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Abstract

The relatively simple tectonic environment of mid-ocean ridge transform fault (RTF) seis-
micity provides a unique opportunity for investigation of earthquake and faulting processes.
We develop a scaling model that is complete in that all the seismic parameters are related
to the RTF tectonic parameters. Laboratory work on the frictional stability of olivine ag-
gregates shows that the depth extent of oceanic faulting is thermally controlled and limited
by the 600°C isotherm. Slip on RTFSs is primarily aseismic, only 15% of the tectonic offset
is accommodated by earthquakes. Despite extensive fault areas, few large earthquakes oc-
cur on RTFs, and few aftershocks follow the large events. Standard models of seismicity,
in which all earthquakes result from the same seismic triggering process, do not describe
RTF earthquakes. Instead, large earthquakes appear to be preceded by an extended fault
preparation process marked by abundant foreshocks within 1 hour and 15 km of the main-
shocks. In our experiments normal force vibrations, such as seismic radiation from nearby
earthquakes, can weaken and potentially destabilize steadily creeping faults. Integrating
the rheology, geology, and seismicity of RTFs, we develop a synoptic model to better un-
derstand the spatial distribution of fault strength and stability and provide insight into slip
accommodation on RTFs.
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Chapter 1

Introduction

How slip is accommodated on major faults, whether through seismic slip, steady aseismic
fault creep, or episodic aseismic transients, remains a central problem of tectonics. This
topic encompasses a number of basic questions, including: (1) How do seismic and aseismic
deformation couple and partition to accommodate slip on major faults? (2) What effect
does this partitioning have on seismic hazard? (3) How predictable are large earthquakes?
(4) How do earthquakes nucleate, and what role do foreshocks play in the earthquake
nucleation process? (5) What are the stress levels on seismogenic faults and how do they
relate to earthquake stress drops? (6) What physical mechanisms control near- and far-field
dynamic triggering of seismicity by large earthquakes? and (7) Are small-scale phenomena
relevant to large-scale fault slip and earthquake rupture? These questions are the focus of

much current research including the work presented in this thesis.

Earthquake science is historically divided into four broadly defined fields: (1) seismolog-
ical and geodetic observation and modeling of individual earthquakes and their interactions
with the surrounding stress field, (2) large-scale geodetic study of interseismic tectonic de-
formations, (3) quantification of past fault slip through on-land and oceanic field geology,
and (4) experimental and theoretical study of fault and rock mechanics. More recently,
advances in earthquake science have come through system-wide studies, and the realization
that faulting and earthquakes are integrally connected with each other, with neighboring
faults, and with the surrounding fault zone. In this thesis I have taken the latter approach,
coupling understanding of earthquake processes from seismic observations with laboratory-

based insight into the mechanics of fault friction.



In discussing the state of earthquake science thirteen years ago, Scholz [1992] elucidated
the divide between seismologists and rock mechanicists in their traditional views on stick-

slip theory of earthquakes:

...since seismology will always be an important part of the study of earthquakes,
this revolution (from the descriptive asperity model to a quantitative rate and
state dependent model of friction) will only be resolved when seismologists have
embraced the new view, and this will only take place over a prolonged period as
the education of a new generation of seismologists encompasses the discipline of

rock mechanics.

This thesis represents a move towards this unification of the earthquake science disciplines,
presenting an integrated view of fault slip and earthquake behavior on a relatively simple
faulting environment.

The focus of this thesis is primarily on the strike-slip faults that offset mid-ocean ridge
spreading centers, ridge transform faults (RTFs). These faults are far from land-based
seismic networks, so the location and source parameters of their seismicity are more poorly
determined than for many continental faults. However, at least on a global basis their
tectonic parameters are better constrained, with a length given by the distance between
two spreading segments and a slip rate determined by present day plate motions. RTFs
are generally long lived structures with cumulative displacements that far exceed their
lengths, as evidenced by the continuity of ocean-crossing fracture zones. The compositional
structure of the oceanic lithosphere is more homogeneous than continental crust, and its
thermal structure, and consequently its fault rheology, should be more predictable from
known plate kinematics. Moreover, RTFs on the East Pacific Rise comprise some of the
fastest slipping faults on Earth. The largest earthquakes on the EPR are small, with
maximum magnitude of about 6.5, and thus a complete seismic cycle takes less than 10
years, compared with more than 100 years required for a full seismic cycle on the San
Andreas Fault, making it possible to observe an entire cycle of faulting and earthquake
slip with a relatively short seismic catalog. Owing to the relative simplicity of the mid-
ocean environment, RTF seismicity may be more amenable to interpretation in terms of
the dynamics of faulting and less contingent on its geologic history than the better studied

continental strike-slip faults. A thorough review of previous work on RTF faulting and
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seismicity is given in the introduction to Chapter 2 and is contrasted with a simplified

model of continental strike-slip seismicity in Appendix A of Chapter 2.

In Chapter 2 we present a comprehensive scaling model for RTF seismicity based on 41
years of data from approximately 17,000 km of fault length. This model is complete in the
sense that all seismic parameters scale with the two tectonic control variables, length and
slip rate. In contrast to fully-coupled continental strike-slip faults, RTF slip is primarily
aseismic. The depth extent of oceanic faulting is thermally controlled and limited by the
600°C isotherm (as shown in Chapter 4). Thus, depending on the thermal model used, a
maximum of 15% of the known tectonic offset on RTFs is accommodated by earthquakes
and the remaining 85% or more occurs as steady sliding or slow creep events. Despite
extensive seismogenic areas RTF earthquakes are small, rarely greater than M = 7.0, even
for the largest faults. We find that the rupture area of the largest expected earthquakes
scales with fault area to the one-half power. As such, on average larger RI'Fs have bigger
earthquakes but smaller seismic productivities and these parameters trade off in such a way
to maintain constant seismic coupling.

The standard models of earthquake triggering developed for Southern California, in
which all earthquakes initiate in the same manner, do not describe RTF seismicity. In
Chapters 2 and 3 we investigate the temporal and spatial clustering of earthquakes on
RTFs. We find that RTF earthquakes are followed by very few aftershocks, approximately
15 times fewer than the number observed on continental strike-slip faults. In contrast, about
four times more foreshocks precede earthquakes of magnitude 5.5 or greater on East Pacific
Rise RTFs than precede earthquakes on faults in Southern California. The foreshocks are
separated from the mainshocks by less than 15 km and 1 hour. Thus, the larger events
on RTFs are more predictable than the smaller ones that are typically not preceded by
foreshocks. The differences in clustering statistics between RTFs and faults in Southern
California allow us to reject the hypothesis that all sizes of RTF earthquakes initiate in the
same way.

The frictional behavior of olivine, which is a primary component of the oceanic litho-
sphere, strongly influences faulting on RTFs. Chapter 4 presents an experimental investi-
gation of olivine friction motivated by the observation that RTF seismic parameters are
thermally controlled (from the scaling relations derived in Chapter 2). In our experi-

ments, we observed a transition from velocity-weakening (potentially unstable) to velocity-
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strengthening (stable) frictional behavior at about 1000°C. Based on Bowden and Tabor’s
asperity hypothesis, we speculate that plastic yielding of the asperities at high temperatures
stabilizes frictional sliding of the bulk sample. We scale our laboratory results to the tem-
perature and strain rate conditions on RTFs and find a maximum earthquake nucleation

depth of approximately 600°C for these faults.

Chapter 5 is a second study of earthquake nucleation and triggering, conducted experi-
mentally on simulated fault gouge. We found that high-amplitude, low-frequency, normal-
force vibrations, such as seismic radiation from an earthquake on a nearby fault, can weaken
and potentially destabilize steadily creeping faults. Our experimental results are systematic
and can be modeled with rate and state dependent constitutive friction laws. The simulated
faults recover to their steady-state frictional strength following the vibrations, suggesting
that no permanent damage is done to the fault zone. Thus, both Chapters 3 and 5 sug-
gest that for faults characterized by aseismic slip, probabilities of earthquake nucleation are
increased during and immediately following (less than 1 hour) changes in fault stressing

rate.

Finally, in Chapter 6 we combine results of the previous chapters with additional con-
straints from regional geology, thermal modeling, and prior laboratory studies of fault rhe-
ology into a self-consistent model that can be tested against future observations. With
this synoptic model we construct two-dimensional maps of the maximum yield stress and
frictional behavior on RTFs. By comparing these predictions to observed seismicity pat-
terns, we evaluate where this synoptic model is successful and where unmodeled effects are
significant.

While this thesis represents significant progress in the understanding of many issues
central to earthquake science, including: (1) the partitioning of fault slip into seismic (po-
tentially damaging) and aseismic (stable) components, (2) the relationship between fault
dimension and the size of the largest earthquake, (3) the effects of pressure, temperature,
strain rate, and cumulative offset on shear localization and earthquake size distributions, (4)
the effects of dynamic stressing on frictional strength of faults, and (5) determining whether
the nucleation processes of small and large earthquakes are the same, it leaves us with many
questions for future study. A primary one comes from the result that RTFs are character-
ized by low seismic coupling. We have documented the very different seismic characteristics

of RTFs compared with continental strike-slip faults, however the reason for this difference
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remains unclear. Why is so much of the slip on RTFs aseismic? Serpentine, whose velocity-
strengthening frictional behavior is often thought to accommodate much of the aseismic
slip, accounts for significantly less than 85% of the area above the 600°C isotherm. What
aspect of the rheology or fault dynamics controls this partitioning on RTFs? Is aseismic
slip comprised of subseismic transients, which we have suggested may be responsible for the
abundance of foreshocks found on these faults, or is it primarily steady creep? Furthermore,
if subseismic transients are common on RTFs, and are the trigger of most large earthquakes,
then is it possible that such a process exists on continental strike-slip faults? Could such
indicators of large earthquakes be less frequent on the continents and possibly have longer
time constants, thus be more difficult to observe?

These questions and others raised throughout the thesis, can be best addressed with
improved data sets. Ocean bottom seismometer deployments on RTFs combined with new
seafloor geodetic technology and continued hydroacoustic monitoring will allow for rapid
progress in understanding the mechanics of faulting on RTFs and whether similar processes

should be expected on continental faults.
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Chapter 2

Earthquake Scaling Relations for
Mid-Ocean Ridge Transform
Faults*

Abstract

A mid-ocean ridge transform fault (RTF) of length L, slip rate V, and moment release rate
M can be characterized by a seismic coupling coefficient x = Ag/AT, where Ag ~ M /V is an
effective seismic area and Ap o« L3/2V~1/2 ig the area above an isotherm Tref- A global set
of 65 RTFs with a combined length of 16,410 km is well described by a linear scaling relation
(1) Ag o Ar, which yields x = 0.26 & 0.05 for T;ef = 600°C. Therefore, nearly 3/4 of the
slip above the 600°C isotherm must be accommodated by subseismic mechanisms, and this
slip partitioning does not depend systematically on either V' or L. RTF seismicity can be fit
by a truncated Gutenberg-Richter distribution with a slope 8 = 2/3 in which the cumulative
number of events Ny and the upper-cutoff moment M¢c = pu DcAc depend on At. Data for

the largest events are consistent with a self-similar slip scaling, D¢ o Ag 2, and a square-

root areal scaling (2) Ac A,lr/ 2 If (1) and (2) apply, then moment balance requires that

the dimensionless seismic productivity, 19 o< N /ATV, should scale as 1y A;l/ 4, which
we confirm using small events. Hence, the frequencies of both small and large earthquakes
adjust with A to maintain constant coupling. RTF scaling relations appear to violate
the single-mode hypothesis, which states that a fault patch is either fully seismic or fully
aseismic and thus implies Ac < Ag. The heterogeneities in the stress distribution and
fault structure responsible for (2) may arise from a thermally regulated, dynamic balance
between the growth and coalescence of fault segments within a rapidly evolving fault zone.

*Published as: M. S. Boettcher and T. H. Jordan, Earthquake scaling relations for mid-
ocean ridge transform faults, J. Geophys. Res., v. 109, B12302, doi:1029/2004JB003110.
Reproduced with permission from the American Geophysical Union.
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[1] A mid-ocean ridge transform fault (RTF) of length L, slip rate ¥, and moment
release rate M can be characterized by a seismic coupling coefficient x = Ag/Ay, where
Ag ~ M/V is an effective seismic area and 4y o L*?V "2 is the area above an isotherm
Trer- A global set of 65 RTFs with a combined length of 16,410 km is well described by
a linear scaling relation (1) Agocdy, which yields x = 0.15 + 0.05 for T, = 600°C.
Therefore about 85% of the slip above the 600°C isotherm must be accommodated by
subseismic mechanisms, and this slip partitioning does not depend systematically on
either ¥ or L. RTF seismicity can be fit by a truncated Gutenberg-Richter distribution
with a slope 3 = 2/3 in which the cumulative number of events N, and the upper cutoff
moment Mc = pDcAc depend on 4r. Data for the largest events are consistent with a
self-similar slip scaling, D¢ o 42, and a square root areal scaling (2) Ac o« A2, If
relations 1 and 2 apply, then moment balance requires that the dimensionless seismic
productivity, vo o No/4rV, should scale as vy x 41 74 which we confirm using small
events. Hence the frequencies of both small and large earthquakes adjust with 4y to
maintain constant coupling. RTF scaling relations appear to violate the single-mode
hypothesis, which states that a fault patch is either fully seismic or fully aseismic and
thus implies Ac < Ag. The heterogeneities in the stress distribution and fault structure
responsible for relation 2 may arise from a thermally regulated, dynamic balance
between the growth and coalescence of fault segments within a rapidly evolving fault
zone. INDEX TERMS: 7230 Seismology: Seismicity and seismotectonics; 8123 Tectonophysics:
Dynamics, seismotectonics; 8150 Tectonophysics: Plate boundary—general (3040); 3035 Marine Geology

and Geophysics: Midocean ridge processes; KEYWORDS: earthquakes, scaling relations, fault mechanics
Citation: Boettcher, M. S., and T. H. Jordan (2004), Earthquake scaling relations for mid-ocean ridge transform faults, J. Geophys.

Res., 109, B12302, doi:10.1029/2004JB003110.

1. Introduction

[2] How slip is accommodated on major faults remains a
central problem of tectonics. Although synoptic models of
fault slip behavior have been constructed [e.g., Sibson,
1983; Yeats et al., 1997; Scholz, 2002], a full dynamical
theory is not yet available. Some basic observational issues
are (1) the partitioning of fault slip into seismic and aseismic
components, including the phenomenology of steady creep
[Schulz et al., 1982; Wesson, 1988], creep transients (silent
earthquakes) [Sacks et al., 1978; Linde et al., 1996; Heki et
al., 1997; Hirose et al., 1999; Dragert et al., 2001; Miller et
al., 2002], and slow earthquakes [Kanamori and Cipar,
1974; Okal and Stewart, 1982; Beroza and Jordan, 1990];
(2) the scaling of earthquake slip with rupture dimensions,
e.g., for faults with large aspect ratios, whether slip scales

Copyright 2004 by the American Geophysical Union.
0148-0227/04/2004JB003110$09.00

with rupture width [Romanowicz, 1992, 1994; Romanowicz
and Ruff, 2002], length [Scholz, 1994a, 1994b; Hanks and
Bakun, 2002], or something in between [Mai and Beroza,
2000; P. Somerville, personal communication, 2003]; (3) the
outer scale of faulting, i.e., the relationship between fault
dimension and the size of the largest earthquake [Jackson,
1996; Schwartz, 1996; Ward, 1997; Kagan and Jackson,
2000]; (4) the effects of cumulative offset on shear locali-
zation and the frequency-magnitude statistics of earth-
quakes, in particular, characteristic earthquake behavior
[Schwartz and Coppersmith, 1984; Wesnousky, 1994;
Kagan and Wesnousky, 1996]; and (5) the relative roles of
dynamic and rheologic (quenched) structures in generating
earthquake complexity (Gutenberg-Richter statistics, Omo-
ri’s Law) and maintaining stress heterogeneity [Rice, 1993;
Langer et al., 1996; Shaw and Rice, 2000].

