

We began studying the current deformation of the
Romanche transform by relocating all earthquakes in
the ISC catalog from 1964 to 1996 using the clustered
event algorithm of Jordan and Sverdrup [1981] . This
technique produces estimates of the relative locations
of the events that are independent of common path
anomalies as well as an estimate of the absolute posi-
tion of the seismicity cluster. We divided the Romanche
transform into four overlapping regions (-25.5°E to -21°,
-22.5° to -19°, -20° to -17.5°, and -18° to -15.5°) and
simultaneously relocated all the events within a region.
All event depths were constrained to 10 km, and only
events with 30 or more P and PKP arrival times were
used. The results (Plate 1) show that the vast majority
of seismicity is concentrated into a series of seismicity
clusters within the main transform valley (valley C).
There are two notable gaps in the seismicity centered
at -23° and -21° which stretch for about 100-150 km
along the strike of the fault. Another interesting fea-
ture of the seismicity is that it extends 50-100 km be-
yond the eastern RTI (Plate 1D). This cluster of events,
which is centered around (-16.5°E, 0.5°N), is dominated
by a series of events in September 1993 including a my
5.2 (18 Sept., 1993) and an my 5 .4 (21 Sept., 1993)
event. The extent of seismicity past the RTI agrees
well with models of the geoid anomalies over fracture
zones, suggesting that transform faults may take up to
4 Ma after passing the RTI to completely lock [ Wessel
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and Hazby, 1990]. The presence of these moderately
sized events past the end of the active plate boundary
may also result from the unusual oblique nature of the
eastern RTT.

While the vast majority of seismicity locates within
the transform valley, there are several events located
outside this zone. Most of these are small (m;, 4.5)
events whose 95% confidence ellipsoids nearly overlap
the main fault valley. Hence they do not represent, a sig-
nificant amount of distributed deformation. However,
there are several large earthquakes that locate near the
'paleo-transform’ faults labeled A and B in Figure 1.
The 5 May, 1987, (M, 6.0) event location is shown
in Plate 1C. This large event has over 150 P-wave ar-
rival time picks and good azimuthal coverage resulting
in location uncertainties of < 10 km. Its location is
within the fault valley (B) suspended in the northern
transverse ridge. This fault, identified by Bonatti et al.
[1994] as probably having been the primary trace of the
Romanche transform until about 810 Ma, evidently can
still produce a magnitude 6.0 strike-slip earthquake.

We also included arrival time picks of the largest
subevents in the M, 7 Romance transform earthquakes
of 5 August, 1971 and 14 March, 1994. Both of these
events began with a small preshock that was followed
by a much larger mainshock. Picking the P-wave ar-
rivals from later arriving subevents is generally not pos-
sible for shallow earthquakes owing to the interference
from depth phases. However, the mainshocks of these
earthquakes were approximately 10 times larger than
the preshocks, making their first arrivals distinguishable
from the preshock coda [McGuire et al., 1996]. Forsyth
et al. [1986] found that the mainshock of the 1971 event
occurred 10 s later than and was located 60 km to the
NNW of the preshock. Using arrival time picks made
on WWSSN records (Table 1), our relative location pro-
duced almost identical results to those of Forsyth et al.
[1986] . The 1971 preshock (labeled 71A in Plate 1A)is
located in the main transform valley while the main-
shock (labeled 71B) is located 58 km to the NNW. The
location of the mainshock is inconsistent with it ruptur-
ing the main transform and suggests that this subevent
ruptured either paleotransform A or B. The 1994 event
also had two sets of pickable arrivals corresponding to
the subevents that begin at 0 s (the preshock labeled
94A if Plate 1A) and at 15 s (the mainshock, labeled
94B) in Figure 3. Using our travel-time picks for the
preshock and mainshock of the 1994 event [McGuire et
al., 1996] we also find that the location of its mainshock
is consistent with paleotransforms A and B but not with
the Romanche PTDZ.
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Table 1. 5 August 1971 Mainshock Delay Times from
WWSSN seismograms

Station Azimuth Epicentral B-A
(deg.) Distance (deg.) Time (s)
BUL 115 53 13.6
GRM 131 56 12.6
SDB 113 38 11.0
PRE 121 54 15.0
NAI 91 59 10.6
SHI 59 7 10.6
AAE 79 62 11.6
COP 21 63 9.6
EIL 56 62 101
ESK 13 58 11.3
HIW 54 59 10.2
JER 53 63 10.0
KON 17 65 10.6
KBL 56 91 9.6
NUR 22 71 9.6
KTG 00 71 7.8
QUI 270 56 6.0
SJG 296 47 7.1
LPA 221 48 12.1
GOL 310 85 6.9
ATU 43 57 9.9
KEV 16 7 10.2
BEC 315 51 6.0
DAL 304 7 6.6
JCT 301 78 6.5
LUB 304 82 7.2
WIN 121 45 15.0

Recently, a hydrophone array on the northern mid-
Atlantic Ridge has begun monitoring microseismicity
in the Atlantic basin using T-phase arrivals [Smith et
al., 2000; Bohnenstiehl et al, 2000]. This array located
about 10 micro-earthquakes during the year May 1999
to May 2000, just north of the northern transverse ridge,
in fault valley A, primarily in the eastern half of the
transform [Smith et al., 2000]. Thus, while the vast
majority of moderate (M, 4-5) seismicity and several
large (M,, ~T7) events occur along the main transform,
it appears from P-wave travel-time based locations and
T-phase locations of micro-seismicity, that at least one
of the northern paleotransforms is still seismically ac-
tive.

