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ABSTRACT

Here, 1 present a database of >160 finite fault models for all earthquakes of M 7.5 and above since
1990, created using a consistent modeling approach. The use of a common approach facilitates easier
comparisons between models, and reduces uncertainties that arise when comparing models generated
by different authors, data sets and modeling techniques.

I use this database to verify published scaling relationships, and for the first time show a clear and
intriguing relationship between maximum potency (the product of slip and area) and average potency
for a given earthquake. This relationship implies that earthquakes do not reach the potential size given
by the tectonic load of a fault (sometimes called “moment deficit,” calculated via a plate rate over time
since the last earthquake, multiplied by geodetic fault coupling). Instead, average potency (or slip) scales
with but is less than maximum potency (dictated by tectonic loading). Importantly, this relationship
facilitates a more accurate assessment of maximum earthquake size for a given fault segment, and thus
has implications for long-term hazard assessments. The relationship also suggests earthquake cycles may
not completely reset after a large earthquake, and thus repeat rates of such events may appear shorter
than is expected from tectonic loading. This in turn may help explain the phenomenon of “earthquake
super-cycles” observed in some global subduction zones.

Published by Elsevier B.V.

1. Introduction

In modern global seismology, a key step in the analysis of
source properties of a large earthquake is the construction of a
finite fault model, used to constrain the slip distribution of the
earthquake on its fault plane in either a static (if using non-
continuous geodetic data) or kinematic (using seismic, continuous
GPS or tsunami data) sense. Since the first applications of finite
fault inversion approaches in the 1970s and 80s (e.g., Alewine,
1974; Langston, 1978; Heaton and Helmberger, 1979; Hartzell and
Helmberger, 1982; Hartzell and Heaton, 1983), and the expansion
of the field since the 1990s associated with the availability of dig-
ital broadband seismic data (e.g., Kikuchi and Kanamori, 1991;
Ji et al.,, 2002), a variety of approaches and data sets have been
used to explore source finiteness; for a review, see Ide (2007).

Today, numerous models that describe the rupture history of
a recent large earthquake are publicly available soon after the
event. For example, recent earthquake pages of the U.S. Geologi-
cal Survey (USGS) National Earthquake Information Center (NEIC)
routinely provide finite fault models for large global earthquakes.
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Other academic institutions (e.g., University of California Santa
Cruz, http://www.geol.ucsb.edu/faculty/ji/; University of Tsukuba,
http://www.geol.tsukuba.ac.jp/~yagi-y/eng/earthquakes.html; Cal-
tech Tectonics Observatory, http://www.tectonics.caltech.edu/slip_
history/index.html) provide similar models on a case-by-case ba-
sis. Peer reviewed literature also contains detailed descriptions
of major earthquakes (e.g., for the 2011 M9.0 Tohoku earth-
quake, Ammon et al., 2011; Hayes, 2011; Hayes et al., 2011;
Ide et al., 2011; Koketsu et al.,, 2011; Lay et al.,, 2011; Ozawa et
al., 2011; Pollitz et al., 2011; Shao et al., 2011; Simons et al., 2011;
Yagi and Fukahata, 2011; Yue and Lay, 2011; Wei et al., 2012).

Despite the abundance of rupture models for recent events, few
databases exist that catalog models and facilitate the comparison
of one model to another, or one event to another. There are two
notable exceptions. The first is the excellent Finite-Source Rup-
ture Model Database known as SRCMOD (Mai and Thingbaijam,
2014). This compilation includes over 330 models for close to 170
earthquakes (as of June 2016), and is an excellent source for re-
searchers wishing to explore the nature of earthquake rupture. Mai
and Thingbaijam (2014) provide an overview of the various uses of
such model suites.

While the SRCMOD database does include multiple models
from several authors, and a broad range of models for different
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events, it does not provide a comprehensive analysis of all large
earthquakes over a given time period, analyzed using a consistent
approach and unified framework. As a result, any study using such
models to analyze, for example, the source scaling of earthquakes
(e.g., Mai and Beroza, 2000; Blaser et al., 2010, and references
therein) will be sensitive to uncertainties arising from differences
in modeling techniques and parameterization (e.g., Thingbaijam
and Mai, 2016), in addition to those inherent in any individual
modeling approach. These uncertainties can be reduced, to a cer-
tain extent, by comparing only those models that have been gener-
ated using a consistent modeling approach—this goal is something
I attempt to address here.

This is also attempted by Ye et al. (2016), who produce a
database of finite fault models for M > 7.0 subduction inter-
face earthquakes following a consistent approach, albeit only for
megathrust earthquakes. Their compilation of over 100 finite fault
models (available at https://sites.google.com/site/linglingye001/
earthquakes/slip-models) is an excellent complement to this study.
[ attempt to broaden the Ye et al. database further by also con-
sidering non-subduction related earthquakes over the same time
period.