[3] A plausible strategy for understanding these phenom-
ena is to compare fault behaviors in different tectonic
environments. Continental strike-slip faulting, where the

B12302 1 of 21
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observations are most comprehensive, provides a good
baseline. Appendix A summarizes one interpretation of
the continental data, which we will loosely refer to as the
“San Andreas Fault (SAF) model,” because it owes much
to the abundant information from that particular fault
system. Our purpose is not to support this particular
interpretation (some of its features are clearly simplistic
and perhaps wrong) but to use it as a means for contrasting
the behavior of strike-slip faults that offset two segments of
an oceanic spreading center. These ridge transform faults
(RTFs) are the principal subject of our study.

[4] RTFs are known to have low seismic coupling on
average [Brune, 1968; Davies and Brune, 1971; Frohlich
and Apperson, 1992; Okal and Langenhorst, 2000]. Much
of the slip appears to occur aseismically, and it is not clear
which parts of the RTFs, if any, are fully coupled [Bird et
al., 2002]. Given the length and linearity of many RTFs, the
earthquakes they generate tend to be rather small; since
1976, only one event definitely associated with an RTF
has exceeded a moment-magnitude (mp) of 7.0 (Harvard
Centroid-Moment Tensor Project, 1976-2002, available
at http://www.seismology.harvard.edu/projects/CMT)
(Harvard CMT). Slow earthquakes are common on RTFs
[Kanamori and Stewart, 1976; Okal and Stewart, 1982;
Beroza and Jordan, 1990; Ihmlé and Jordan, 1994). Many
slow earthquakes appear to have a compound mechanism
comprising both an ordinary (fast) earthquake and an infra-
seismic event with an anomalously low rupture velocity
(quiet earthquake); in some cases, the infraseismic event
precedes, and apparently initiates, the fast rupture [/hmlé et
al., 1993; Ihmlé and Jordan, 1994; McGuire et al., 1996;
McGuire and Jordan, 2000]. Although the latter inference
remains controversial [4Abercrombie and Ekstrom, 2001,
2003], the slow precursor hypothesis is also consistent with
episodes of coupled seismic slip observed on adjacent RTFs
[McGuire et al., 1996; McGuire and Jordan, 2000; Forsyth
et al., 2003].

[s] The differences observed for RTFs and continental
strike-slip faults presumably reflect their tectonic environ-
ments. When examined on the fault scale, RTFs reveal
many of the same complexities observed in continental
systems: segmentation, braided strands, stepovers, con-
straining and releasing bends, etc. [Pockalny et al., 1988;
Embley and Wilson, 1992; Yeats et al., 1997; Ligi et al.,
2002]. On a plate tectonic scale, however, RTFs are gener-
ally longer lived structures with cumulative displacements
that far exceed their lengths, as evidenced by the continuity
of ocean-crossing fracture zones [e.g., Cande et al., 1989].
Moreover, the compositional structure of the oceanic litho-
sphere is more homogeneous, and its thermal structure is
more predictable from known plate kinematics [Turcotte
and Schubert, 2001]. Owing to the relative simplicity of the
mid-ocean environment, RTF seismicity may therefore be
more amenable to interpretation in terms of the dynamics of
faulting and less contingent on its geologic history.

[6] In this paper, we investigate the phenomenology of
oceanic transform faulting by constructing scaling relations
for RTF seismicity. As in many other published studies, we
focus primarily on earthquake catalogs derived from tele-
seismic data. Because there is a rich literature on the subject,
we begin with a detailed review of what has been previously
learned and express the key results in a consistent mathe-
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matical notation (see notation section). We then proceed
with our own analysis, in which we derive new scaling
relations based on areal measures of faulting. We conclude
by using these relations to comment on the basic issues laid
out in this introduction.

2. Background

[7] Oceanic and continental earthquakes provide comple-
mentary information about seismic processes. On the one
hand, RTFs are more difficult to study than continental
strike-slip earthquakes because they are farther removed
from seismic networks; only events of larger magnitude can
be located, and their source parameters are more poorly
determined. On the other hand, the most important tectonic
parameters are actually better constrained, at least on a
global basis. An RTF has a well-defined length L, given
by the distance between spreading centers, and a well-
determined slip rate ¥, given by present-day plate motions.
Moreover, the thermal structure of the oceanic lithosphere
near spreading centers is well described by isotherms that
deepen according to the square root of age.

[8] Brune [1968] first recognized that the average rate of
seismic moment release could be combined with L and ¥ to
determine the effective thickness (width) of the seismic
zone, Wg. For each earthquake in a catalog of duration At,,
he converted surface wave magnitude mg into seismic
moment M and summed over all events to obtain the
cumulative moment M. Knowing that M divided by the
shear modulus p equals rupture area times slip, he obtained
a formula for the effective seismic width

M

We = WIVAm (1
In his preliminary analysis, Brune [1968] found values of
Wg in the range 2—7 km. A number of subsequent authors
have applied Brune’s procedure to direct determinations of
M as well as to mg catalogs [Davies and Brune, 1971; Burr
and Solomon, 1978; Solomon and Burr, 1979; Hyndman
and Weichert, 1983; Kawaski et al., 1985; Frohlich and
Apperson, 1992; Sobolev and Rundquist, 1999; Okal and
Langenhorst, 2000; Bird et al., 2002). The data show
considerable scatter with the effective seismic widths for
individual RTFs varying from 0.1 to 8 km.

[9] Most studies agree that W increases with L and
decreases with ¥, but the form of the scaling remains
uncertain. Consider the simple, well-motivated hypothesis
that the effective width is thermally controlled, which
appeared in the literature soon after quantitative thermal
models of the oceanic lithosphere were established [e.g.,
Burr and Solomon, 1978; Kawaski et al., 1985]. If
the seismic thickness corresponds to an isotherm, then it
should deepen as the square root of lithospheric age,
implying Wg o< L'2V""2 and £M o L**V'” [e.g., Okal
and Langenhorst, 2000]. However, two recent studies have
suggested that Wg instead scales exponentially with
V [Frohlich and Apperson, 1992; Bird et al., 2002}, while
another proposes that M scales exponentially with
L [Sobolev and Rundquist, 1999]. The most recent papers,
by Langenhorst and Okal [2002] and Bird et al. [2002], do
not explicitly test the thermal scaling of Wg.
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Figure 1. Thermal area of contact, Ay, is the fault area
above a reference isotherm 7. Temperatures of the plates
bounding the fault are assumed to evolve as Ty erf [(€ ']
and T, erf[((1 — £)~12), where T, is the mantle potential
temperature, £ = x/L and ( = 2/4/8xL/V are nondimensio-
nalized length and depth, and k is the thermal diffusivity.
Fault isotherms 7/T, (thin curves) are calculated by
averaging the two plate temperatures, which reach a
maximum depth in kilometers at zp,, = 2/kL/V
erf ~!(Tref/To). Our model assumes a reference isotherm of
T/ To = 0.46 (thick gray line), or Tf = 600°C for Ty =
1300°C; the corresponding plate isotherms are plotted as
dashed lines. Depth axes for L/V'= 0.5 Ma and 30 Ma (right
side, in kilometers), calculated for an assumed diffusivity of
k = 10~'? km%/s, bound the plate ages spanned by the RTF
data set.

[10] An important related concept is the fractional seismic
coupling, defined as the ratio of the observed seismic
moment release to the moment release expected from a

plate tectonic model [Scholz, 2002]:

EMobs
X )
Previous authors have made different assumptions in
calculating the denominator of equation (2). In our study,
we specified EM,.s in terms of a “thermal area of contact,”
Ar, which we obtained from a standard algorithm: the thermal
structure of an RTF is approximated by averaging the
temperatures of the bounding plates computed from a two-
dimensional half-space cooling model [e.g., Engeln et al.,
1986; Stoddard, 1992; Okal and Langenhorst, 2000;
Abercrombie and Ekstrém, 2001]. The isotherms and
particular parameters of the algorithm are given in Figure 1.
Ar is just the area of a vertical fault bounded from below
by a chosen isotherm, T, and its scaling relation is
Ar o« L2V~ We define the average “thermal thickness”
for this reference isotherm by Wt = 4y/L. The cumulative
moment release is LMer = WLWrVAlq, SO equations (1)
and (2) imply that  is simply the ratio of Wg to Wr.

[11] The seismic coupling coefficient has the most direct
interpretation if the reference isotherm 7i.¢ corresponds to
the brittle-plastic transition defined by the maximum depth
of earthquake rupture [Scholz, 2002]. In this case, the value
x = 1 quantifies the notion of “full seismic coupling™ used
in section 1. The focal depths of oceanic earthquakes do
appear to be bounded by an isotherm, although estimates
range from 400°C to 900°C [Wiens and Stein, 1983; Trehu
and Solomon, 1983; Engeln et al., 1986; Bergman and
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Solomon, 1988; Stein and Pelayo, 1991]. Ocean bottom
seismometer (OBS) deployments [Wilcock et al., 1990] and
teleseismic studies using waveform modeling and slip
inversions [Abercrombie and Ekstrém, 2001] tend to favor
temperatures near 600°C. We therefore adopt this value as
our reference isotherm. Actually, what matters for seismic
coupling is not the absolute temperature, but its ratio to the
mantle potential temperature 7. We choose Tie/ Ty = 0.46,
so that a reference isotherm of 600°C implies 7, = 1300°C,
a typical value supported by petrological models of mid-
ocean spreading centers [e.g., Bowan and White, 1994].

[12] Previous studies have shown that the x values for
RTFs are generally low. Referenced to the 600°C isotherm,
most yield global averages of 10-30%, but again there is a
lot of variability from one RTF to another. High values
(x > 0.8) have been reported for many transform faults in
the Atlantic Ocean [Kanamori and Stewart, 1976; Muller,
1983; Wilcock et al., 1990], whereas low values (x < 0.2)
are observed for Eltanin and other transform faults in the
Pacific [Kawaski et al., 1985; Okal and Langenhorst, 2000).
The consensus is for a general decrease in x_with spreading
rate [Kawaski et al., 1985; Sobolev and Rundquist, 1999;
Bird et al., 2002; Rundquist and Sobolev, 2002].

[13] By definition, low values of x imply low values of
the effective coupling width, Wg. However, is the actual
RTF coupling depth that shallow? Several of the pioneering
studies suggested this possibility [Brune, 1968; Davies and
Brune, 1971; Burr and Solomon, 1978; Solomon and Burr,
1979]. From Sleep’s [1975] thermal model, Burr and
Solomon [1978] obtained an average coupling depth
corresponding to the 150°C isotherm (£100°C), and they
supported their value with Stesky et al.’s [1974] early work
on olivine deformation. Given the direct evidence of seismic
rupture at depths below the 400°C isotherm, cited above,
and experiments that show unstable sliding at temperatures
of 600°C or greater [Pinkston and Kirby, 1982; Boettcher et
al., 2003], this “shallow isotherm” hypothesis no longer
appears to be tenable [Bird et al., 2002].

[14] However, the low values of x could imply that RTFs
have “thin, deep seismic zones,” bounded from above by
an isotherm in the range 400—500°C and from below by an
isotherm near 600°C. Altemnatively, the seismic coupling of
RTFs may not depend solely on temperature; it might be
dynamically maintained or depend on some type of lateral
compositional variability. If so, does the low seismic
coupling observed for RTFs represent a single-mode distri-
bution of seismic and creeping patches, as in Appendix A,
or does a particular patch sometimes slip seismically and
sometimes aseismically?

[15] The low values of x reflect the paucity of large
earthquakes on RTFs, which can be characterized in terms
of an upper cutoff magnitude. Like most other faulting
environments, RTFs exhibit Gutenberg-Richter (GR)
frequency-size statistics over a large range of magnitudes;
that is, they obey a power law scaling of the form log N
—bm o —BlogM, where N is the cumulative number above
magnitude m and 8 = (2/3)b. The upper limit of the scaling
region is specified by a magnitude cutoff mc or an equiv-
alent moment cutoff M, representing the “outer scale” of
fault rupture. A variety of truncated GR distributions are
available [Molnar, 1979; Anderson and Luco, 1983; Main
and Burton, 1984; Kagan, 1991, 1993; Kagan and Jackson,
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2000; Kagan, 2002a], but they all deliver a scaling relation
of the form XM ox M:®

[16] The B values of individual transform faults are
difficult to constrain owing to their remoteness and the
correspondingly high detection thresholds of global cata-
logs. OBS deployments have yielded 8 values in the range
0.5-0.7 [Trehu and Solomon, 1983; Lilwall and Kirk, 1985;
Wilcock et al., 1990], while teleseismic studies of regional
RTF seismicity have recovered values from 0.3 to 1.1
[Francis, 1968; Muller, 1983; Dziak et al., 1991; Okal
and Langenhorst, 2000]. The most recent global studies
disagree on whether (8 is constant [Bird et al., 2002] or
depends on V [Langenhorst and Okal, 2002). This obser-
vational issue is closely linked to theoretical assumptions
about how RTF seismicity behaves at large magnitudes.
Bird et al. [2002] adopted the truncated GR distribution of
Kagan and Jackson [2000] (a three-parameter model); they
showed that the Harvard CMT data set for the global
distribution of RTFs is consistent with the self-similar value
8 =2/3, and they expressed the seismicity variations among
RTFs in terms of a cutoff moment Mc. They concluded that
log M decreases quadratically with ¥. On the other hand,
Langenhorst and Okal [2002] fit the data by allowing (3 to
vary above and below an “elbow moment” that was also
allowed to vary with ¥ (a four-parameter model); they
concluded that below the elbow, 8 increases linearly with
v, ;\glile the elbow moment itself varies as approximately
Vo,

3. Seismicity Model

[17] We follow Bird et al. [2002] and adopt the three-
parameter seismicity model of Kagan and Jackson [2000],
in which an exponential taper modulates the cumulative GR
distribution [see also Kagan, 2002a]:

N(M0 Bt:x Mo-NM
\¥) "\ "mc )

M, is taken to be the threshold moment above which the
catalog can be considered complete, and N, is the
cumulative number of events above M, dunng the catalog
interval At ,,. Atlow moment, N scales as M ", while above
the outer scale M this cumulative number decays
exponentially. We will refer to an event with moment Mc
as an “upper cutoff earthquake™; larger events will occur,
but with an exponentially decreasing probability. The total
moment released during Az, is obtained by integrating
the product of M and the incremental distribution n(M) =
— dNldM,

N(M) = @)

00
M = / M n(M)dM
Mo

= NoMaMLPT(1 — B)eMo/Mc.

Assuming M, < Mc, we obtain
M =~ NoMoPMc'-PT(1 - B).

For B = 2/3, the gamma function is I'(1/3) = 2.678. ..
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[18] Substituting equation (4) into equation (1) yields the
formula for the effective seismic thickness Wg. In order to
avoid equating small values of x with shallow coupling
depths, we multiply Wg by the total RTF length L to cast the
analysis in terms of an effective seismic area Ag. We
average over seismic cycles and equate an RTF moment
rate with its long-catalog limit, M = lima,_ oo EM/Alcy,.
This reduces equation (1) to the expression

A = M/(u). 5)

The effective area is thus the total seismic potency, M/p., per
unit slip, averaged over many earthquake cycles.