5. SECOND MOMENTS OF
SLOW-EARTHQUAKES

Determining the space-time rupture properties of earth-
quakes that are only recorded teleseismically is a diffi-

cult process. The subevent locations of large earth-
quakes discussed in the previous section and in McGuire

et al. [1996] and McGuire and Jordan [2000] suffer from
a potential source of bias owing to the difficulty in dis-
tinguishing later arriving P-waves from depth phases.
Attempts to determine detailed maps of slip as a func-
tion of space and time using teleseismic body-wave data
are fundamentally non-unique even when there is little
error in the theoretical Green’s functions utilized by the
inversion [Ihmle, 1998]. In order to reduce the num-
ber of unknown parameters, these inversions are often
forced to constrain the rupture to an a priori fault-
plane with a specified rupture velocity rather than ex-
plicitly determining the associated quantities such as
rupture azimuth. Ihmle [1998] showed that the non-
uniqueness in these problems is associated with the of-
ten arbitrary choice of the spatial smoothing parame-
ter. Thus even when an inversion fits the data very
accurately at high-frequencies (1 Hz), the result at best
only gives a very general picture of the rupture [Ihmle,
1998].

Abercrombie and Ekstrém [2001] inverted teleseismic
body-waves at frequencies up to 1 Hz for a detailed
description of the 1994 Romanche event’s rupture and
found a moderately good fit for a rupture model that
was constrained to a single fault with a strike of 82°.
They claimed that there was no evidence for a multi-
fault rupture in this event. However, their rupture
model produces early arrival times for the main P-wave
group arrival at station to the SW (LPAZ and NNA,
Abercrombie and Ekstrom [2001] in their Figure 3) sug-
gesting that a rupture azimuth more towards the NE
than 82°, which would correct this mismatch, may be a
possibility.

Unfortunately for large earthquakes on oceanic trans-
form faults, finite-fault inversions are significantly more
complicated than the deep earthquake case investigated
by Ihmle [1998] . The teleseismic seismograms result-
ing from a strike-slip source underneath a water-layer
are extremely sensitive to the topography of the rock-
water interface [ Yoshida, 1992] owing to changes in the
take-off angle of the depth-phases and their water-layer
reverberations. These effects are significant for seafloor
slopes as small as 0.5 degrees [Wiens, 1987] and are
clearly important for the source region of the 1994 Ro-
manche earthquake which has topographic variations
of over 3 km on length-scales of less than 50 km [Searle
et al,, 1994]. For a typical water-layer thickness, the
teleseismic Green’s functions become significantly com-
plicated at periods shorter than about 10-20 s. Thus
unless a realistic model of bathymetry is incorporated



into the Green’s function calculation, it is preferable
to determine information about an oceanic transform
earthquake’s space-time distribution from data at peri-
ods longer than this range. This low-frequency restric-
tion prohibits resolution of the detailed spatial depen-
dence of slip.

Certain aspects of an earthquake’s space-time rup-
ture history can be robustly determined from low fre-
quency waveforms (periods > 20 s) by inverting for a
set of quantities known as the second degree polyno-
mial moments of the source distribution [McGuire et
al., 2001}. The second-moments include the variances
of the moment-release distribution in 4-D space-time
and hence are measures of the extent of the rupture,
i.e., length, width, duration, and velocity. The two sec-
ond moment quantities that provide information on the
spatial distribution of moment release are the second
spatial moment, (3%, and the mixed-moment between
space and time, p(H:

a0 = //f(r, t) (r—ro)(r —rg)T dVdt (1)

ﬂ“”:i//f@¢ﬂr~m)&—t@dVdL (2)

Where (ro, to) are the centroid location and time, f(r,#)
is a scalar function describing the spatial and tempo-
ral dependence of seismic moment release, and the co-
ordinates (r, 8, ¢) correspond to the radial direction, co-
latitude, and longitude.

Following Backus [1977] and Silver and Jordan [1983]
, the 2nd moments can be interpreted in terms of the
characteristic dimension, z.(fi), of the slip distribution
in a direction fi, the characteristic duration 7., the char-
acteristic length L., the characteristic (or apparent rup-
ture) velocity v., and the average velocity of the instan-
taneous spatial centroid, vg:

ze(h) = 2\/ﬁT . (ﬂ(2,0)/ﬂ(0,0)) -1, (3)
Te = 24/ 02 /pul00) (4)
ve = Le/7e, vo = M1 /a0, (5)

where My is the seismic moment and z.(fi) has its max-
imum value, L., when &z corresponds to the eigenvector
associated with the largest eigenvalue of ,&(2’0). The sec-
ond largest eigenvalue of ;1(2’0) corresponds to the char-
acteristic rupture width W,.. The vector ﬂ(l’l) specifies
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the average velocity of propagation of the instantaneous
centroid, vg, i.e. the average directivity. The eigen-
vector of ﬁ(z,o) corresponding to L. is not constrained
to have the same orientation as vg. For instance, a
large subduction zone thrust earthquake that nucleates
at the base of the seismogenic zone and propagates to-
wards the trench as well as bilateraly along strike could
have its longest dimension along strike while its aver-
age directivity is updip. Thus, L. and vy would be
orthoganal. However, for a predominantly unilateral
rupture on a rectangular strike-slip fault, L. and vy are
usually nearly parallel.