To that end, I describe and provide a finite fault database for all
shallow (0-70 km) and intermediate-depth (70-300 km), M > 7.5
earthquakes since 1990 (Fig. 1, Table S1), all modeled using the
same inversion procedure (Ji et al., 2002). For all earthquakes in
the database, I have undertaken a comprehensive analysis of their
rupture history using broadband teleseismic data; testing sensi-
tivity to key uncertainties like fault geometry, rupture velocity
and hypocentral depth, and using other constraints where avail-
able (e.g., published studies or fault geometry databases like the
USGS Slab1.0 model, Hayes et al., 2012) to derive a single best-
fitting model for each event. The 2004 M 9.2 Sumatra earthquake
is excluded from this dataset due to the difficulty in modeling this
long-duration event with teleseismic data alone.

The database has been published online through the USGS
NEIC Combined Catalog (ComCat, http://earthquake.usgs.gov/
earthquakes/map/), and can be viewed there on individual event
pages and through the broader earthquake search engine (http://
earthquake.usgs.gov/earthquakes/search/). For each model, a series
of downloadable files are included that describe: (i) the finite fault
itself (in both a static format familiar to users of rapid NEIC fault
models, and in the new SRCMOD Finite Source Parameter (FSP)
format, Mai et al., 2016); (ii) an ASCII source time function for the
event; (iii) the global Centroid Moment Tensor (gCMT) CMTSO-
LUTION for each sub-event (http://globalcmt.org); (iv) input files
for the Coulomb3 software package (Toda et al., 2005, 2011 and
(v) three-components of predicted ground deformation, computed
using the Okada (1992) formulation on a grid surrounding the sur-
face expression of the model. The FSP formatted files, providing a
comprehensive description of each model, have also been uploaded
to the SRCMOD database. Each file is described in more detail
in the Supplementary Materials. The modeling approach followed
here is the same as is used for all recent earthquakes of M >~ 7.0
at the USGS NEIC, ensuring the continuation of the database into
the future.

2. Modeling approach

The database employs a finite fault inversion approach based
on the method of Ji et al. (2002), used often in USGS studies (e.g.,
Table 1). The procedure inverts both body-wave (P and SH, band-
pass filtered between 1 and 200 s) and surface wave (Rayleigh and
Love, band-pass filtered between 200 and 500 s) data on a fault
surface defined a priori, typically aligned with estimates from CMT
(either USGS W-phase or gCMT) solutions. Both nodal planes of the
initial CMT solution are tested to account for the uncertainty over

Table 1
Models in the database that have been published and peer reviewed.
Event name Date Magnitude Reference
(Mw)
Puysegur 2009-07-15 78 Hayes and Furlong (2010)
Maule 2010-02-27 8.8 Hayes et al. (2013)
Mentawai 2010-10-25 7.8 Newman et al. (2011)

Tohoku 2011-03-11 9.0 Hayes (2011)

Hayes et al. (2011)
Wei et al. (2014)
Hayes et al. (2014a)

Santa Cruz Islands 2013-02-06 8.0

Iquique 2014-04-01 8.2 Hayes et al. (2014b)
2014-04-03 7.7
Nepal 2015-04-25 7.8 Hayes et al. (2015)

which plane describes the causative fault, and may further divide a
favored plane into multiple fault segments if required by the data
or suggested by other information. Similarly, strike and dip of the
inverted fault plane (or planes) are systematically varied from the
initial geometry to test model sensitivity to these assumptions.

Data are chosen based on producing an azimuthally balanced
data set, while avoiding the inclusion of data with small signal-to-
noise ratios. Rupture velocity can be fixed or allowed to vary; to
account for unknown rupture characteristics, variable velocities are
tested, as are a broad distribution of fixed velocities, before settling
on a final model where rupture velocity is allowed to vary about
a favored fixed value. Initial fault length is estimated from empir-
ical relations between duration and moment (Dahlen and Tromp,
1998), scaled to length assuming a rupture velocity of 2.5 km/s,
and doubled to account for uncertainty in rupture direction (i.e.,
centered bilaterally on the hypocenter).

Fault planes are divided into a series of sub-faults along the
strike and dip directions, and the inversion solves for the slip am-
plitude, slip direction, rise-time and rupture initiation time of each
sub-fault, where sub-fault source time functions are modeled with
an asymmetric cosine function (Ji et al., 2002, 2003). The model is
referenced spatially to the USGS NEIC hypocenter, at least initially;
as with other key parameters, location is varied when other infor-
mation (e.g., regional network solutions and/or published studies)
indicates a necessary relocation.

Using this approach, several models in the database have been
previously published in peer reviewed literature, as indicated in
Table 1. In Section 3, I discuss how the entire collection of models
might be used, and how they can be and are being used by others
to advance our understanding of the earthquake source.