[19] Similarly, the outer scale of fault rupture can be
expressed in terms of upper cutoff moment, Mc = pdcDc,
where Ac is the rupture area and D¢ is the average slip of
the upper cutoff earthquake. In this notation, the long
catalog limit of equation (4) can be written M =
NoMOMEPT(1 — B), where Ny is the average number of
events with moment above M, per unit time. We employ a
nondimensionalized version of this event rate parameter,
which we call the seismic productivity:

NoMo

v (6)

Vo =

The seismic productivity is the cumulative event rate
normalized by the rate of events of moment M, needed
to attain full seismic coupling over the thermal area of
contact Ar. For the RTFs used in this study, Mc > M,, so
that vy < 1. With these definitions, our model for the
seismic coupling coefficient becomes

X = Ap/Ar = vo(Mc/Mo)' T (1 - B). 0)

4. Data

[20] We delineated the RTFs using altimetric gravity
maps [Smith and Sandwell, 1997], supplemented with
T phase locations from the U.S. Navy Sound Surveillance
System (SOSUS) of underwater hydrophones [Dziak et al.,
1996, 2000; R. P. Dziak, SOSUS locations for events on the
western Blanco Transform Fault, personal communication,
1999]. Like other strike-slip faults, RTFs show many
geometric complexities, including offsets of various dimen-
sions (see section 1 for references), so that the definition of
a particular fault requires the choice of a segmentation scale.
Given the resolution of the altimetry and seismicity data, we
chose offsets of 35 km or greater to define individual faults.
Fault lengths L for 78 RTFs were calculated from their end-
point coordinates, and their tectonic slip rates were com-
puted from the NUVEL-1 plate velocity model [DeMets et
al., 1990]. We winnowed the fault set by removing any RTF
with L < 75 km and Ay < 47" = 350 km?. This eliminated
small transform faults with uncertain geometry or seismicity
measures significantly contaminated by ridge crest normal
faulting. The resulting fault set comprised 65 RTFs with a
combined length of 16,410 km (Figure 2).

4.1. Seismicity Catalogs

[21] We compiled a master list of RTF seismicity by
collating hypocenter and magnitude information from the
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Figure 2. Global distribution of the 65 mid-ocean ridge transform faults (RTFs) used in this study. The
faults were selected to have L > 75 km and 4y > 350 km? and have been delineated by plotting all
associated earthquakes from the ISC mg and Harvard CMT catalogs (black dots). The cumulative fault

length is 16,410 km.

Harvard CMT and the International Seismological Center
(ISC) online bulletin (1964-1999, available at http:/
www.isc.ac.uk) catalogs. We created an earthquake catalog
for each RTF comprising all events with locations (ISC
epicenters for 1964—1999, CMT epicentroids for 2000-
2002) that fell within a region extending 80 km on either
side of the fault or 50 km from either end. To avoid overlap
in the cases where faults were close together, we reduced
the radii of the semicircular regions capping the fault ends
until each earthquake was associated with a unique RTF.
The tectonic parameters and seismicity compilations for
individual RTFs are summarized in Appendix B.

[22] Three types of magnitude data were included in our
catalogs, body wave (m;) and surface wave (mg) magnitudes
from the ISC (1964—1999) and moment magnitude (my)
from the Harvard CMT (1976-2002). Using the moment
tensors from the latter data set, we further winnowed the
catalog of events whose null axis plunges were less than 45°
in order to eliminate normal-faulting earthquakes. Normal-
faulting events without CMT solutions could not be culled
from the m,, and mg data sets, although their contributions to
the total moment are probably small. The three magnitude
distributions for the 65 RTFs indicate average global
network detection thresholds at m, = 4.7, mg = 5.0, and
my = 5.4, with slightly higher thresholds for m;, and my in
the Southern Ocean, at 4.8 and 5.6, respectively. We use the
higher threshold values in our analysis to avoid any geo-
graphic bias.

[23] The location uncertainties for RTF events depend on
geographic position, but for events larger than the mg
threshold of 5.0, the seismicity scatter perpendicular to the
fault traces has an average standard deviation of about
25 km. The spatial window for constructing the fault
catalogs was chosen to be sufficiently wide to comprise
essentially all of the CMT events with appropriately
oriented strike-slip mechanisms. Increasing the window
dimensions by 20% only increased the total number of
events with my > 5.6 from 548 to 553 (+0.9%) and their

cumulative CMT strike-slip moment from 1.205 x 10>’ N'm
to 1.212 x 10*' N m (+0.6%).

[24] A potentially more significant problem was the
inclusion of seismicity near the RTF end points, where the
transition from spreading to transform faulting is associated
with tectonic complexities [Behn et al., 2002]. However,
completely eliminating the semicircular window around the
fault ends only decreased the event count to 517 (—5.7%)
and the cumulative moment to 1.162 x 10?' N m (=3.6%),
which would not change the results of our scaling analysis.

[25] Some large earthquakes with epicenters near ridge-
transform junctures actually occur on intraplate fracture
zones, rather than the active RTF. Including these in the
RTF catalogs can bias estimates of the upper cutoff magni-
tude, mc. A recent example is the large (my = 7.6)
earthquake of 15 July 2003 east of the Central Indian Ridge,
which initiated near the end of a small (60 km long) RTF
and propagated northeastward away from the ridge-
transform junction [Bohnenstiehl et al., 2004). A diagnostic
feature of this type of intraplate event is a richer aftershock
sequence, distinct from the depleted aftershock sequences
typical of RTFs (see section 4.3). An example that occurred
during the time interval of our catalog, the my = 7.2 event
of 26 August 1977, was located on the fracture zone 130 km
west of the Bullard (A) RTF fracture zone. This event and
its three aftershocks (m, > 4.8) were excluded from our data
set by our windowing algorithm. We speculate that the
anomalously large (m =~ 8) earthquake of 10 November
1942, located near the end of the Andrew Bain RTF in the
southwest Indian Ocean [Okal and Stein, 1987] was a
fracture zone event, rather than an RTF earthquake as
assumed in some previous studies [e.g., Langenhorst and
Okal, 2002; Bird et al., 2002].

4.2. Calibration of Surface Wave Magnitude
[26] The calibration of surface wave magnitude mg to

seismic moment M for oceanic environments has been
discussed by Burr and Solomon [1978)], Kawaski et al.
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Figure 3. Calibration of ISC surface wave magnitudes to
Harvard moment magnitudes. Magnitudes sampled by the
data are shown as small circles. The regression line, mg =
1.17 myp — 1.34 (thick solid line), provides a better fit to the
median values of mg (solid squares) than the nonlinear
relation of Ekstrom and Dziewonski [1988] (dashed line).

[1985], and Ekstrém and Dziewonski [1988]. Ekstrom and
Dziewonski derive an empirical relationship to calibrate ISC
surface wave magnitudes to CMT moments, and they list
the various factors to explain why regional subsets might
deviate from a global average. On a mg—my plot (Figure 3),
the medians for our data agree with their global curve at low
magnitudes but fall somewhat below for my > 6. Overall,
the data are better matched by a linear fit to the medians:
mg = 1.17 my — 1.34. We used this linear relationship to
convert the ISC values of mg to seismic moment.

[27]1 With this calibration, the total moment release rates
for all RTFs in our data set are 4.39 x 10'° N m/yr for
the 36-year mg catalog and 4.72 x 10'° N m/yr for the
25.5-year my catalog. The 10% difference, as well as the
scatter in the ratio of the two cumulative moments
for individual RTFs, is consistent with the fluctuations
expected from observational errors and the Poisson (time-
independent) model of seismicity employed in our statistical
treatment. The Poisson model ignores any clustering asso-
ciated with foreshock-main shock-aftershock sequences,
which are known to introduce bias in the analysis of
continental seismicity [e.g., Aki, 1956; Knopoff, 1964;
Gardner and Knopoff, 1974].

4.3. Aftershock Productivity

[28] RTF earthquakes generate very few aftershocks,
however. Defining an aftershock as an event of lower
magnitude that occurred within 30 days and 100 km of a
main shock, we counted aftershocks above a magnitude
threshold my. Figure 4 compares the average count per main
shock with similar data for strike-slip earthquakes in south-
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ern California [Kisslinger and Jones, 1991] and Japan
[Yamanaka and Shimazaki, 1990). The data can be de-
scribed by an aftershock law of the form
108 Nafier = O(Miain — Mo — Amyper). (8)
The triggering exponent o is a fundamental scaling
parameter of the Epidemic Type Aftershock Sequence
(ETAS) model [Kagan and Knopoff, 1991; Ogata, 1988;
Guo and Ogata, 1997, Helmstetter and Sornette, 2002]; the
offset Am,q,, is related to the magnitude decrement of the
largest probable aftershock, given by Bath’s law to be about
1.2 [Felzer et al., 2002; Helmstetter and Sornette,2003a). The
continental data in Figure 4 yield o = 0.8, which agrees with
previous studies [Utsu, 1969; Yamanaka and Shimazaki,
1990; Guo and Ogata, 1997; Helmstetter and Sornette,
2003a], and Amgp., = 0.9, consistent with the data for
southern California [Felzer et al., 2002; Helmstetter, 2003].
[29] In the case of RTFs, the aftershock productivity is so
low that the data for the smallest main shock magnitudes
approach background seismicity (Figure 4). RTF earth-
quakes are consistent with o = 0.8 and yield Amgpe, ~
2.2, much larger than the continental value. In other words,
the key parameter of the ETAS model, the *“branching
ratio” n = 10-°4™w=p/(b — ), which is the average over
all main shock magnitudes of the mean number of events
triggered by a main shock [Helmstetter and Sornette, 2002],
is more than an order of magnitude less for RTF seismicity
than the critical value of unity approached by continental
strike-slip faulting. If the ETAS model holds for RTF
seismicity, then the low branching ratio (n =~ 0.1) implies
that most (~90%) RTF earthquakes are driven by tectonic
loading and subseismic slip, rather than triggered by other
seismic events [Helmstetter and Sornette, 2003b]. This
observation underlines a central difference between RTF
seismicity and the SAF model.

5. Scaling Analysis

[30] The RTFs are arrayed according to their fault lengths
L and slip velocities ¥ in Figure 5. The data set spans about
an order of magnitude in each of these tectonic variables.
The seismicity of an individual RTF is represented by its
“cumulative moment magnitude,” obtained by plugging
XM from the Harvard CMT catalog into Kanamori’s
[1977] definition of moment magnitude:

- =§(log):M—9.l). ©)

There were only 11 RTFs with my, > 7.0; five were in the
central Atlantic, including the Romanche transform fault,
which had the largest CMT moment release (my = 7.46).
The catalogs were too short to allow a robust estimation for
individual faults with lower seismicity levels; therefore we
grouped the data into bins spanning increments of the
geologic control variables, L, ¥, and Ar. For each control
variable, we adjusted the boundaries of the bins so that the
subsets sampled the same numbers of events, more or less,
and were numerous enough to estimate the seismicity
parameters. After some experimentation, we settled on four
subsets, each containing an average of about 130 and
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Figure 4. Average number of aftershocks above a magnitude threshold m, for each main shock plotted

against Mmain

— mg for earthquakes on RTFs (solid symbols) and continental strike-slip faults (open

symbols). RTF aftershocks were defined as events with an ISC m,, greater than or equal to m, = 4.8 that
occurred within 30 days and 100 km of a main shock. The continental data sets were complied by
Kisslinger and Jones [1991] and Yamanaka and Shimazaki [1990] using local magnitude thresholds of
mg = 4.0 and 4.5, respectively. Both continental and RTF aftershocks are consistent with a slope o = 0.8
(inclined lines), but the latter are about 1.3 orders of magnitude less frequent than the former. Note that at
low main shock magnitudes, RTF aftershock rates approach background seismicity (horizontal line).

190 earthquakes for the my and mg catalogs, respectively.
The boundaries of the subsets are indicated in Figure 5.

5.1. Seismicity Parameters

[31] We estimated the seismicity parameters by fitting
equation (3) to the data subsets using a maximum likelihood
method. Event frequencies were binned in 0.1 increments of
log M for the Harvard CMT data and 0.1 increments of mg
for the ISC data. The random variable representing the
observed number of earthquakes, n;, in each bin of moment
width AM; was assumed to be Poisson distributed with an
expected value, i, ~—AMdN(M;)/dM, where the cumula-
tive distribution N(M) was specified by equation (3). This
yielded the likelihood function:

T o e

ool ] -m (i) ]
.exp [M"M;CM] - ln(n.!)}. (10)

Our procedure followed Smith and Jordan’s [1988] analysis
of seamount statistics, but it differed from most treatments

of earthquake frequency-size data [e.g., Aki, 1965; Bender,
1983; Ogata, 1983; Frohlich and Davis, 1993; Kagan
and Jackson, 2000; Wiemer and Wyss, 2000], which take
the GR distribution or its truncated modification as the
underlying probability function (compare equation (10)
with equation (12) of Kagan and Jackson [2000]).

[32] The method is illustrated in Figure 6, where it has
been applied to the my and mg catalogs collated for all RTFs
used in this study. On the basis of the seismicity roll-off at
low magnitudes, we fixed the threshold magnitudes at 5.6
for my and 5.5 for recalibrated mg. The maximum likeli-
hood estimator for N, is the cumulative number of events
observed above the corresponding threshold moments M,
(531 and 750, respectively). Figures 6¢ and 6d contour the
likelihood functions for the other two parameters, the power
law exponent B and upper cutoff moment Mc. The two
catalogs give very similar estimates: 3 = 0.72, Mc = 1.42 x
10" Nm (mc=6. 70) for the Harvard CMT catalog, and 3 =
0.70, Mc=1.58 x 10" N'm (mc=6. 73) for the recalibrated
ISC catalog. The 95% confidence region for each estimate
includes the other estimate, as well as the maximum
likelihood estimate obtained by fixing 3 at the self-similar
value of 2/3. Our results thus agree with those of Bird et al.
[2002], who found RTF seismicity to be consistent with
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Figure 5. Distribution of fault lengths L and slip rates V'
for the 65 RTFs used in this study (circles). The symbols
have been sized according to the cumulative moment
magnitude my, defined by equation (9), and shaded based
on the four slip rate bins separated by horizontal dashed
lines. Values separating the fault length bins (vertical dashed
lines) and the thermal area bins (inclined solid lines) used in
our scaling analysis are also shown.

self-similar scaling below the upper cutoff moment. The
self-similar assumption yields conditional values of M that
differ by only 1% between the two catalogs (diamonds in
Figure 6).

[33] The truncated GR model provides an adequate fit to
the global RTF data sets. It slightly underestimates the
frequency of the largest earthquakes, predicting only one
event of magnitude 7 or larger compared to the three
observed in both catalogs; however, the discrepancy is not
statistically significant even at a low (74%) confidence
level. The Harvard CMT catalog also shows a modest
depletion of events just below M, but this feature is not
evident in the ISC data.

[34] Maximum likelihood estimates of total seismic
moment XM, upper cutoff moment Mc, and seismic
productivity v, derived from binned data allow us to
investigate how these parameters are distributed with fault
length L and slip velocity V¥ (see Appendix C for figures and
additional details). Because the catalogs are relatively short,
the scatter in the individual fault data is large, especially for
the smaller faults. Some variation may also be due to recent
changes in plate motion, which may affect the geometry and
possibly the thermal structure of an RTF. The maximum
likelihood estimates, which correctly average over the
Poissonian variability of the catalogs, are more systematic.
¥M and Mc increase with L, whereas vy decreases. The
correlations in ¥ suggest weak positive trends in £M and v,
and a weak negative trend in Mc. A proper interpretation of
these correlations must account for any correlation between
the two tectonic variables.