We have developed a method for determining the
second moments of earthquake space-time distributions
from low-frequency, teleseismic surface and body-wave
data [McGuire et al., 2001]. This method uses the per-
turbations to the low-frequency wavefield caused by the
constructive and destructive interference resulting from
the finite extent of the seismic source to determine the
second moments. These perturbations are measured as
amplitude anomalies relative to synthetic seismograms
that are calculated for a point-source. We invert for
20 parameters that specify the moment-tensor (zeroth
order moment), centroid location (first order moment}),
and the independent elements of the second-degree mo-
ments of an earthquake moment-release distribution.
We are often able to determine the second moment
quantities, such as L, and vg, to within the level of
uncertainty associated with different finite-fault inver-
sions of local strong-motion data [McGuire et al., 2001].
Thus, while the second moments only provide a low-
order description of the rupture, they are clearly resolv-
able for large oceanic transform fault earthquakes. We
have estimated the second moments of the space-time
distributions of moment-release in three large earth-
quakes on the Romanche and Discovery II transform
to investigate the possibility that some of these events
ruptured multiple sub-parallel faults.

5.1. The 1994 and 1995 Romanche Farthquakes

The western portion of the Romanche transform re-
cently ruptured in two large events, the March 14,
1994, M,, 7.0, and the May 18, 1995 M,, 6.8, earth-
quakes. We measured the phase-delay and amplitude-
reduction times relative to synthetic seismograms for
the 1st and 2nd orbit Rayleigh waves, and P-waves at
global teleseismic stations using the Generalized Seis-
mological Data Functional (GSDF) technique of Gee
and Jordan [1992] . The synthetic seismograms were
calculated by mode-summation for the PREM earth
model [Dziewonski and Anderson, 1981], corrected for
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Plate 2. Map showing the western portion of the Romanche transform. Colors and white lines denote the
gravity field and fault locations as in Figure 1. Focal mechanism inserts show the solutions for the 1994
and 1995 events. The white circles surrounded by black ellipses denote the locations and 95% confidence
regions for the initial and main high-frequency subevents of the 1994 event determined in section 2. The
triangles show the centroid locations of the 1994 (23.09+.10°W, 0.814.01°S) and 1994 (21.88+.01°W,
0.66£.01°S) events. The white ellipses with black borders that are centered on the centroid locations
denote the map-view projection of the characteristic rupture volume defined by our estimates of the 2nd
spatial moment for each earthquake. The red vectors denote the average directivity vector specified by
the mixed space-time moment. The length of these vectors has been scaled to be equal to 7.vo.
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Plate 3. Map of the N-S trending Discovery II transform in the Southwest Indian Ocean. Colors are
the satellite altimetric free-air gravity field as in Figure 1. Relocated seismicity from the 1965-1996 ISC
catalog is shown as small circles with 95% confidence ellipsoids. The large circle and square are the
locations of the epicenter and mainshock of the 1997 event determined in McGuire and Jordan [2000].
The triangle shows the event’s centroid location. The white ellipse with black border denotes the map-
view projection of the characteristic rupture volume degined by our estimate of this event’s 2nd spatial
moment. The red vector denotes its average directivity as specified by the mixed space-time moment.
The vector’s length has been scaled to equal 7.vo.
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Figure 4. GSDF measurements of the 1994 Romanche transfrom earthquake at 5, 10, 15, and 20 mHz.
Open squares denote R1 and P-wave measurements, and open triangles denote R2 measurements. Filled
symbols indicate the fit to the date produced by the estimates of the Oth, 1st, and 2nd moments in Tables

2, 3, and 4.

three-dimensional elastic structure using the degree-12
aspherical model of Su and Dziewonski [1994] and the
approximations of Woodhouse and Dziewonski [1984] .
We also corrected fundamental modes above 7 mHz for
smaller scale heterogeneity using the degree-40 phase
velocity maps of Ekstrom et al., [1997]. The source is
specfied by an initial centroid location, centroid time,
and moment tensor corresponding to the Harvard CMT
solution for each event [Dziewonski et al., 1999]. Mea-
surements of second orbit Rayleigh waves, which have
greater contamination from unmodeled propagation ef-
fects than R1, were necessary to achieve sufficient az-

imuthal coverage to the south and southwest (where the
P-waves have insufficient coverage). The measurements
(Figures 4 and 5) for both events show phase-delay
times, 67p(w), that are roughly independent of azimuth
indicating that the CMT centroid locations were ap-
proximately correct for both events. The amplitude re-
duction times, §7,(w), show a systematic increase with
frequency for Rayleigh waves that leave to the west or
southwest of the source. These positive values, corre-
sponding to a reduction in data amplitude relative to
point-source synthetics, indicate that the rupture prop-
agated primarily to the E or NE.
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Figure 5. GSDF measurements of the 1995 Romanche transform earthquake. Symbols are the same as

in Figure 5.

Inverting the measurements in Figures 4 and 5 for the
0Oth, 1st, and 2nd moments of the rupture distribution
yielded the estimates in Tables 2, 3, 4, and 5. The mea-
surement and inversion procedures were iterated until
the CMT parameters were stable. For the 1995 event,

the 2nd moments correspond to a characteristic dura-
tion, 7., of 1345 s, a characteristic rupture length, L.
of 4546 at an azimuth of 64°, an average centroid ve-
locity, vg of 3.445 km/s at an azimuth of 70°. For the
1994 Romanche event, the 2nd moments correspond to
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Plate 4A. Map view showing the changes in Ay for run #5
of Table 6. The small circles denote the seismicity locations
from Figure 1A. The large circles denote the subevent loca-
tions for the 1994 and 1971 events whon in Figure 1. The
horizontal axis denotes distance along the direction of strike
of the main transform. The source and receiver faults were
assumed to be vertical faults with this strike. The origin of
the co-ordinate system is at 23.0°W and 1.0°S.
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Plate 4B. Map view showing the changes in Ay for run #5
of Table 6, but shifted to be aligned with the 1971 event’s
subevents. Same as Figure 11.
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Plate 4C. Plot showing the changes in Ay resulting from
the 1st 15 s of the 1997 Prince Edward Island slow earth-
quake. The large circles denote the subevent locations for
the slow component (97A) and mainshock (97B). The hori-
zontal axis denotes distance along the direction of strike of
the main transform. The source and receiver faults were as-
sumed to be vertical faults with this strike. The origin of
the co-ordinate system is at the epicenter of the slow com-
ponent.
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Table 2. Moment Tensor inversion results

earthquake Ir ré r¢ a9 6 ¢¢
94 Romanche -.02 .08 -07 -.0004 -.11 -.37
95 Romanche -.004 .0068 -.064 .0046 -.0133 -.202
97 Prince Edwards -.011 .054 -.043 -.0008 -.0067 .14
values are in units of 10%° Nm
Table 3. 1st moments inversion results
earthquake p@V A0
time lat. lon. depth
94 Romanche 04:30:33.2+.1 0.81+.01°S 23.09+.01°W 10.0"
95 Romanche 00:06:37.4+.3 0.664.01°S 21.88+£.01°W 26.0+1.2
97 Prince Edwards -12:07:47.7+.1 42.134+.01°S 42.70+.01°E 8.61+1.2

Errors are +2 standard deviations. * indicates the depth was fixed in the inversion.

a7, of 2242 s, a L, of 66+8 km at 65°, and a vg of
2.84+.9 km/s at 64°. The centroid locations, character-
istic source volumes, and directivity vectors for the two
earthquakes are shown in Plate 2.

The mixed-moment between space and time that de-
fines vg is the most well resolved of the 2nd moments
due to the large effect it has on the amplitudes of sur-
face and body waves. The directivity vector, vo, for the
1995 event is nearly aligned with the strike of the main
transform in this region (an azimuth of 70° vs 80°). The

Table 4. 2nd moments inversion results

earthquake p® A
r 6 ¢
94 Romanche 123+11  0+7  -155451  313+£39
95 Romanche 39+15 517 -45+28 126419
97 Prince Edwards 20+5 -7+4 98+14 112+11

All values have been normalized by the moment of the
event, the units of 4% are s?, 4(t')) are km s. r is the
radial direction, 8 is co-latitude, ¢ is longitude. Errors are

+1 standard deviation.

strike of the main Romanche transform undergoes a se-
ries of discrete changes along its length [Bonatti et al.,
1994]. One of these changes occurs at about 22°W, such
that in the region of the 1994 event the fault strikes al-
most E-W while near the centroid of the 1995 event its
strike has rotated by ~ 10° towards ENE [Bonatti et
al. 1994; Figure 15]. Thus, if both events ruptured only
the main transform (fault C), we would expect the 2nd
moments of the 1994 event to have an orientation closer
to E-W than those of the 1995 event, but we observe

the opposite. The estimate of v for the 1994 event
has an orientation, N64°E, that is at a significant angle
(~ 25°) to the strike of the main-transform valley (Plate
2). While the ~10° difference between the 1995 event’s
directivity vector and the strike of the main transform
may result in part from estimation error, the ~ 25° dif-
ference for the 1994 event is larger than the scatter we
typically observe for strike-slip faults [McGuire et al.,
2001b]. It is also larger than the mismatch observed for
the 1995 M, 7.2 Gulf of Agaba event, the rupture of
which jumped between parallel segments of the Dead
Sea Transform Fault [Pinar, 1997; Klinger et al., 1999]
creating a ~ 15° mismatch vetween vg and the strike of
it’s fault-plane [McGuire et al., 2001]. Thus, this mis-
match for the 1994 event appears to indicate a complex
rupture.
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,1(2,0)
Ir rf r¢ 66 ¢ f20]
94 Romanche 746 -14425 10+£51 708306 -1814225 1013+221
95 Romanche 27410 41427 2428 148180 -169+108 4204102
97 Prince Edwards 15£2 13+3 -12+11 9584374 8084310 8394336