[35] According to the thermal scaling hypothesis, the
seismicity parameters should depend on fault length and
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slip rate through the thermal area of contact, Ay (Figure 1).
We sorted the data into the 4y bins shown in Figure 5 and
estimated the seismicity parameters for the four subgroups.
Figures 7 and 8 show the results for the Harvard CMT
catalog. The estimates for 3 = 2/3 (numbered diamonds) fall
within the 50% confidence regions for the unconstrained
estimates (shaded areas) in all four bins (Figure 8a), again
consistent with self-similar scaling below the cutoff
moment. There is more scatter in the 4 binned estimates
from the ISC catalog, but self-similar scaling is still accept-
able at the 95% confidence level. We therefore fixed (3 at 2/3
and normalized the seismicity models for the four 4y groups
according to equation (6). The seismicity models obtained
from both catalogs indicate that as 4y increases, the upper
cutoff moment Mc increases and the seismic productivity vg
decreases, while the area under the curve stays about the
same (e.g., Figure 8b). These statements can be quantified
in terms of scaling relations involving the three areal
measures Ay, Ag, and Ac.

5.2. Seismic Coupling

[36] We computed the effective seismic area Ag =
LWg from equation (1) assuming the shear modulus,
p = 44.1 GPa, which is the lower crustal value from the
Preliminary Reference Earth Model (PREM) [Dziewonski
and Anderson, 1981]. On plots of Ag versus A (Figure 9),

magnitude (my)

Figure 6. Global frequency-moment distributions for RTF
earthquakes from (a) the Harvard CMT catalog and
(b) recalibrated ISC catalog, with corresponding log
likelihood maps (Figures 6¢c and 6d) for the model
parameters. Numbers of events in discrete my bins (open
circles) and cumulative numbers of events (solid circles)
are fit with a three-parameter tapered GR distribution
(dashed lines) and a tapered GR distribution with a low-
moment slope fixed at 3 = 2/3 (solid lines). In both cases
the upper cutoff moment Mc is taken at the best fit value.
Triangles are the maximum likelihood solutions; contours
show the 99%, 95%, and 50% confidence regions. For both
catalogs, the solutions constrained by 8 = 2/3 (diamonds)
lie within the 95% confidence contours of the uncon-
strained solution (shaded regions), and mc for the two
solutions are within a tenth of a magnitude unit. The
threshold moment magnitude m, was set at 5.6 for CMT
data and 5.5 for recalibrated ISC data.
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10 10
Moment, M (Nm)

Figure 7. Frequency-moment distributions derived from
the Harvard CMT catalog by binning RTFs according to
the Ay divisions shown at the top of Figure 5: (a) 350—
2000 km?, (b) 20004500 km’, (c) 4500—10,000 km?, and
(d) >10,000 km?. Numbers of events in discrete mp bins
(open circles) and cumulative numbers of events (solid
circles) are fit by maximum likelihood procedure with a
three-parameter tapered GR distribution (dashed lines) and a
tapered GR distribution with a low-moment slope fixed at
3 = 2/3 (solid lines). Dots show data below the threshold
moment magnitude of my = 5.6. Vertical dashed lines are the
maximum likelihood estimates of Mc for B = 2/3.

the data for individual small faults scatter by as much as 2
orders of magnitude, but the maximum likelihood values for
the binned data form linear arrays consistent with a constant
coupling coefficient. To test the constant x_hypothesis, we
constructed the likelihood function for the parameters of a
more general scaling law,

Ag/AL = (4r/41)°, (m
where Af and A} are reference values. The maximum
likelihood estimates of the scaling exponent are i =
1.03*%3% for the myy data and ¢ = 0.87*%}] for the m data
(here and elsewhere the uncertainties delineate the 95%
confidence regions). Both data sets are consistent with 1 =
1; moreover, with the exponent fixed at unity, both give the
same value of the coupling coefficient, x = Af/AF =
0.15'%% and 0.157%%), respectively.

[37] Therefore our results support the simplest version of
the thermal scaling hypothesis: the long-term cumulative
moment release depends on the tectonic parameters L and V'
only through the thermal relation Ag o Ar o< L*2V~"2, The
constant x model agrees well with the data (Figure C1),
except at large ¥, where the data fall below the model. This
discrepancy is due in part to the weak negative correlation
between L and ¥, evident in Figure 5. As a check, we
compensated the values of EM for thermal scaling and
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replotted them against L and ¥; the maximum likelihood
estimates for the rebinned data showed no significant
residual trends.

5.3. Upper Cutoff Earthquake

[38] To calculate the rupture area Ac = LcWc of the upper
cutoff earthquake from its seismic moment Mc = pAdcDe,
some assumption must be made about how the average slip
D¢ scales with the rupture length Lc and width We. Given
the continuing controversy over the slip scaling for large
strike-slip earthquakes (see introduction), we considered a
scaling relation of form

Ao
B
where 0 < X\ < 1 and Ao is the static stress drop, which we
took to be independent of earthquake size. The various

Dc =—Lg W™, (12)

Upper-cutoff moment, M (Nm)

e
®

o
=)

Frequency moment exponent, B

14
>

10

1'010

Moment, M (Nm)

Figure 8. (a) Parameter estimates and (b) frequency-
moment distributions derived from the 4-binned data of
Figure 7. Log likelihood maps in Figure 8a show the upper
cutoff moment M and low-moment slope (3 corresponding
to the four Ay bins. Triangles are the maximum likelihood
solutions; contours show the 95% and 50% confidence
regions. The solutions constrained by 3 = 2/3 (diamonds) lie
within the 50% confidence contours of the unconstrained
solution (shaded regions), and mc for the two solutions are
within a tenth of a magnitude unit.
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A, (k)

Figure 9. Effective seismic area Ag versus thermal area
of contact Ay for (a) the Harvard CMT catalog and
(b) recalibrated ISC mg catalog. Symbols show data for
individual RTFs (circles) and maximum likelihood esti-
mates from the Ar-binned data for 3 = 2/3 (numbered
diamonds). The data bins, as well as the circle sizes and
shading, are given in Figure 5; fits are shown in Figures 7
and 8. The abscissa values for the diamonds are the
averages of Ay in each bin weighted by the plate tectonic
moment release rate p4rV. Thin lines correspond to the
seismic coupling factors  for Tier = 600°C. The maximum
likelihood values are consistent with a simple linear scaling
Ag ~ Ar (Table 1) and x = 0.15 (thick gray line).

models extant in the literature correspond to different values
of the scaling exponent \. The W model preferred by
Romanowicz [1992, 1994] and Romanowicz and Ruff’
[2002] is given by X\ = 0, whereas the L model preferred
by Scholz [1982], Shimazaki [1986], Scholz [1994a, 1994b]),
Pegler and Das [1996), Wang and Ou [1998], Shaw and
Scholz [2001], and Hanks and Bakun [2002] corresponds to
X = 1. The intermediate value, \ = 1/2, specifies the self-
similar slip scaling advocated for large continental strike-
slip earthquakes by Bodin and Brune [1996), Mai and
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Beroza [2000], and P. Somerville (personal communication,
2003), here called the S model. As noted in Appendix A, the
best data for continental regions, including the large strike-
slip events in Izmit, Turkey (1999), and Denali, Alaska
(2002), tend to favor the S model (P. Somerville, personal
communication, 2003). Langenhorst and Okal [2002]
adopted the W model for their analysis of RTF seismicity;
however, for large RTF earthquakes, no independent
observations of fault slip and rupture dimensions are
available to constrain \.

[39] On the basis of the rupture depth observations cited
previously and the success of thermal scaling in explaining
the XM data, we assumed the vertical extent of faulting
during large earthquakes scales with the average thermal
thickness Wy = 4/L,

Here m is a constant whose value is unimportant to the
scaling analysis but presumably lies between  (thin
seismic zone) and unity (thick seismic zone). From
equation (12), the upper cutoff area can then be expressed as

Ac = (Mc/Bo) (nWr) ¥, (14)

[40] Figure 10 displays the data on plots of Ac versus
Ar for X\ = 1/2 (S model) assuming a constant stress drop
of A6 = 3 MPa. The maximum likelihood estimates for
the four 4r bins again form linear arrays, but the slopes
are significantly less than unity. We fit the data with the
scaling relation

Ac/AE = (A7/AT) (15)
and obtained maximum likelihood estimates and 95%
confidence regions for the upper cutoff scaling exponent
y= 0.54%%) for the my catalog and vy = 0.54*-%}, for the mg
catalog. Varying the slip-scaling exponent X\ gave values of
< that ranged from 0.30 to 0.61, depending on the data set
(Figure 11). In all cases, the data are consistent with y = 1/2,
which we adopted as our model value for upper cutoff
scaling.

[41] Under the constraints of our model (e.g., constant
Ao, ), the seismicity data can, in principle, determine the
slip-scaling exponent \. Combining the conductive cooling
equation with equations (14) and (15) yields a general relation
between the upper cutoff moment and the RTF tectonic
parameters: M oc LOTDEWA-XH2—0wDw2H3-12 " £op
vy = 1/2 we find

W model Mc o L34V—3/4,
S model Mc o L3y -3/, (16)
L model Mc x L.

The L model thus implies that the cutoff moment M is
proportional to the tectonic fault length and independent of
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A, (km?)

Figure 10. Upper cutoff area Ac versus thermal area
of contact 4y for (a) the Harvard CMT catalog and
(b) recalibrated ISC mg catalog. Symbols show largest
earthquakes for individual RTFs (circles) and maximum
likelihood estimates from the 4-binned data for § = 2/3
(numbered diamonds). The data bins, as well as the circle
sizes and shading, are given in Figure 5; fits are shown in
Figures 7 and 8. Calculations assume Ac = (Mc/Ac)*,
corresponding to the § model of slip scaling \ = 1/2), and a
constant stress drop of Ao = 3 MPa. The abscissa values for
the diamonds are the averages of 4t in each bin weighted by
the plate tectonic moment release rate 4y V. The maximum
likelihood values are consistent with the scaling relation
Ac ~ Ar'? (Table 1); the best fit (thick gray line) crosses
the scaling relation for effective seismic area (thin black
line) at AF = 555 km® (Figure 10a) and A% = 862 km?
(Figure 10b).

the tectonic slip rate. Decreasing X\ introduces a negative
dependence on ¥, while maintaining an approximate
proportionality between Mc and L.

[42] The L-binned estimates of Mc (Figures C2a and C2c¢)
do show near proportionality, although they cannot resolve
the small differences among the models in equation (16).
The negative trends in the F-binned estimates of Mc, seen in
both the my and mg data sets (Figure C2b and C2d), are

B12302

more diagnostic, favoring X\ < 1. After compensating for the
scalings X\ = 1/2 and vy = 1/2, we found that the residual
correlations of Mc in L and ¥ were negligible, so we
adopted the S model for our subsequent calculations.
However, given the uncertainties and restrictive modeling
assumptions, neither the L nor W end-member models can
be firmly rejected with the data in hand.

5.4. Seismic Productivity

[43] The parameter in the truncated GR distribution most
accurately estimated by the seismicity data is Ny, the total
number of events above the moment threshold M, Its value
depends primarily on the more numerous smaller earth-
quakes and is therefore insensitive to the upper cutoff
behavior. Its normalized version, the seismic productivity
Vo, can be related to the other seismicity parameters through
equation (7):

vo =X (Mo/Mc)'~*/T(1 - B). a7

The right-hand side of equation (17) can be evaluated
directly from the scaling relations we have already derived:
Vg o< Ap YODA=Bb=1 “he preferred exponents (V= 1, 8 =
2/3, y = 1/2, X = 1/2) in our scaling model given in
equations (3), (11), (12), and (15) therefore imply

uoaA;'/‘otL‘mV'/‘. (18)
Because the form of this scaling relation has been
determined primarily from the frequency of large earth-
quakes, the data on v, provide an independent test of the
model.

[44] Figure 12 plots the v, observations against Ar.
Unlike the other seismicity parameters, the scaling of v,
is insensitive to the magnitude moment calibration. We
can therefore use the uncalibrated m, catalog, as well as the
my and calibrated mg catalogs, in evaluating the model. All
three data sets show a decrease in v, very close to the
model-predicted trend of A7 ' (gray lines). The data in

w S
(a) my, data’

/——’1
3 "
SE=m- -1 _f_

1 0.5

A A
Figure 11. Maximum likelihood estimates (solid squares)
of the characteristic area scaling exponent vy conditional on
the slip-scaling exponent ), obtained from (a) the Harvard
CMT catalog and (b) recalibrated ISC mg catalog. The best
estimates for both catalogs cross the model value y = 1/2
(dashed line) near X = 1/2, which is our preferred exponent
for slip scaling (S model). The end-member #and L models
of slip scaling are also consistent with y = 1/2 at the
50% confidence level (shaded band). Thick lines delineate
95% confidence region for the conditional estimate.
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Figure 12. Seismic productivity v, versus thermal area of
contact Ay for (a) the Harvard CMT catalog, (b) recalibrated
ISC mg catalog, and (c) ISC m, catalog. Symbols show
normalized event counts for individual RTFs (circles) and
maximum likelihood estimates from the 4-binned data for
B = 2/3 (numbered diamonds). The data bins, as well as the
circle sizes and shading, are given in Figure 5; fits are
shown in Figures 7 and 8. The magnitude threshold for the
ISC m, catalog was set at 4.8, providing significantly more
events (2278) than either the Harvard CMT catalog (548) or
the recalibrated ISC mg catalog (890). The abscissa values
for the diamonds are the averages of A4y in each bin
weighted by the plate tectonic moment release rate pdrV.
The data are consistent with vy ~ 4y~ "* (thick gray lines),
providing an independent check on the scaling model of
Table 1.
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Figure C3 are also consistent with the scalings in
equation (18), although the increase in ¥ is too weak to be
resolved. When we compensated the data for this scaling,
we found no significant residual trends in either L or V.

[4s5] We have come to a rather interesting result: on
average, larger transform faults have bigger earthquakes
but smaller seismic productivities. Through some poorly
understood mechanism, the distributions of both small and
large earthquakes adjust with the fault area in a way that
maintains a constant coupling coefficient .

6. Discussion

[46] Our preferred scaling model for RTF seismicity is
summarized in Table 1. As a final consistency check, we
synthesized a frequency-moment distribution from the model
and compared it with the My data from the global RTF
catalog (Figure 13). The only data used to construct the
synthetic distribution were the observed fault lengths L and
the slip rates ¥ computed from the NUVEL-1 plate motions;
the synthetic distribution was calibrated to the seismicity
catalog only through the scaling relations for the upper cutoff
moment Mc and the cumulative number of events Ny. The
agreement between the synthetic and observed seismicity in
Figure 13 is at least as good as the direct fit of the three-
parameter model (cf. Figure 6). This global test corroborates
the scaling relations inferred from subsets of the data.

[47] The linear thermal scaling relation, Ag o< 4y, implies
that seismic coupling  is independent of L and V. A constant
x would be expected, for example, if the fault rheology were
governed by thermally activated transitions from stable to
unstable sliding. The simplest model is a “thin” seismic
zone, in which both the top and the bottom of the zone
conform to isotherms, the area between the isotherms is
seismically fully coupled, and the average seismic thickness
is thus equal to the effective thickness Wg. An RTF in this
configuration conforms to the single-mode hypothesis,
which states that a fault patch is either fully seismic or fully
aseismic (Appendix A). For typical tectonic values of L =
300 km and ¥ = 40 mm/yr, W is only about 1.7 km. If we
follow Burr and Solomon [1978] in taking the upper bound-
ary of the seismic zone to be the seafloor (Figure 14a), we are
stuck with an implausibly shallow basal isotherm (~100°C).
As Bird et al. [2002] have pointed out, a thin, shallow
seismic zone is inconsistent with observed earthquake focal
depths and laboratory experiments.

[48] An alternative is a thin, deep seismic zone. Fixing the
basal isotherm at 600°C yields an upper boundary for a fully
coupled zone at about 520°C (Figure 14b). This boundary

Table 1. Scaling Model for RTF Seismicity*
Relati Scismic P Scaling With A L, and V

K r

A seismic coupling X o const (20.15 for Tee = 600°)
B effective arca Ag o Ay o LAY—1R
€ cumulative moment M x AV o« LPV?
D upper cutoff arca Ac o Ar”? o« Ly
E upper cutoff slip Dc o Ar' o LY\
F upper cutoff moment  Mc o< Ar> oc LBV YR
G seismic productivity v dy N & LTy
H cumulative number Ny ox AV oc L7237
*The RTF icity data are with the exp B=23,9=1,
v =1/2, and X = 1/2, defined in equations (3), (11), (12), and (15), which

imply this set of scaling relations.
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Figure 13. Comparison of the cumulative frequency-
moment distribution from the Harvard CMT catalog (solid
circles) with three models. The seismicity data are the same
as in Figure 6a. The models combine the global distribution
of RTF tectonic parameters with seismicity scaling
relations; i.e., each fault is assumed to generate seismicity
according to equation (3) with B = 2/3 and the other
parameters scaled to its observed fault length L and slip rate
V. The dotted curve shows a fully coupled model (x = 1)
with an upper cutoff area equal to the thermal area of
contact (A¢ = Ay). The dashed curve is a similar model with
a coupling factor reduced to the observed value (x = 0.15).
The solid curve is a model that satisfies this constraint plus
the observed scaling relation Ac = 3.5 47", The good fit
obtained by the latter corroborates the scaling model of
Table 1.

could be related to the stability of serpentinite. Many authors
have implicated hydrated ultramafic minerals of the serpen-
tine group in the promotion of subseismic slip. Serpentinized
peridotites are commonly dredged from RTFs [Tucholke and
Lin, 1994; Cannat et al., 1995], and serpentinized Francis-
can rocks outcrop on the creeping section of the San Andreas
Fault [4llen, 1968]. Lizardite and chrysotile, the most
common serpentine minerals in oceanic rocks, are stable
up to temperatures of about 500°C [O'Hanley et al., 1989].
Velocity-strengthening behavior (stable sliding) has been
observed in room temperature laboratory experiments on
serpentinite at plate-tectonic slip speeds (<5 x 10™° m/s)
[Reinen et al., 1994]. The presence of serpentinite may
therefore inhibit the shallow nucleation of RTF earthquakes.

[49] However, it is unlikely that earthquake ruptures
remain confined to a thin, deep seismic zone. Reinen et
al. [1994] found that serpentinite transforms to velocity-
weakening behavior at moderately higher slip rates (10~°—
1077 m/s), so earthquakes nucleating within a thin, deep
seismic zone could propagate into, and perhaps all the way
through, any shallow serpentine-rich layer. Seismic slip and
aseismic creep are both observed during experiments on a
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single, laboratory sample of serpentinite and can be repro-
duced with spring-slider simulations using a multimechan-
ism constitutive model [Reinen, 2000a, 2000b]. This
behavior violates the single-mode hypothesis but is consis-
tent with finite source inversions for large RTF earthquakes

Non-dimensional Length, §

24

a) Single-mode, thin, shallow seismogenic zone

b) Single-mode, thin, deep seismogenic zone

Non-dimensional Depth, {

c) Single-mode, thick seismogenic patches

d) Multimode, full seismogenic Fault

Figure 14. (a)-(c) Schematic models of the RTF
seismogenic zone that conform to the scaling relations of
Table 1. Models in Figures 14a—14c obey the single-mode
hypothesis; the black regions show the fully coupled fault
area, equal to Ag, and the light gray regions show the area
that slips subseismically, equal to Az — 4. The medium
gray rectangles superposed on the seismogenic zones
represent the area of the upper cutoff earthquake, AE’ here
scaled to an RTF of intermediate size (4 = 2000 km*, Ag =
300 km®, Ac = 155 km?). The thin, shallow seismogenic
zone in Figure 14a and thin, deep seismogenic zone in
Figure 14b are bounded by isotherms, whereas the
seismogenic zone in Figure 14c is laterally separated into
thick patches. (d) Illustration of a multimode model in
which slip can occur seismically or subseismically over the
entire thermal aréa of contact.
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Table 2. Oceanic Transform Fault Earthquake Stress Drops

BOETTCHER AND JORDAN: TRANSFORM FAULT SEISMICITY

Fault Date M, 10'* N m L, km

Wy," km Ao, MPa References

14 March 1994 50 12°
14 March 1994 40 70-120°
1 Sept. 1994 39 75°
18 May 1995 2 773
2 June 2000 2.5 75¢

Romanche
Romanche
Mendocino
Romanche
Blanco

0.4
0.2-04
0.7
03
0.1

22
30°
20°
22
10

McGuire et al. [2002a]
Abercrombie and Ekstrom [2001]
McGuire et al. [2002b]

McGuire et al. [2002b]
Bohnenstiehl et al. [2002]

*When not otherwise marked, Wy is taken from the thermal widths listed in Table Bl.

®L is computed from d of the tensor.
°L and Wy are from slip model calculated from waveform inversion.
47 is inferred from distribution of aftershocks.
Wy for the Mendicino is inferred from the carthquake

[Abercrombie and Ekstrom, 2001; McGuire et al., 2002b},
which indicate that the rupture width of an upper cutoff
event, W, is probably closer to the full thermal thickness
Wy than to Wg.

[s50] We therefore consider models in which the seismic
zone is wider than W but laterally patchy. The area of this
zone, which we denote 4s, measures the part of the fault
where seismic moment release occurs, so the single-mode
hypothesis used in the thin zone models can be expressed by
the statement

As = Ag (19)
(single-mode hypothesis). If we make the reasonable
assumption that the width of the seismic zone is equal to
the width ruptured by the largest probable earthquake (Ws =
Wc) and use the notation of equation (13) to write the
effective length of the seismic zone as Ls = As/n Wr, then the
single-mode hypothesis implies Ls = (x/m)L. Assuming
n = 1, as inferred from the finite source inversions, Ls =~ XL,
which means that earthquake ruptures on a typical RTF
would be confined to only about one sixth of the total fault
length (Figure 14c). This model can, in principle, be assessed
from the along-strike distribution of RTF ruptures, but the
uncertainties in epicenter locations and their relationship to
rupture extent preclude a definitive result.

[51] A more diagnostic test of the single-mode hypothesis
comes from the requirement that the area ruptured by an
upper cutoff earthquake Ac be accommodated within the
area of the seismic zone As and thus within the effective
seismic area Ag:

Ac < Ag (20)

(single-mode hypothesis). The observation that 1/2 ~ 1y <
2 = 1 implies that the power laws (11) and (15) must cross,
so we can choose the fiducial point 4F such that AE = AE. In
order to maintain inequality (20) below this crossover, there
must be a break in the Ac or Ag scaling relation, or in both,
at AF. No obvious scale break is observed in Figures 9
and 10 within the data range 350 km? < Ay < 21,000 km’.
The single-mode hypothesis thus implies that AT lies
outside this range.

[52] The location of the crossover depends on the stress
drop. Our preferred scaling model (y = 1/2, X = 1/2) gives

A% = 43(86/A0)*", (21)

where A% is computed assuming a reference stress drop of
Aé. For AG = 3 MPa, we obtained the central estimates A% =
555 km? from the my catalog, and AT = 862 km? from the

focal depth calculations of Oppenheimer et al. [1993).

ms catalog (cf. Figure 10). Few estimates are available for
the static stress drops of RTF earthquakes. This is not too
surprising, because the standard teleseismic method for
recovering stress drop relies on inferring fault rupture
dimensions from aftershock sequences, which cannot be
applied to most RTFs owing to the paucity of their
aftershocks (Figure 4). An exception is the 27 October
1994 Blanco earthquake, whose small aftershocks were
delineated by Bohnenstiehl et al. [2002] using SOSUS
T phase data. We combined their inferred rupture dimension
of 75 km with a thermal width of Wy = 10 km and the
Harvard CMT moment to obtain Ac = 0.1 MPa (Table 2).
The rupture dimensions of a few RTF earthquakes were also
available from recent teleseismic waveform inversions.
McGuire et al. [2002a, 2002b] estimated the second spatial
moments of three large events on the Romanche transform
fault, which gave us stress drops of 0.3—0.4 MPa. Similar
results were found for the 14 March 1994 earthquake using
the finite source model published by Abercrombie and
Ekstrém [2001].

[53] These data suggest that the stress drops for
RTF earthquakes are on the order of 1 MPa or less, so
equation (21) implies 4F > 4.3 4T. Taking into account the
estimation uncertainties for A% yields AF > 480 km?
(mw catalog) and >710 km® (ms catalog) at the 95%
confidence level. We conclude that the crossover should
lie within our data range, but does not, and therefore that the
simple power laws derived from the fits shown in Figures 9
and 10 are inconsistent with the single-mode hypothesis. In
other words, the rupture areas of large earthquakes on the
smaller RTFs appear to be bigger than their effective
seismic areas, at least on average.

[54] While there are significant uncertainties in the vari-
ous parameters and assumptions underlying this test (e.g.,
constant stress drop), the results are consistent with the
inferences drawn by Reinen [2000a] from her laboratory
data and supports the multimode model shown in Figure 14d
in which seismic and subseismic slip can occur on the same
fault patch.

7. Conclusions

[s5s] The RTF scaling relations in Table 1 are complete in
the sense that every variable in our seismicity model has
been scaled to the two tectonic control parameters fault
length L and slip velocity V. The seismicity depends on the
fault length and width (depth) only through the thermal area
of contact 4y o< L¥2V~12; ie., all of the scaling relations
can be written in terms of 41 and V. We have validated this
model using multiple seismicity catalogs and an interlock-
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ing set of constraints. In particular, the seismic productivity
Vo o< No/4rV was determined indirectly from the data on
the larger earthquakes through the moment balance
equation (17), as well as directly from counts of (mostly
small) earthquakes. These nearly independent estimates of
the productivity scaling both deliver relation G of Table 1.

[s6] Our scaling model is remarkable in its simplicity and
universality. As shown by Bird et al. [2002] and confirmed
here, RTF earthquakes are well described by a truncated
Gutenberg-Richter distribution with a self-similar slope, 3 =
2/3. Integrating over this distribution yields a linear thermal
scaling for the effective seismic area (relation B), which
implies that the seismic coupling coefficient x is also
independent the tectonic parameters (relation A). Thus,
while the moment release rates vary by more than an order
of magnitude from one fault to another, the seismic coupling
for a long, slow fault is, on average, the same as for a short,
fast fault. Stated another way, the partitioning between
seismic and subseismic slip above Tier does not vary
systematically with the maximum age of the lithosphere
in contact across the fault, which ranges from about 1 Ma to
45 Ma.

[57] Our results do not support the oft stated view that
X decreases with V [e.g., Bird et al., 2002; Rundquist and
Sobolev, 2002]. In our model, ¥ governs seismicity only as
a tectonic loading rate and through the thermal area of
contact (e.g., relations C and H). While laboratory experi-
ments clearly indicate a dependence of fault friction on
loading rate, no rate-dependent effects are obvious in the
RTF seismicity, and we require no systematic variation in
fault properties from slow to fast mid-ocean ridges (e.g., a
decrease in the amount of serpentinization with ¥, as
suggested by Bird et al. [2002]).

[s8] As a global mean, our estimate of seismic coupling is
in line with previous studies of RTF seismicity. For a basal
reference isotherm 7,r = 600°C, the data yield x =~ 15%
(+5% standard error). If no seismic slip occurs below this
reference isotherm, then nearly six sevenths of the slip
above it must be accommodated by subseismic mechanisms
not included in the cataloged moment release: steady
aseismic creep, silent earthquakes, and infraseismic (quiet)
events,

[59] Relation B suggests that temperature is the main
variable controlling the distribution of seismic and subseis-
mic slip. However, by combining relations B and D with
observations of low stress drop, we find that the area
ruptured by the largest expected earthquake exceeds the
effective seismic area (4 > Ag) for the smaller RTFs. This
inequality violates the “single-mode hypothesis,” which
states that a fault patch is either fully seismic or fully
aseismic. If this inference is correct, then the small value
of x and its lack of dependence on L and ¥ cannot simply
reflect the thermal state of the faulting; some sort of
temperature-dependent mechanics must govern the multi-
mode partitioning of seismic and subseismic slip.

[60] A dynamical rather than structural control of ridge
transform faulting is underscored by a basic conclusion of
our study: on average, larger RTFs have bigger earth-
quakes but smaller seismic productivities, and the two
corresponding seismicity parameters, Ac and Vg, trade off
to maintain constant seismic coupling. Moreover, the areal
scaling of the biggest RTF carthquakes (relation D) is
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characterized by an exponent that lies halfway between
the zero value implied by a constant upper cutoff moment
(advocated for global seismicity by Kagan [2002b]) and the
unit value of a simple linear model. An increase of Ac with
Ar is hardly surprising, since larger faults should support
larger earthquakes, but the square root scaling indicates
heterogeneities in stress and/or fault structure (e.g., segmen-
tation) that act to suppress the expected linear growth of A
with 4r (see comparison in Figure 13).

[61] These heterogeneities might plausibly arise from a
dynamical instability in the highly nonlinear mechanics of
fault growth. Fault lengths in various tectonic settings are
observed to increase in proportion to cumulative slip, Loc D
[Elliott, 1976; Cowie and Scholz, 1992; Cowie, 1 998], and the
coalescence of neighboring faults leads to the localization of
displacement on smoother, longer faults with larger earth-
quakes [Stirling et al., 1996; Scholz, 2002]. In the case of
RTFs, where the cumulative displacements can reach
thousands of kilometers, the tendency toward localization
must be counterbalanced by mechanical instabilities that
prevent “ridge-to-ridge™ ruptures and maintain the relation
D over order-of-magnitude variations in Z and V.

[62] This mechanics is no doubt intrinsically three-
dimensional, involving interactions among multiple strands
within the transform fault system. Extensional relay zones
and intratransform spreading centers develop due to
changes in plate motion [Bonatti et al., 1994; Pockalny
et al., 1997; Ligi et al., 2002). Some RTF earthquake
sequences show ruptures on parallel faults offset by tens
of kilometers [McGuire et al., 1996; McGuire and Jordan,
2000; McGuire et al., 2002a], which may reflect the cross-
strike dimension of the system. A power law distribution of
faults below this outer scale may explain the self-similar GR
distribution observed for small earthquakes, as well as the
self-similar slip distribution inferred for large earthquakes
(relation E). However, the earthquake-mediated stress inter-
actions among these faults must be very weak to satisfy the
low branching ratio (n =~ 0.1) we observed for RTF
aftershock sequences. In other words, the subseismic slip
that accounts for nearly 85% of the total moment release
also drives about 90% of rupture nucleation.