The NE-SW orientation of vg (the second-order mo-
ment) for the 1994 earthquake is inconsistent with rup-
ture on a single, E-W striking fault, such as the E-W
nodal plane of the earthquake focal mechanism (zeroth-
order moment). Additionally, the 1994 centroid loca-
tion {1st-order moment) lies in between fault valleys B
and C, although the uncertainty in this position is rela-
tively large. The only type of source model that can sat-
isfy the observed Oth, 1st, and 2nd moments is one that
involves right-lateral slip on two nearly parallel faults
oriented approximately E-W and offset in such a way as
to produce the observed 2nd moments. The subevent
locations for the 1994 event indicate either fault A or
B ruptured as well as fault C, with the slip on fault A
or B occurring to the northeast and subsequent to the
rupture of fault C. This type of source model can sat-
isfy the observed moment-tensor because the B and C
faults are sub-parallel. It can also satisfy the centroid
location, which is intermediate between the two faults,
and the NFE directivity required by the second moments.

5.2. The 1997 and 1998 Discovery II Earthquakes

The 28 April, 1997, M,,6.8, Prince Edward Island
earthquake that ruptured the Discovery II transform
showed evidence from subevent locations that suggested
directivity at a high angle to either fault-plane of the
events moment-tensor, similar to the 1994 Romanche
quake [McGuire and Jordan, 2000]. To investigate this
directivity, we made measurements of the phase-delay
time, 87, and amplitude-reduction time, é7,, times of
1st orbit Rayleigh and P-waves (Figure 6) using the
same technique described in the previous section. The
low-frequency R1 measurements of é7, showed late ar-
rivals at stations to the SW, indicating that the true
centroid location was shifted in this direction. The low-

frequency measurements of 7, for R1 had no systematic
variation as a function of azimuth, indicating the start-
ing moment-tensor was approximately correct. The
higher frequency P-—wave measurements showed sys-
tematic variations in both ¢, and dr;. The anomalies

in é7,, indicating large P—wave amplitudes at stations
to the SE and small amplitudes at stations to the N and
NW, increased in magnitude with frequency, as would
be expected for a directivity affect. The 7, anomalies
displayed no such increase, as would be expected for a
shift in the true centroid location from the assumed lo-
cation. To determine if the §7, anomalies were indeed
a result of directivity, we compared the measurements
for the 1997 event to measurements for a M,, 6.1 event
in 1998 that also ruptured the Discovery II transform.
The measurements of the 1998 event should indicate al-
most no directivity effects at these frequencies owing to
its smaller seismic moment and corresponding spatial
extent. The §7, measurements reveal a very similar az-
imuthal pattern to those for the 1997 event (Figure 7),
indicating that these travel-time anomalies likely result
from unmodeled 3-D heterogeneity rather than proper-
ties of the seismic source. On the other hand, the d7,
measurements for the 1998 event show a nearly con-
stant value as a function of azimuth and do not increase
in amplitude with frequency (Figure 7). They have a
mean of about -1£1.7s. The small scatter (£1.7 s) in-
dicates that the P—wave measurements for sources in
this region have relatively small anomalies in their am-
plitudes resulting from unmodeled propagation effects.
Thus, the clear signal in the 1997 event’s P—wave am-
plitude measurements, that indicates NW-SE directiv-
ity, appears to be a true source effect.

To quantify the directivity of the 1997 earthquake,
we inverted the 47, and ér, measurements in Figure 6
for the 1st and 2nd moments of its rupture. The mo-
ment tensor was determined iteratively and then fixed
at the value in Table 2. This slight change from the
Harvard CMT moment tensor helped remove some of
the 87, anomalies observed in Figure 6. The inversion
results (Tables 3 and 4) correspond to a L, of 83+16
km at an azimuth of 137°, a 7. of 9+3 s, and a vg of
7.6+17km/s at an azimuth of 131°. The large error
bar on vo (vo = A"V /402 results from both the
high uncertainty in 7, and a strong negative correlation
between the magnitudes of the estimates of (%% and
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Figure 6. GSDF measurements of the 1997 Prince Edward Island earthquake at 10 mHz for R1, and
30 and 40 mHz for P-waves using the point-source parameters in Tables 2 an 3. Open squares denote
measurements, and filled squares indicate the fit to the data produced by the estimates of the Oth, 1st,
and 2nd moments in Tables 3 and 4. The measurements were made after a few iterations on the centroid
moment-tensor parameter, hence there is relatively little signal left in the phase-delay measurements for

the inversion to fit.

ﬂ(l‘l). However, the estimates of ﬂ,(l’l) have relatively
small errors (Table 4) and indicate clear rupture prop-
agation to the SE. This strong NW-SE directivity is at
a high angle to the strike of the Discovery II transform
(Plate 3) and the nodal planes of the moment tensor.

Rupture propagation on a fault with a strike of 131°
can be ruled out by this moment tensor. However, the
orientation of the 2nd moments can be consistent with
both the moment tensor, the centroid, and the directiv-
ity study if two sub-parallel N-S striking faults ruptured
coseismically.

The Discovery II transform is a double transform con-
nected by a small spreading segment at about 42.75°S.
It also has an adjacent fault-valley to the east that can
be traced for ~200 km on both sides of the northern
ridge (Plate 3). This pair of valleys most-likely repre-
sents the fracture zone associated with a paleo trans-
form fault since the SWIR shows no current offset at

its projected intersection with these valleys. The 1997
earthquake began with a slow, smooth episode of mo-
ment release on the main transform that was followed
~12 s later by an ordinary mainshock (Figure 2). The
location of the mainshock determined by McGuire and
Jordan [2000] falls within the adjacent fault valley in-
dicating that this fault ruptured in the 1997 mainshock
(Plate 3). Thus both the NW-SE orientation of the 2nd
moments and the directivity study in McGuire and Jor-
dan [2000] suggest that the 1997 Prince Edward Island
earthquake was a complex faulting event that ruptured
both the main trace of the Discovery II transform and
the adjacent paleotransform fault.

6. POSSIBLE CAUSES OF THE OFF-FAULT
SUBEVENTS

The 1994 Romanche and 1997 Prince Edward Island
earthquakes share many similarities. They consist of
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Figure 7. GSDF measurements of the P—waves for the 1997 and 1998 earthquakes on the Discovery
IT transform using the Harvard CMT point-source parameters (note this is the source of the difference
between these measurements for the 1997 event and those in Figure 6). The solid circles are for the M,,
6.1, May 21, 1998 event and the open circles for the M,,6.8 April 28, 1997 event. Different station sets

were available for the two time periods.

a sequence of right-lateral, strike-slip subevents that
rupture not only the main transform faults but also
sub-parallel faults about 40 km from each main trans-
form. The events are compound earthquakes consisting
of not only one or more ordinary rupture events, but
also a smooth transient of longer duration that prefer-
entially radiates energy at low-frequencies [McGuire et
al., 1996; McGuire and Jordan, 2000]. Both event se-
quences began with a slow rupture that was followed
by the main high-frequency subevent on the adjacent
paleo-transform. In the case of the Romanche event,
precursory ramps in low-frequency P-— waveforms indi-
cate that the slow component began rupturing at least
100 seconds before the high-frequency subevents, while
for the Prince Edwards event, P—waveforms show that
the slow component began approximately 10-15 seconds
before the ordinary rupture. The observation that both
events began with a slow component allows the possi-

bility that the slow component may have triggered the
unusual failure of the paleo-transform.

Coseismic rupturing of multiple widely separated faults
in a single earthquake has been documented, most no-
tably for the 1980, M, 6.9, Irpinia, Italy, normal-fault
earthquake. This event sequence propagated over at
least three faults with each fault bringing the subse-
quent one closer to failure [Nostro et al., 1997; Belar-
dinelli et al.,, 1999]. The last fault to rupture in this
event was ~20-25 km from the preceding fault that trig-
gered its failure. The likelihood of failure of a poten-
tially triggered fault is usually evaluated in terms of the
change in Coulomb failure stress, Ay [King et al., 1994].

Aj=Ar —p Ao (6)

where p' is the apparent coefficient of friction, A7 and
Ao (compression positive) are the change in shear and




238 COMPLEXITIES OF TRANSFORM FAULT PLATE BOUNDARIES IN OCEANS

normal stress on the triggered fault resulting from the
slip on the source fault, respectively. Positive values of
Ay promote failure; negative values inhibit failure. Ay
can be considered as either a dynamic quantity associ-
ated with the effects of seismic waves radiated by the
source fault [Belardinelli et al., 1999] or as the static
level that remains after the transient seismic waves have
dissipated [Okada 1992; Stein et al., 1992; King et al.,
1994]. Fault slip as a response to static-stress changes
has been well documented for geometries similar to the
Romanche and Prince Edwards events. For instance,
the 1989 Loma Prieta earthquake on the San Andreas
fault triggered slip on the subparallel Calaveras fault at
points ~15-25 km from the Loma Prieta rupture zone
[McClellan, 1990]. More recently, the 1998, M, 8.2,
strike-slip Antarctic event was calculated to have trig-
gered off-fault aftershocks with focal mechanisms simi-
lar to the mainshock at distances over 80 km from the
rupture zone [Toda and Stein, 2000]. It is not clear
whether static or dynamic stresses are more relevant
in triggering secondary ruptures that begin very soon
after the passage of the S wave such as the Irpinia, Ro-
manche, and Prince Edward Island events. However,
the peak dynamic and static stress changes usually have
the same sign and similar geometric patterns [Belar-
dinelli et al., 1999]. This should be particularly true
for slow earthquakes where directivity effects are less
likely to perturb the spatial pattern of the peak dynamic
stresses. Therefore, we investigate whether the geome-
try of the Romanche and Prince Edward sequences, par-
ticularly the subevents located on the paleo-transforms,
could have been consistent with the static stress changes
produced by the initial slow components.