[63] Given the evidence for slow precursors to many large
RTF earthquakes [/hmlé and Jordan, 1994; McGuire et al.,
1996; McGuire and Jordan, 2000], we speculate that the
seismogenic stresses on ridge transform faults may be
primarily regulated by slow transients, rather than the fast
ruptures that dominate continental strike-slip faults. In this
view, most ordinary (loud) earthquakes on RTFs would
simply be “aftershocks” of quiet or silent events.

Appendix A: San Andreas Fault Model

[64] According to this hypothetical model of continental
strike-slip faulting, essentially all permanent strain within
the seismogenic zone occurs as seismic slip (i.e., the faults
are seismically “fully coupled” [Brune, 1968; Kiratzi,
1993; Stein and Hanks, 1998]) except along rare creeping
segments where most of the strain is accommodated
aseismically [Schulz et al., 1982; Thatcher, 1990; Scholz,
2002]. This behavior, which we refer to as the “single-mode
hypothesis,” is maintained in the transition from the locked
to creeping sections, which are populated with isolated,
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Table B1. Tectonic and Seismic Data for Oceanic Ridge Transform Faults
Fault v M, W Zoax Ar, Ag; Ac,
Reference Name Latitude Longitude L km mmyr my mg my 10°Nm x km km km’ ° kmé  km?
Mid-Atlantic Ridge
1 Jan Mayen na 3509 220 173 60 56 60 35 006 145 172 3148 180 52
2 Charlie Gibbs (A) 52.7 326.6 220 224 59 65 67 15.4 022 127 151 2762 612 288
3 Charlie Gibbs (B)  52.2 329.1 120 159 52 54 54 04 002 115 136 1430 22 12
4 Oceanographer 35.1 3244 120 220 57 60 63 9.6 033 97 115 1188 387 111
5 Hayes 336 3214 140 226 58 58 6.1 3.1 0.08 103 122 1470 120 7
6 Atlantis 30.1 317.6 80 236 58 60 55 0.2 001 177 92 643 8 17
7 Kane 238 3144 140 252 6.1 64 64 10.0 026 96 114 1339 353 147
8 15'20" 15.4 3142 200 264 58 49 54 0.2 000 114 135 2323 8 14
9 Vema 109 317.7 330 282 6.1 69 69 53.2 037 140 166 4573 1679 462
10 Doldrums 7.6 323.1 650 293 63 70 170 51.0 012 193 229 12562 1549 565
11 St Paul 0.6 3324 540 319 6.1 65 66 40.1 0.12 169 20.1 9225 1119 236
12 Romanche -03 3394 920 325 62 67 171 1950 027 218 259 20058 5327 700
13 Chain -12 345.5 320 330 63 70 68 56.4 038 127 15.1 4050 1521 354
14 Ascension -11.7 346.3 160 350 53 6.1 6.2 42 008 86 103 1350 108 93
15 MAR 358 -354 3435 240 355 6.0 64 6.6 36.6 037 106 126 2503 916 221
16 Falkland —472 348.1 250 334 53 59 6.0 2.6 002 112 133 2810 70 58
Juan De Fuca
17 Blanco 438 231.5 360 594 6.1 63 64 233 0.10 10.1 120 3660 348 149
East Pacific Rise
18 Rivera 19.0 252.6 460 712 6.1 68 69 70.4 0.18 104 124 4771 880 440
19 Orozco 15.2 255.0 90 865 51 51 56 03 001 42 5.0 384 4 24
20 Clipperton® 10.2 256.0 90 1053 57 65 6.6 19.8 0.53 3.7 44 313 167 213
21 Siquciros 8.4 256.5 150 1119 52 S3 59 53 006 4.7 5.6 712 42 43
2 Qucbrada -38 256.8 120 1374 52 53 56 0.7 001 39 46 474 5 23
23 Discovery" —4.0 255.8 70 1379 51 58 60 6.3 019 30 35 214 41 56
24 Gofar —4.5 254.6 190 1388 59 59 62 16.9 0.12 438 5.7 902 108 86
25 Yaquina® -6.2 252.8 60 1414 5.1 52 55 0.5 002 26 3.0 142 3 18
26 Wilkes -9.0 251.0 200 1450 53 57 59 3.1 002 48 5.7 954 19 42
27 Garrett -13.4 248.2 120 14998 53 58 58 3.5 005 3.7 43 434 20 35
Chile Rise
28 Chile —35.5 256.8 1120 588 58 66 6.7 88.7 007 179 213 20064 1342 296
29 Valdivia —41.5 2712 530 600 56 55 59 4.6 001 121 144 6379 69 44
Pacific Antarctic Ridge
30 Menard —49.6 244.7 210 90.5 59 6.1 64 20.0 015 63 75 1347 197 142
31 Vacquier” -53.1 2418 80 872 53 56 58 22 007 40 47 322 22 34
32 Raitt —54.5 240.5 140 858 56 59 6.0 24 003 53 6.3 756 25 58
33 Heezen —55.7 235.5 350 838 57 63 64 274 0.10 84 9.9 2927 291 139
34 Tharp —54.6 229.0 430 835 56 6.1 62 19.8 005 93 11.0 3991 211 95
35 Hollister —54.4 2239 120 825 56 65 64 16.6 031 49 58 577 179 146
36 Herron" -56.5 220.8 60 797 55 57 59 12 007 35 42 210 14 42
37 Udintsev —56.5 217.6 270 788 58 60 64 16.0 009 76 9.0 2034 181 141
America Antarctic Ridge
38 Bullard (A) -59.1 3428 90 113 5S4 355 5% 1.8 011 93 110 822 94 37
39 Bullard (B) —58.2 348.1 510 175 6.0 62 64 17.2 0.08 22.1 263 11334 872 144
40 Conrad —55.7 356.7 190 185 5.7 64 6.7 17.0 033 131 156 2480 816 290
South West Indian Ridge
41 Bouvet —54.2 19 200 138 58 65 66 113 024 154 183 3017 730 210
42 Islas Orcadas —54.2 6.1 110 140 58 56 5.6 0.5 002 115 13.7 1266 29 22
43 Shaka —53.5 9.3 210 141 57 59 64 6.4 0.12 159 189 3393 403 137
44 Du Toit -53.0 25.5 120 146 52 59 62 38 017 117 139 1378 228 95
45 Andrew Bain —50.1 30.0 650 146 68 67 64 13.6 0.05 274 326 17944 826 150
46 Marion —46.6 33.7 120 147 54 56 58 0.6 0.03 115 136 1323 36 34
47 Prince Edward —454 35.1 160 147 55 55 59 1.5 0.04 137 163 2264 92 41
48 Eric Simpson® —435 393 60 148 55 64 6.7 14.0 179 81 96 469 839 270
49 Discovery 11 (A) —434 41.6 140 148 54 59 64 10.1 036 124 147 1682 606 139
50 Discovery 11 (B) —41.9 425 190 148 57 62 6.7 14.7 031 147 175 2831 883 288
51 Indomed -39.5 46.1 120 148 59 58 58 1.7 0.07 118 141 1461 101 38
52 Atlantis 11 -328 57.0 200 146 57 58 54 0.4 001 52 180 3035 27 15
Central Indian Ridge
53 Gemino" -229 69.2 60 473 53 52 52 0.2 0.01 45 53 253 3 8
54 Marie Celeste —-174 65.9 210 408 56 60 65 404 046 92 109 1899 880 173
S5 Argo -13.7 66.3 120 376 56 56 60 34 010 72 86 838 81 50
56 CIR 12'12" -11.9 65.7 150 355 6.0 6.1 6.1 3.7 008 83 99 1221 92 62
57 Vema 11 -89 67.5 210 340 56 57 62 44 005 102 122 2169 116 9
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Table B1. (continued)

Fault v, M, Wy Zoas Ay, Ag, Ac,
Refi Name Latitude Longitude L, km mm/yr m, ms my 10* Nm X _km km  km’  km®  km?
Gulf of Aden
58 Alula Fartak 13.9 517 200 194 59 55 59 32 0.06 13.1 155 2588 147 47
59 Owen 115 57.5 310 239 62 62 65 29.2 023 149 177 4682 1085 162

South East Indian Ridge

60 Ter Tholen -332 778 100 652 55 54 52 0.1 000 5.1 6.1 518 2 9
61 Zeewolf* -354 78.5 70 664 50 49 53 0.2 001 4 49 272 3 11
62 Amsterdam -36.6 78.6 80 67.0 57 6.0 6.1 83 029 46 5.3 386 110 67
63 Boomerang® -374 78.2 40 672 52 60 5.7 0.6 005 33 39 139 4 29
64 Hillegom’s Hole®  —38.5 78.6 40 678 57 63 64 9.8 097 32 38 132 128 150
65 Vlamingh —41.5 80.2 140 694 58 63 64 215 035 5.7 6.8 777 275 154
66 Geelvinck —41.7 85.0 150 708 56 53 54 0.6 001 59 7.1 888 8 15
67 SEIR 88E —42.0 88.3 9 95T sS4 59 52 1.3 004 45 54 401 16 30
68 SEIR 96E (A)" —45.6 96.1 70 By 33 62 82 9.7 042 40 4.7 281 117 100
69 SEIR 96E (B)" —46.5 95.9 50 T40: '$3 57 87 1.6 012 33 39 156 20 27
70 SEIR 100E —47.8 99.8 130 747 55 63 64 13.3 023 54 6.4 686 159 139
71 SEIR 107E —48.8 106.5 130 783 52 52 35 04 001 54 6.4 705 5 16
72 SEIR 114E* -50.0 114.1 70 754 53 54 54 04 002 40 4.7 2717 4 15
73 Euroka —49.2 126.1 120 746 53 56 5.5 1.0 002 53 63 657 12 19
74 Birubi —49.3 1274 130 744 56 50 54 03 001 55 6.5 723 4 14
75 George V -52.0 139.8 480 720 59 64 65 42.8 0.10 106 126 5071 528 191
76 SEIR 143E —54.5 143.8 100 710 54 58 58 43 0.11 4.9 59 511 54 37
77 Tasman -57.8 147.7 690 70.1 58 64 65 60.9 009 128 152 8773 772 195
78 Balleny —-61.5 1544 350 69.0 57 6.7 6.7 64.3 025 93 110 3275 829 270
Total - - - 17,230 - - 1270 - - - 215,978 30,186 9646
“RTF has been excluded from | analysis b L <75 km or A1 < 350 km?.

fully coupled patches surrounded by continuously creeping
material [e.g., Lindh and Boore, 1981; Harris and Segall,
1987; Nadeau and Johnson, 1998; Sammis and Rice, 2001;
Waldhauser and Ellsworth, 2002]. Slow strain transients
with time constants of hours to days (silent earthquakes) do
occur, but they are small and infrequent and appear to be
associated with the creeping parts [Gladwin et al., 1994;
Linde et al., 1996; Thurber and Sessions, 1998]. Slow
earthquakes (seismic events with anomalous low-frequency
excitation suggestive of low rupture velocities) are also rare
[Kanamori and Hauksson, 1992; Ihmlé and Jordan, 1994];
the large events that have been studied in detail show
rupture velocities that approach (or sometimes exceed) the
shear wave speed [e.g., Aki, 1968; Beroza, 1991; Wald et
al., 1996; Bouchon et al., 2000]. Fault area is fractally
distributed within the volume of continental crust [Turcotte,
1986; Aviles et al., 1987; King et al., 1988; Hirata, 1989;
Power and Tullis, 1995; Ouilion et al., 1996); as the
displacement increases, this distribution evolves through a
process of strain localization to produce smoother, longer
faults with larger characteristic earthquakes [Wesnousky,
1990; Stirling et al., 1996]. According to this hypothesis,
geologic structure plays a dominant role in determining
earthquake complexity. This complexity is reflected in
aftershock sequences, which follow a modified version of
Omori’s law [Utsu, 1961; Reasenberg and Jones, 1989;
Kisslinger and Jones, 1991] and conform to Bath’s law,
namely, that the largest aftershock is about 1.2 magnitude
units lower than the main shock [Bdth, 1965; Felzer et al.,
2002; Helmstetter and Sornette, 2003a]. The largest earth-
quakes result from event cascades that involve the propa-
gation of faulting across segment boundaries and are thus
larger than the characteristic earthquakes for individual
segments [Jackson, 1996; Ward, 1997]. The best data
indicate that the slip displacement D scales with the rupture
length L and width W as § = /IW (the self-similar or

§ model), even for large carthquakes that rupture through
the entire seismogenic zone [Mai and Beroza, 2000;
P. Somerville, personal communication, 2003].

Appendix B: RTF Tectonic Parameters and
Seismic Data

[6s] Table B1 is a compilation of observed and calculated
measures of RTF location, size, and seismicity. Latitude and
longitude values indicate the midpoint of each RTF. ¥ was
calculated from the NUVEL-1] plate velocity model
[DeMets et al., 1990]. Magnitudes are the maximum value
reported in the 36 year (1964—1999) ISC catalog (for m,
and mg data), or the 25.5 year (June 1976 to January 2002)
CMT catalog (for my data). £M indicates the total moment
release reported by the CMT catalog for each RTF. The
reference isotherm 7.¢= 600°C was used to compute x, Wr,
Zmax, and Ar. A stress drop of Ao = 3 MPa was assumed in
the calculation of 4¢. Faults were split into multiple seg-
ments if there was an offset >35 km.

Appendix C: Scaling of Seismic Parameters With
L and V

[66] Figures C1-C3 display how the seismicity parame-
ters total moment release LM, upper cutoff earthquake
moment Mc, and seismic productivity v, are distributed
with the tectonic parameters fault length L and slip rate ¥,
The diamonds correspond to the maximum likelihood
estimates derived from the binned Harvard CMT data with
mg = 5.6 and 8 = 2/3; the circles are the observations for
individual RTFs. In calculating the ordinate values for the
maximum likelihood estimates, we weighted the individual
faults by their theoretical moment rates, which are propor-
tional to ¥ Ar. In comparisons with the maximum likelihood
estimates of M., we used the largest seismic moment
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Figure C1. (left) Total seismic moment M verses fault
length L and (right) slip rate V for (top) the Harvard CMT
catalog and (bottom) recalibrated ISC myg catalog. Points
show cumulative moments for individual RTFs (circles)
and maximum likelihood estimates obtained by fitting
equation (4) to the binned data (diamonds). The data bins,
as well as the circle sizes and shading, are given in Figure 5.
The abscissa values for the diamonds are the averages of
L and V in each bin weighted by the plate tectonic moment
release rate pArV. Sohd hnes correspond to the model
scaling relation, M ~ L*?1'? (Table 1).

observed on an individual RTF. The maximum likelihood
estimates of the seismic parameters show systematic corre-
lations with fault length, and less convincing trends with
slip velocity. As discussed in the text, a proper interpretation
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Figure C2. Upper cutoff moment M versus (left) fault
length L and (right) slip rate ¥ for (top) the Harvard CMT
catalog and (bottom)recalibrated ISC mg catalog. Points
show the largest earthquakes for individual RTFs (circles)
and maximum likelihood estimates obtained by fitting
equation (4) to the binned data (diamonds). The data bins,
as well as the circle sizes and shading, are given in Figure 5.
The abscissa values for the diamonds are the averages of L
and V in each bin weighted by the plate tectonic moment
release rate pArV. Solid lines correspond to the model
scaling relation, Mc ~ L*®y =35 given in Table 1.

BOETTCHER AND JORDAN: TRANSFORM FAULT SEISMICITY

B12302

..,,Bg 3’0‘

- ’ﬂ @m data | g0
. ":%%go.%o) ~ 4

-

100 200 300 500 1000 10 2 2 80 100 200
L (km) V(rmm
w'| ® (¢) m data w'| (@ mgdata
° ° \J
a4 107 ko o 0@0‘) ’ w* % “ ’
.
100 200 300 500 1000 1 2 2 50 100 200
L (km) V (mmiyr)

Figure C3. Seismic productivity, vy = NoMo/(nVAT),
versus (left) fault length L and (right) slip rate V for (top)
the Harvard CMT catalog and (bottom) recalibrated ISC mg
catalog. Points show normalized event counts for individual
RTFs (circles) and maximum likelihood estimates obtained
by fitting equation (4) to the binned data (diamonds). The
data bins, as well as the circle sizes and shading, are given
in Figure 5. The v, values from both catalogs have been
normalized to a threshold moment magnitude of mo = 5.6.
The abscissa values for the diamonds are the averages of
L and V in each bin weighted by the plate tectonic moment
release rate p4rV. Solid lines correspond to the model
scaling relation, vy ~ I-Rps (Table 1).

of these relationships must account for any covariance of
L and V.

Notation

Ac  upper cutoff area (Mc rupture area).

Ag effective seismic area (area displaced by the
observed moment release rate per unit tectonic
slip).

As total fault area from which seismic moment is
released.

Ar thermal area above isotherm Ty

b slope of Gutenberg-Richter distribution.
D¢ average slip of upper cutoff earthquake.
YD cumulative slip.

L fault length.

Lc fault length ruptured by Mc.

Lg effective seismic zone length (4s/Ws).

m; body wave magnitude.

mc upper cutoff magnitude.

Mmain  Main shock magnitude.

surface wave magnitude.

moment magnitude.

catalog completeness threshold magnitude.
cumulative moment magnitude.

magnitude decrement of largest probable after-
shock.

M earthquake moment.

M moment release rate.

upper cutoff moment (largest probable earth-
quake).

catalog completeness threshold moment.
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AM; moment width of the kth bin.
¥M total moment release.
n ETAS branching ratio.
n; number of events in the kth bin.
N cumulative number of earthquakes.
number of aftershocks with my < m < mpain.
No number of events above M.
N, average N, per unit time.
Atcy duration of earthquake catalog.
To mantle potential temperature.
Ter temperature of a reference isotherm.
V' tectonic slip rate.
Wc  down-dip width ruptured by Mc.
W effective seismic width (4g/L).
Ws down-dip width of 4s.
Wy average depth to Ties (41/L).
x along strike position.
z down-dip position.
Zmax Maximum depth to Ties
o ETAS parameter describing aftershock rate
changes with m,5in.
low moment slope of the moment-frequency
distribution (3 = 2/3b).
Ac to Ay scaling exponent.
nondimensional depth.
scale factor between W and Wr.
thermal diffusivity.
slip scaling exponent.
shear modulus.
seismic productivity.
nondimensional length.
stress drop.
constant stress drop value.
seismic coupling coefficient.
Ag to Ay scaling exponent.
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Chapter 3

Earthquake Clustering on East

Pacific Rise Transform Faults

Abstract

Earthquake clustering properties of mid-ocean ridge transform faults (RTFs) are distinct
from those of continental transform faults. Approximately 15 times fewer aftershocks follow
RTF earthquakes, while RTFs are preceded by about four times more foreshocks. Because
of their high ratio of foreshocks to aftershocks, RTF earthquakes cannot be explained by
standard models of seismic triggering, in which there is no fundamental distinction between
foreshocks, mainshocks, and aftershocks. Here we present a retrospective analysis of six
years of hydroacoustic data from the fastest slipping faults within the hydrophone array
of the National Oceanic and Atmospheric Pacific Marine Environmental Laboratory. We
demonstrate that foreshock sequences on East Pacific Rise transform faults can be used
to achieve statistically significant short-term prediction of large earthquakes (magnitude
M > 5.4) with good spatial (15 km) and temporal (1 hr) resolution. The predictability
of East Pacific Rise transform earthquakes is consistent with a model in which slow slip
transients trigger earthquakes, enrich their low-frequency radiation, and accommodate much
of the subseismic plate motion.

3.1 Introduction

Is there hope of short-term prediction of the eventual size of an earthquake from the first
signs of its initiation? The answer to this question depends on which of the two proposed
models better represents earthquake nucleation, the cascade model or pre-slip model [e.g.
Dodge et al., 1996]. In the cascade model, earthquakes are triggered through a self-similar
process in which stress heterogeneities cause a cascade of small patches to fail consecutively,

concentrating stress at the hypocenter of the mainshock, and finally triggering the main

37




event. According to the cascade model, no aspect of the nucleation process scales with
size of the eventual earthquake, and therefore prediction of the largest events based on
precursory phenomena is not possible without perfect knowledge of fault zone constitutive
laws and stress distributions. In contrast, the pre-slip model suggests that a magnitude-
dependent fault preparation process triggers the mainshock and any foreshocks.

Much controversy exists concerning which model of earthquake nucleation is more rep-
resentative. The pre-slip model is favored by Dodge et al. [1996]; Yamaoka et al. [1999], and
Umino et al. [2002], who all investigated the temporal and spatial distribution of foreshocks
preceding large earthquakes, while Abercrombie and Mori [1996]; Kilb and Gomberg [1999]
and Feltzer et al. [2004] favor the cascade model to describe foreshock data. Mori and
Kanamori [1996] studied earthquakes in Southern California and found no scaling between
the moment release in nucleation phases and the total moment release. However, Ellsworth
and Beroza [1998] analyzed the same earthquake sequence and determined that Mori and
Kanamori [1996] could not accurately evaluate the existence and size of nucleation phases
due to limitations of their data in terms of bandwidth and dynamic range. Thus, the data
from California, Japan, and other well-instrumented continental fault systems have not yet
provided a definitive answer as to which model better reflects earthquake nucleation.

Here we examine earthquake clustering on East Pacific Rise (EPR) transform faults.
We find few aftershocks, consistent with our findings from Chapter 2, and many foreshocks.
We show that the EPR data can not be fit by the Epidemic Type Aftershock Sequence
(ETAS) model of triggered seismicity, which states that all earthquakes—whether they are
foreshocks, mainshocks, or aftershocks—initiate in the same manner. Thus, we speculate
that the abundant foreshocks that precede large M > 5.5 earthquakes, indicate that some
type of fault preparation process occurs before large earthquakes on these mid-ocean ridge

transform faults.

3.2 Foreshock sequences and short-term earthquake predictabil-

ity on Earth Pacific Rise transform faults*

*Published as: J.J. McGuire, M.S. Boettcher, and T.H. Jordan, Nature, 434, 457-461, 2005.
Reproduced with permission from the Nature Publishing Group 2005.
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Foreshock sequences and short-term
earthquake predictability on East Pacific
Rise transform faults

Jeffrey J. McGuire', Margaret S. Boettcher’ & Thomas H. Jordan®

' Department of Geology and Geophysics, Woods Hole Oceanographic Institution, and *MIT-Woods Hole Oceanographic Institution Joint Program, Woods Hole,
Massachusetts 02543-1541, USA
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East Pacific Rise transform faults are characterized by high slip rates (more than ten centimetres a year), predominately
aseismic slip and maximum earthquake magnitudes of ahout 6.5. Using recordings from a hydroacoustic array deployed by
the National Oceanic and Atmospheric Administration, we show here that East Pacific Rise transform faults also have a low
number of aftershocks and high foreshock rates compared to continental strike-slip faults. The high ratio of foreshocks to
aftershocks implies that such transform-fault seismicity cannot be explained by seismic triggering models in which there is no
fundamental distinction between foreshocks, mainshocks and aftershocks. The foreshock sequences on East Pacific Rise
transform faults can be used to predict (retrospectively) earthquakes of magnitude 5.4 or greater, in narrow spatial and temporal
windows and with a high probability gain. The predictability of such transform earthquakes is consistent with a model in which
slow slip transients trigger earthquakes, enrich their low-frequency radiation and accommodate much of the aseismic plate

motion.

On average, before large earthquakes occur, local seismicity rates
show a significant increase'. In continental regions, where dense
regional seismic networks provide the best data, most foreshock
studies®™*, though not all®, are consistent with the hypotheses that
earthquake nucleation is independent of magnitude and that fore-
shocks result from a general triggering process in which there is no
fundamental distinction between foreshocks, mainshocks and after-
shocks. The inability to distinguish foreshocks from the statistical
fluctuations in the continental background seismicity severely limits
their usefulness in predicting large earthquakes®.

It is unclear, however, whether these statements apply to other
tectonic environments, or how aseismic processes affect earthquake
triggering. Aseismic slip transients with timescales of days to
months have recently been observed in the subduction zones of
Japan’ and Cascadia', using continuously monitored GPS arrays.
The possibility that aseismic slip triggers large earthquakes on
subduction megathrusts is especially intriguing given the obser-
vation'' that a slow slip transient occurred 15 minutes before
the great 1960 Chilean megathrust earthquake, which had a
moment magnitude (M) of 9.5, the largest ever recorded. Notably,
subduction zones are observed to have higher foreshock rates than
continental regions'

Another tectonic environment in which aseismic processes
are thought to exert a strong influence on fault behaviour is mid-
ocean ridge transform faults (RTFs). Studies over the last several
decades'*"* have shown that on average most of the slip on RTFs, up
to about 85% (ref. 15), is aseismic. Moreover, the seismic com-
ponent of slip occurs in earthquakes that are relatively small
(M,, = 7.2) given the length of the faults''%. Many of the larger
RTF earthquakes are slow events with anomalous low-frequency
radiation'”"*, Low-frequency spectral analyses'®® have indicated
that slow RTF earthquakes are compound events comprising an
ordinary rupture and a slow transient of comparable moment but
much longer duration; in some cases, the slow component precedes,
and presumably initiates, the main seismic component. Time-
domain records of slow precursors to RTF earthquakes™?' and
episodes of coupled seismic slip observed on adjacent RTFs™*
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support the inference of slow slip transients, but the subject remains
controversial®.

Hydroacoustic detection of foreshocks

Here we use data from a six-element hydroacoustic array deployed
by the National Oceanic and Atmospheric Administration’s Pacific
Marine Environmental Laboratory (NOAA-PMEL) to examine
anomalous foreshock sequences on East Pacific Rise (EPR) trans-
form faults (Fig. 1). The NOAA-PMEL arrays**-*¢ routinely locate
EPR earthquakes with acoustic source level (ASL) magnitudes
(see Methods) M, below 3, reducing the detection threshold by
1.5-2.0 magnitude units below global seismicity catalogues
(see Methods). A reconnaissance study indicated that foreshocks
in the last hour before large events are significantly more common
on EPR transform faults than on strike-slip faults in the North
Atlantic, Northeast Pacific or Southern California?.

Figure 2 displays stacks of the seismicity in space-time windows
centred on nine mainshocks that occurred on the Discovery and
Gofar transform faults between May 1996 and December 2001. This
set of mainshocks comprised all M,, = 5.4 earthquakes on these
two faults recorded by the NOAA-PMEL array in the Harvard
Centroid Moment Tensor (CMT) catalogue®® that did not follow
within 1week and 100km of another mainshock. The longer
window (Fig. 2a) shows low background seismicity tens of hours
before the mainshocks and the subsequent aftershock decay. The
shorter window (Fig. 2b) reveals an accelerating rate of seismicity
close to the mainshock epicentres during the hour immediately
preceding the mainshock origin times.

Earthquake triggering model

The anomalous nature of the RTF foreshock activity can be
quantified in terms of the Epidemic Type Aftershock Sequence
(ETAS) model of triggered seismicity****". ETAS is a marked point
process model’' in which all earthquake magnitudes above a lower
cutoff m are independent samples of the Gutenberg-Richter (GR)
probability distribution, P(m) = 10~%™~") where b is the slope of
the distribution, and all earthquakes give birth to daughter events at
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Figure 1 Map of the Quebrada (Q), Discovery (D), and Gofar (G) transform faults in the
equatorial eastern Pacific, contoured with the bathymetry predicted from the satellite-
derived gravity field". Diamond symbols represent the acoustic radiator positions in the
NOAA-PMEL seismicity catalogue for 1996-20012*, and beachball symbols show the

an average rate of ¢(m, t) = p(m)y(t), where t is time since the
earthquake. This triggering rate is assumed to increase exponen-
tially with magnitude, p(m) = kX 10%" "), where « is the trigger-
ing exponent, and to decay with time after a mother event according
to the modified Omori law, y(t) = 8¢ /(c+1)'*? (where 0 > 0).
The constants k, 6 and c are parameters that vary among regions.
Renormalization for a single mainshock of magnitude m yields an
average seismicity rate proportional 10* N (m) = k- 10%m=m0),
Nis the expected number of aftershocks of any magnitude (type-IT
aftershocks; that is, not constrained to be smaller than m), and
the constant n= LI;P(M-) dP(p) = kb/(b — «) is the branching ratio,
which equals both the average number of directly triggered
aftershocks per event and the fraction of the earthquake population
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Time relative to mainshock (h)
Figure 2 Space-time distribution of seismicity around the nine mainshocks (M,, = 5.4)
on the Discovery and Gofar transform faults between May 1996 and December 2001,
from the declustered Harvard CMT catalogue. a, Stack of all events from the NOAA-PMEL
hydroacoustic catalogue with Mg > 2.5 (for ASL > 207) that were located within
+100 km along strike and within =20 h of the mainshocks. Positive distance is west of
the mainshock, and positive time is after the mainshock. b, Zoomed-in view of the same
seismicity, showing foreshock activity within about 1 h and 15km of the mainshocks,
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focal mechanisms and centroid locations for the same period from the Harvard CMT
catalogue. The inset map locates the EPR and Cocos ridge crests (black fines), the six
NOAA hydrophones (triangles), the Wilkes (W), Yaquina (Y), and Siqueiros (S) transform
faults, and the region of the main map (rectangle). The contour interval is 200 m.

that is made up of triggered earthquakes®. The aftershock rate
decays with an effective Omori exponent* p = 1 + O(0).

In the ETAS model, the seismicity rate before a mainshock gt
t = 0 increases according to the inverse Omori law; that is, ~ |¢| 7,
where p' =1+ 0[6], and the expected number of events of all
magnitudes conditioned on the mainshock occurrence (type-II
foreshocks) is independent* of m. This conditional foreshock
number can be approximated as the product of two factors: the
probability that the mainshock is a triggered event, and the expected
number of events in a cluster averaged over mainshock magnitude.
The first is just the branching ratio n, and the second is the integral
I;N:'(u) dP(p); therefore®®, N{' = n?/(1—n). To include only
earthquakes smaller than the mainshock (type-I foreshocks), we
multiply the integrand by the probability that no event in a cluster
exceeds m and integrate over the appropriate magnitude range. If
k/(1 = n) is small and m is large (conditions which apply to our
data), then the extra probability factor is close to unity, and the
results are N{ =~ NJ{[1 — 10~ -aXm=mo)),

A similar modification to the aftershock number yields the
foreshock/aftershock ratio:

N¢ b\ [100-@an — 1qb-aam;

YA (b - a) 1078 — 1gPans M
Here we have generalized the formula to count foreshocks in the
magnitude range from m — Am{ to m — Am§ and aftershocks from
m—Am} to m— Am3, where 0 < Am%* < Am’® < m — mq. This
approximation, which applies to large mainshocks, differs concep-
tually from the expression recently used by ref. 3 to explain the

foreshock/aftershock ratios from global and regional catalogues (see
Methods).