6.1. Stress Triggering Calculations for the 1994
Romanche Event

To calculate Ay on one fault as a result of slip on
another, it is necessary to know the locations and focal
mechanisms of both faults, the slip distribution on the
source fault, and the effective friction coefficient on the
receiver fault. For the 1994 Romanche event, the mo-
ment tensors of the slow component and the A and B
subevents must be similar due to a lack of observable
frequency dependence in the moment tensor [McGuire
et al., 1996]. The effective friction coefficient of the
paleo-transform fault is unknown. We set u =0.8, a
value that provided a good fit to the aftershock distri-
bution of the 1998 Antarctic earthquake which occurred
in oceanic lithosphere [Toda and Stein, 2000]. The lo-
cations of the A and B subevents are constrained by
high-frequency travel-time picks (Plate 1, [McGuire et

al., 1996]), but the location of the slow-precursor could
not be determined owing to the poor signal to noise ra-
tio at low-frequencies. One likely location for the slow-
precursor is the seismic gap on the main transform be-
tween about -22.25° and -23.5° longitude. No events in
the ISC catalog between 1964 and 1996 locate in this
region (Plate 1A), indicating that the fault may have
unusual rupture properties in this area. This location
also shows unusual morphology in the transform valley
with the active fault trace changing strike by ~18° near
the location of a 1.5-km high ridge which interrupts the
transform valley [Searle et al., 1994]. Owing to the un-
usual nature of this region, we choose to test whether
a slow precursor occurring in this area would have in-
creased the likelihood of failure of parallel strike-slip
faults at the locations of the 94A and 94B subevents.
To calculate Ay at the 94A and 94B subevent loca-
tions, we used a variety of uniform slip source-models
that represent the uncertainty in the seismic moment,
fault width, and stress drop for the slow precursor. The
stress-drop uncertainty was parameterized in terms of
v, the fault slip to length ratio, which ranges from about
1074 to 1075 [Scholz et al., 1986]. Ay was calculated for
each of the source models using a vertical right-lateral
source fault, and assuming a vertical, right-lateral re-
ceiver faults. The calculations were done assuming a
finite dislocation in an elastic half-space [Okada 1992;
Stein et al., 1992; King et al., 1994]. The position of
the source fault was then shifted along strike to find
the location that maximized the sum of Ay at the 94A
and 94B subevent locations, subject to the constraint
that Ay be positive at both locations. The results (Ta-
ble 6) indicate that a location for the slow precursor
within the seismic gap can produce an increase in Ay

at both subevent locations for each parameter combi-
nation. Plate 4A shows the results for parameter set 5
(Table 6). The spatial pattern of the predicted Ay val-
ues was similar for all cases tested. In particular, the
lobe of positive Ay resulting primarily from an increase
in shear stress along the strike of the fault overlapped
the 94A location while the lobe of positive Ay resulting
primarily from a decrease in normal-stress overlapped
the 94B location. The values of Ay at the 94A location
are generally smaller than those at the 94B location,
but that difference would be lessened by a lower value
of u'.

The predicted values of Ay at the 94B location range
from about .15 to .4 bars. This is in the range of
Coulomb stress changes (.2-1.0 bars) which produced
significant correlations with seismicity rate changes fol-
lowing several earthquakes including the 1992 Landers




McGUIRE ET AL. 239

Table 6. Coulomb Stress Changes Resulting from the 1994 Romanche Slow Precursor

Run Mo Depth o L slip Shift Ajat A Ay at B

(km) (km) (m) (km) (bar) (bar)
1 0.7 0-5 .00001 65.13 6513 -12 027 .096
2 0.7 0-5 .00005 29.13 1.456 -22 031 179
3 0.7 0-5 0001 20.60 2.059 -22 .030 .200
4 0.7 0-10 00001 46.04 0.460 -17 .031 .140
5 0.7 0-10 .00005 20.60 1.030 -22 .033 204
6 0.7 0-10 0001 14.56 1.456 -22 0.33 216
7 0.7 10-15 .00001 46.04 0.460 -32 .016 .086
8 0.7 10-15 .00005 20.60 1.030 -22 .033 177
9 0.7 10-15 .0001 14.56 1.456 -22 .033 .186
10 14 0-5 .00001 92.11 921 2 .039 132
11 1.4 0-5 .00005 41.29 2.06 -17 .055 302
12 1.4 0-5 .0001 29.13 2.912 -22 .062 .358
13 1.4 0-10 .00001 65.13 .6513 -12 058 .193
14 1.4 0-10 .00005 29.13 1.45 -22 .068 .367
15 14 0-10 .0001 20.60 2.06 -22 .066 .409
16 1.4 10-15 .00001 65.13 .651 -12 057 .166
17 1.4 10-15 .00005 29.13 1.45 -22 .067 319
18 1.4 10-15 .0001 20.6 2.06 -22 .066 354

where the M, values are x10'°Nm and the values of L and slip were calculated assuming a rigidity of
3.3x10'° Pa. The ”Shift” denotes the distance it was necessary to shift the center point of the source
fault in the x direction of Figure 9 to obtain the optimum alignment.