Anomalous foreshock activity

Earthquake populations on RTFs are well described by a tapered GR
distribution having a low-magnitude slope b= 1 (refs 14, 15)
similar to that of continental regions. The hydroacoustic catalogue
for the EPR faults is consistent with this self-similar scaling, and its
aftershock sequences decay according to Omori’s law with® p = 1,
again similar to continental regions. However, global catalogues
demonstrate that the aftershock productivity of large RTF earth-
quakes is lower than continental faults by approximately a factor of
fifteen' (Fig. 3). The low aftershock productivity combined with
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the poor detection thresholds of global catalogues makes it difficult
to constrain the values of n and a independently. A maximum-
likelihood fit to the teleseismic RTF data yields a best-fit value of the
triggering exponent a = 0.72, and is consistent with the somewhat
higher values found for California and Japan (a = 0.8-1.0)**
(Fig. 3). Error bounds on the maximum-likelihood estimate are
large, but aftershock counts using the hydroacoustic catalogue
(points with horizontal bars in Fig. 3) also favour relatively
high values of a and rule out values less than about 0.6 (see
Supplementary Information).

The difference between oceanic and continental aftershocks
primarily manifests itself in the intercept of the scaling relation,
k/(1 — n), which is offset by about a factor of fifteen (Fig. 3). The
maximum-likelihood fit in Fig. 3 corresponds to a branching ratio,
n = 0.1, compared to values approaching unity in continental
seismic zones™. As discussed in the Supplementary Information,
the aftershock rate may be somewhat higher for the EPR faults, but
we can say with a high degree of confidence that n < 0.3. In
other words, according to the ETAS model, most RTF earthquakes
(70-90%) would be primary events driven by aseismic plate-tectonic
loading rather than aftershocks of previous earthquakes. Equation (1)
with the maximum-likelihood estimate of « and n predicts that the
foreshock/aftershock ratio for RTFs should be about an order of
magnitude lower than that observed in continents.

Instead, the EPR transform faults that are well recorded by the
NOAA-PMEL array give values of N¢N, that are an order of
magnitude higher than observed in Southern California (Fig. 4).
For both regions, we identified mainshocks as events in the Harvard
CMT catalogue with M, = 5.4 that did not follow within 1 week
and 100 km of another mainshock (see Methods), and we compiled

10} v Southern Callfomia (SCEDC, 1981-2004) )
ASouthen California (ref. 43) 1

o Japan (ref. 44)
@ RTFs (ref. 15)
10° o EPRT-phase data

107

v 1 2 3 4 5 ]

M e, = My (Magnitude units)

Figure 3 Aftershocks per mainshock, plotted against the difference between the
mainshock magnitude m .y, and the catalogue completeness threshold m . RTF
aftershocks (large filled circles) were defined as events with calibrated surface-wave
magnitudes above m o = 5.1 that occurred within 14 days and 100km of a M, = 5.6
mainshock during the catalogue interval 1976-2001 (ref. 15). Southern California
aftershocks from the SCEDC catalogue (open triangles) were defined as events above a
local-magnitude (M, ) threshold of m , = 2.0 that occurred within 14 days and 100 km of
a M, = 6.5 mainshock during the interval 1981-2004. Aftershock counts from the EPR
T-phase catalogue (small filled circles) are shown with error bars to account for
uncertainties in m (2.0 = mg = 3.0). The T-phase catalogue aftershocks were
counted within 14 days and 30 km of the mainshocks. Previously published continental
data sets (open triangles and squares) were compiled by Kisslinger and Jones™ and
Yamanaka and Shimazaki* using M, thresholds of m o = 4.0and 4.5, respectively. Both
RTF and continental aftershocks are consistent with a triggering exponent of o = 0.8
(solid lines), but RTFs produce fewer aftershocks by a factor of fifteen.
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foreshock and aftershock statistics from the NOAA-PMEL and the
Southern California Earthquake Data Center (SCEDC) catalogues.
‘We counted all events with local magnitudes (M s, or M) up to 2.8
units smaller than the mainshock M, in the 1-h interval before and
the 5-h interval after the mainshock. Figure 4 compares the
observed N¢/N, for spatial windows of various radii with the
predictions of equation (1), corrected for the finite sampling
intervals (see Methods). The SCEDC statistics satisfy an ETAS
model with a = 0.8-0.9, consistent with previous catalogue
studies®”. However, foreshock rates from the NOAA-PMEL sta-
tistics are about two orders of magnitude greater than the ETAS
predictions using the maximum-likelihood fit in Fig. 3. As shown in
Fig. 4 and Supplementary Fig. S3, these results are robust with
respect to the choice of windows and declustering procedures.

Therefore, we can reject the ETAS hypothesis that the clustering
of foreshocks, mainshocks and aftershocks on RTFs can be
described by the same seismic triggering mechanism. We infer
that large earthquakes on EPR faults are preceded by an extended
preparation process, possibly driven by subseismic transients (silent
or quiet earthquakes), that can often be observed through fore-
shocks. This alternative hypothesis is consistent with the tightly
localized distribution of the foreshocks about the mainshock in
both space and time (Fig. 2 and Supplementary Fig. $4), which does
not conform to the inverse-diffusive behaviour expected from the
ETAS model*.

The correspondence of slow slip with foreshocks was suggested as
early as 1976 by Kanamori and Stewart'®, who noted a foreshock
with a body-wave magnitude m), = 5 about 500s before the
M,, =7 slow earthquake on the Gibbs transform fault in the
North Atlantic. More recently, McGuire et al. associated
my, = 4.5-5.0 foreshocks before the 1994 M,, = 7.0 Romanche®
and 1997 M, = 6.8 Prince Edward Island*' earthquakes with slow
precursors observed at low frequencies. Forsyth et al.** suggested
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/
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Figure 4 Foreshock and aftershock rates observed for EPR transform faults (solid
symbols) and Southern California (open symbols) in regions of radius R about the
mainshock. The data sets included 19 mainshocks (M, = 5.4) on five transform faults
(Discovery, Gofar, Wilkes, Yaquina and Siqueiros) from the declustered Harvard CMT
catalogue for 1996-2001, and 24 mainshocks (M, = 5.4) in Southern California from
the declustered SCEDC catalogue for 1981-2003. Events with magnitudes up to 2.8 units
below the mainshock magnitude were counted from the NOAA-PMEL and SCEDC
catalogues in the 1-h window preceding and 5-h window following the mainshocks.
These rates are compared with the N¢/N , ratios from the ETAS model (equation (1)) for
o = 0.7-0.9 (solid lines), assuming Am’;® = 0, Am'? = 2.8 and b = 1, with
estimated branching ratios of n = 0.8 (Southem California) and n = 0.1 RTF). The

o = 0.8 line for RTFs is close to the maximum-likelihood estimate from Fig. 3.
Uncertainties in o and n allow shifts in the ETAS prediction upwards from the maximum-
likelihood value by half an order of magnitude at most.
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that a subseismic slip process was responsible for a swarm of
contemporaneous seismicity on the Anakena and Raraku transform
faults of the southern EPR recorded by an ocean-bottom seism-
ometer array in 1995. These and other examples® combined with
the global aftershock depletion (Fig. 3) and the evidence for slow
precursors to large earthquakes on RTFs worldwide'®, indicate that
the aseismic, foreshock-generating process on EPR faults may be
prevalent throughout the mid-ocean-ridge system, including the
slower-slipping, colder RTFs in the Atlantic and Indian oceans.

Short-term predictability of large earthquakes

The high rate of proximate foreshocks suggests a naive scheme for
short-term earthquake prediction—we simply assume that every
event is a foreshock of an impending large earthquake. We can
formalize this scheme into a well-posed prediction algorithm™:
whenever we observe any RTF event above some ASL magnitude
threshold m, within a specified RTF region, we issue an alert that an
earthquake of moment magnitude greater than or equal to m p will
occur sometime during time window of length #p immediately
following the event and somewhere in a spatial window of radius r
about the event’s epicentre. Figure 5 illustrates this prediction
algorithm for the parameter set [m, = 2.5 (M,s), mp =54
(M), tp=1h, rp = 15km] by applying it retrospectively to the
two most active EPR transform faults, Discovery and Gofar. Of the
nine candidate earthquakes that occurred during the catalogue
interval May 1996-November 2001, six were located within the
space-time prediction windows (Fig. 5) and thus constitute success-
ful predictions. There were three failures-to-predict and about 1,400
false alarms.

Although the false-alarm rate is quite high, all alarms taken
together occupy only about 0.15% of the total space-time volume
of about 250 km X 5.5 yr (see Supplementary Information). We can
relate P(M|F), the probability of a mainshock M in the prediction
window given the occurrence of a foreshock F, to P(M), the
probability of M in a random window of the same size, using the
Bayes identity:

P(MlF)=P(M)[

P(FIM)]
P(F)

g

L
g

Distance along strike from previous event (km)

§ §

Figure 5 Retrospective application of the naive prediction algorithm described in the text
to the NOAA-PMEL catalogue (May 1996-November 2001) for the Discovery and Gofar
faults. Plot shows along-strike distance (posltive to the west) and time of each earthquake
relative to its previous event for all catalogued events with Mg = 2.5 (ASL = 207).
Events were considered to be distinct if they were separated by more than 1 min from the
previous event, to exclude redundancies. Six of the nine mainshocks identified from the
declustered Harvard CMT catalogue (large circles) fall within the 1-h, =15-km alert
windows (shaded area) used In the prediction algorithm.
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P(F|M) is the fraction of mainshocks preceded by foreshocks, and
P(F) equals the fraction of the space-time volume occupied by
alerts. The ratio of these probabilities (the term in square brackets)
is the probability gain factor g of the prediction algorithm™. Our
retrospective analysis of the Discovery and Gofar faults gives
& = 450. This performance can be compared to prediction exper-
iments in California, where even highly optimized algorithms with
many adjustable parameters are thought to achieve probability
gains of 10-20 or less™.

The performance relative to random chance can be evaluated
using Molchan’s* error diagram, which plots the failure-to-predict
probability, 1 — P(FIM), against P(F) (Fig. 6). Large sets of random
alerts should fall close to the line 1 — P(F), corresponding to no
probability gain (g = 1). Figure 6 shows that the Discovery-Gofar
point lies well below the 99% confidence range for random chance;
the probability of reproducing this performance with random alerts
filling 0.15% of the space-time volume is less than one in ten
million. Similar results were obtained by applying the algorithm
retrospectively to the five active EPR transforms in the study area;
nine of sixteen mainshocks were successfully predicted by alerts
occupying 0.13% of the space-time volume, which gives g = 340
(Fig. 6, see Supplementary Discussion).

Our naive algorithm is far from optimal. For instance, raising the
threshold magnitude m, from 2.5 to 3.4 (that is, increasing the ASL
from 207 to 215) reduces the number of alarms in the Gofar—
Discovery catalogue to 407 without changing P(FIM), increasing g
to about 1,000 (Fig. 6). More parameters could be added to improve
the performance further.

Discussion

Mid-ocean ridges are far removed from urban centres on conti-
nents, so the direct societal value of short-term earthquake predic-
tion on RTFs (assuming it could be operationally implemented
using real-time, near-source monitoring) would be small. Never-
theless, the existence of short-term predictability in this tectonic
environment—the main conclusion of this paper—is of consider-
able scientific interest, because it supports a physical linkage
between foreshocks and mainshocks through stress changes driven
by aseismic slip transients or some other fault preparation process

10°

Failure to predict probability, 1-P(FIM)
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10 10° 102 10 100
Probability of alerts, P{F)

Figure 6 Molchan's™ error diagram of the fallure-to-predict probability 1 — AF|M)
against the probability of alerts AF) on a logarithmic scale, contoured with probability gain
g(solid curves). Performance of the nalve prediction algorithm is given for the Discovery
and Gofar (DG) faults with mo = 2.5 (triangle) and mq = 3.4 (circle), and for the five
active EPR faults (DGWYS) with m o = 2.5 (diamond). Inset diagram is the same plot on a
linear scale, comparing the 99% confidence region for a random prediction of nine
mainshocks (shaded area) with the first DG test (triangle).
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such as hydrothermal flow or nearby magmatic activity.

To monitor RTFs geodetically will require a new generation
of ocean-bottom instrumentation, a considerable technological
challenge. But collecting such data may well be the best way to
test the hypothesis that three anomalous aspects of RTF seismicity—
large slip deficits, high foreshock activity and slow earthquakes—
can be explained by aseismic fault-slip transients. Given the
importance of understanding the fundamental mechanics of earth-
quake predictability, overcoming the technological hurdles should
be worth the effort. 0

Methods

We use the NOAA-PMEL hydroacoustic earthquake catalogue for the equatorial Pacific
which began in 1996 (ref. 24). Their array (Fig. 1) records acoustic energy radiated into the
water column by earthquakes and other sources ( T-phases). T-phases propagate very
efficiently in the low-velocity sound fixing and ranging (SOFAR) channel, and the array
arrivals can be used to locate precisely where the energy entered the SOFAR channel. The
standard errors in this source location are estimated to be 2 km, *10s for the southern/
northernmost faults (the Wilkes and Siqueiros faults) and are slightly smaller for the faults
located in the centre of the array™ (the Discovery and Gofar faults). A propagation model
is used to convert the magnitude of th: pressure signal at the hydrophones into an ASL
(measured in decibels) at the source | We used a ion b ASL and
magnitude, M s, = 0.107ASL — 19.6, obtained from the regression ofth: obscrved ASL:
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To prevent biases from ongoing aftershock sequences, we eliminated CMT catalogue
carthquakes that occurred within 1 week and 100 km of a previous CMT earthquake from
our analysis. Our declustering criterion eliminated only one earthquake with M, = 5.5
from the Discovery-Gofar set and only two from the mainshock set for other three active
RTFs within the NOAA-PMEL array. Mndcme increases in the space and time windows
did not disqualify additional events. M each of the three disqualified cvtmx had a
foreshock scquemc distinct from the aftershock of the p ding
consistent with the statistics in Fig. 4 (see Supplementary Fig. 2)

The time dependence of foreshock and aftershock rates in ETAS is controlled by
Omori’s law. Hel et al.* have ds d that the time-decay exponent p in the
renormalized Omori law is not strictly a constant. When p(m) has finite variance
(alb = 172), p varies from | — 0 for t << ¢ = c(n/|1 — n])"” to 140 for 1 >> 1*. The
theory breaks down for a/b > 1/2, owing to the strong coupling between earthquake
energy and seismicity rate, but the numerical simulations of ref. 4 indicate that the short-
time value of p increases approximately lincarly from | — 0 at /b = 1/2 to 140 as
alb— 1. For a/b = 0.8, the Omori exp can be d by p’ =~ p =~ 1+6;
hence, the requisite integrals are ]" ‘Wrydr =1 - (I/Af' 2)", where the approximation
assumes Atg, = ¢. Equation (1) can thus be corrected for the finite foreshock and
aftershock sampling intervals, Ary = 1 h and 4t, = 5h, by multiplying its right-hand side
by the ratio of these integrals. This ratio varies from 0.72 to 0.94 over the plausible range of
parameters ¢ = |5 = 1 min, # = 0-0.2, so the correction is minor.

Equation (1) is a more general form of models used in previous studies™'****', Feltzer
et al.’ consider the case a = b. Taking this limit in equation (1), we obtain
N¢/N, = n(bln10) ":'?d ]. For the magnitude ranges of ref. 3 (Am}. = 1.0,
Am‘ 0; Am) =1 0 Am' =0, 4). the ratio in brackets reproduces their foreshock/
aftershock ratio of 0.134. The factor n (bin10) missing in their equation (6) probably lies
between 1 and 2 for continental and subduction-zone seismicity™, so their formula
provides an adequate approximation in most regions. For RTFs, however, the scaling of
N¢/N, with the branching ratio n is ically important (see Fig. 4).
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