California, quake [Stein et al., 1992] and the 1995 Kobe,
Japan, earthquake [Toda et al., 2000]. The magnitude
of the Ay values is less important to this study than
the spatial pattern. The uncertainties in subevent lo-
cation, fault-zone rigidity, stress-drop, and slip distri-
bution correspond to significant (> a factor of 2) un-
certainties in the Ay values. The calculation shown
in Plate 4a is intended to show that the geometry of
the static (and dynamic) stress changes is consistent
with a slow-precursor in the seismic gap triggering the
subevent on the offset paleo-transform. It is also inter-
esting to note that a slow-precursor of similar size at
the opposite, eastern end of the seismic gap would have
increased Ay at the locations of both subevents of the
1971 sequence (Plate 4B). However, no low-frequency
study has been done to evaluate whether such a precur-
sor may have occurred in that earthquake.

6.2. Stress Triggering Calculations for the 1997
Prince Edwards Event

The 1997 Prince Edward Island event began with a
~30 s long smooth episode of moment-release that was
nearly devoid of high-frequency energy (my 4.2) despite
having a morent-magnitude of 6.2 [McGuire and Jor-
dan, 2000]. This unusual event preceded an ordinary

mainshock that ruptured a sub-parallel paleotransform
offset from the main transform by about 40 km. Using
the small amount of high-frequency energy radiated by
the slow component and a temporary seismic network in
southern Africa, we were able to locate the epicenter of
the slow component (Plate 3). From the centroid loca-
tion (Plate 3), we infer that the ruptures propagated to
the south. Thus the fault orientation of the slow event
is well constrained. However there is an uncertainty
in the fault width and stress drop of the event. For
large widths (10 km) and high stress-drops the main-
shock is in a region of negative Ay (top panel, Plate
4C). However, for crustal scale widths (5 km) and low
stress-drops, the location of the mainshock is near the
boundary between positive and negative values of Ay
(middle and bottom panels, Plate 4C). Owing to the
uncertainties in event location and fault zone rigidity,
the 97B subevent location could be in either a region of
positive or negative Ay for the low stress drop case.

7. DISCUSSION

The 1994 Romanche and 1997 Discovery II earth-
quakes show remarkable similarities. Their P-waves be-
gin with low-frequency ramps that indicate they initi-
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ated with episodes of slow, smooth moment release that
radiated little to no high-frequency energy. Both events
occurred on transforms bounded by a transverse ridge
and an adjacent paleo-transform boundary, and deter-
mination of their average directivity vectors indicates
that more than one of these faults ruptured. While
both the nature of the slow-precursor and the azimuth
of the directivity are more tightly constrained for the
1997 event owing to higher data quality, the similarities
between the two events are suggestive of a common type
of slow source process that may occur regularly among
large oceanic transform events.

While the primary traces of the Romanche and Dis-
covery II transforms clearly are the plate boundaries
for the majority of plate motion, it appears that the
adjacent sub-parallel paleotransform faults may be ac-
commodating a portion of the plate motion. We lack
sufficient information about the slow components of
the 1994 Romanche and Prince Edwards events to per-
form a more detailed calculation of the static and dy-
namic stress fields resulting from these events. However,
it appears that in both cases, the faulting geometry
could have been consistent with a triggering explana-
tion. Triggering due to static stress changes has several
unresolved issues with regard to these events. First,
the complete lack of teleseismically recorded aftershocks
for the 1994 Romanche event [McGuire et al., 1996]
indicates that triggering of seismicity by static stress
changes may not be a commonly occurring phenomenon
on these faults. Secondly, dynamic rather than static
stress changes are more appealing to explain the close
association in time of the slow and fast components of
the Romanche and Prince Edwards sequences. Thus,
the peak dynamic stresses, which show a similar spa-
tial pattern to the static stress, may be more important
in explaining the triggering of the off-fault subevents.
While this model can only be shown to be consistent
with the observed geometries, it does provide an ex-
planation for the temporal proximity between the slow
source process and the ordinary ruptures.

The apparent activity of the ”paleotransform” faults
has several interesting implications for both fault me-
chanics and tectonics problems. The paleotransforms
adjacent to the Romanche and Discovery II transform
faults appear to have been the primary plate bound-
aries until ~5-10 Ma and possibly even more recently.
Thus the rate at which they strengthen and heal is re-
lated to the occurrence of the off-fault seismicity. Af-
ter a transform fault passes a RT1, it appears to take
approximately 2-4 Ma to completely heal as evidenced

by seismicity (Plate 1D) and gravity studies of frac-

ture zones [ Wessel and Hazby, 1990]. Thus, it is not
unreasonable that a fault could continue slipping for a
few million years after it ceases to be the primary plate
boundary. In fact, the stress perturbations resulting
from large earthquakes on the main transform will sys-
tematically bring regions of the paleotransform closer to
failure. Once a system of multiple sub-parallel faults is
formed, the secondary fault{s) may be forced to remain
active for a period of time until it completely heals,
causing a distribution of plate-motion over a wider re-
gion than simply the primary transform valley. While
the proposed activity of multiple faults is somewhat
speculative, it clearly warrants further study using ma-~
rine geologic, geodetic, and ocean bottom seismometer
based methods.
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