3. Database uses

Many of the studies listed in Table 1 focus on the use of finite
fault models for seismotectonic characterizations of major earth-
quake sequences, like Tohoku (Hayes, 2011), Maule (Hayes et al.,
2013), the Santa Cruz Islands (Hayes et al., 2014a), Iquique (Hayes
et al, 2014b), and Nepal (Hayes et al., 2015). In these studies,
the mainshock slip distribution is combined with detection and
relocation efforts for fore- and aftershocks, improving catalog com-
pleteness, minimally biased earthquake locations with accurate un-
certainties, and with moment tensor analyses of the same events,
to provide a comprehensive analysis of the spatiotemporal evolu-
tion of the sequence, how it relates to the history of seismicity and
tectonics in the region, and how it may be interpreted within the
framework of subduction zone seismogenesis (where appropriate).
Such analyses are becoming routine at the NEIC after the occur-
rence of a major earthquake, in the hope that these studies will
ultimately facilitate broader comparisons of sequences within an
individual subduction zone (e.g., Maule vs. Iquique, Hayes et al.,
2014b) or other tectonic environment, and between different mar-
gins around the world.
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Fig. 1. Global distribution of earthquakes for which finite fault models are presented as part of this database. In (a), earthquake hypocenters are sized by magnitude and
colored by their depth. In (b), the approximate source dimensions of each event, as computed using the autocorrelation function of Mai and Beroza (2000), are plotted.

Rectangles of each rupture surface are colored by the moment magnitude of the event.

Tsunami models are another popular use of finite fault so-
lutions, as demonstrated by a variety of publications that have
used models from our database (e.g., Hayes and Furlong, 2010;
Okal et al, 2010; Roeber et al, 2010; Newman et al, 2011;
Fritz et al, 2011; Wei et al,, 2014; Riquelme et al., 2015). Finite
fault models produced at the NEIC via the inversion of teleseis-
mic data have proven particularly useful for tsunami modeling
because they are generally available within hours of the occur-
rence of a major earthquake (e.g., Hayes et al., 2011), and thus
have important applications for real-time monitoring (e.g., Wang
et al., 2012).

Finite fault models from our database can also be readily used
to study the surface deformation generated by an earthquake, an
effort made easier with this database update through the provision
of an Okada-based (Okada, 1992) deformation field in the Down-
loads section of each model page (.disp files, Supplementary Mate-
rial). Such comparisons have proven useful in the past as a way of
assessing the accuracy of a suite of different models (e.g., Vigny et
al.,, 2011; Hayes et al., 2013), and in combination with earthquake
relocation studies to iteratively improve teleseismic based finite-
fault models and their forward predictions of surface deformation
data (e.g., Barnhart et al., 2014a, 2014b).

Finally, as previously mentioned, this database provides a
means by which to create source scaling relationships for large
earthquakes (e.g., Wells and Coppersmith, 1994; Mai and Beroza,
2000; Blaser et al., 2010; Skarlatoudis et al., 2016) using models
generated via a consistent approach, rather than being vulnera-

ble to uncertainties arising through the comparisons of models
produced with differing assumptions. Similarly, models can be
combined with fault databases like Slab1.0 (Hayes et al., 2012)
to derive scaling relationships for use in rapid ground-shaking
and impact assessments (Allen and Hayes, 2017), vital for post-
earthquake rapid response efforts at the NEIC (e.g., Wald et al.,
2005, 2008).

4. Scaling implications

Here, 1 briefly analyze what these models can tell us about
source scaling, a topic of broad interest with obvious applications
for seismic hazard analyses (e.g., Petersen et al., 2014). First, be-
cause initial fault dimensions are set somewhat arbitrarily—to be
larger than the true source dimensions such that slip naturally
tapers to zero at the edge of each model (in an ideal scenario)—
models must be trimmed to estimate ‘true’ source dimensions.
I follow the approach of Mai and Beroza (2000), who use an auto-
correlation of the slip distribution to approximate slip length and
width (Fig. 2, Table S1). In Allen and Hayes (2017), we use an alter-
nate approach that compares sub-fault moment to peak moment to
trim the fault and derive fault dimensions. There, we also discuss
the uncertainties on those dimensions and how estimates com-
pare following the two different approaches; I refer readers to that
study for further details.

Fig. 3 compares the relationships between moment and key
source parameters like rupture length, width, and area, with
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Fig. 2. Example of the calculation of fault length and width from a finite fault model using the autocorrelation function of Mai and Beroza (2000). In the main panel, fault slip
is colored, and arrows represent the slip direction (rake). Contours represent the approximate location of the rupture front at the displayed time. In adjacent panels, slip is
summed along strike (top) and along dip (right). Each function is then used to calculate the representative rupture length and width, displayed as black bars on each panel.

the scaling predicted by common empirical relations (Wells and
Coppersmith, 1994; Mai and Beroza, 2000; Blaser et al.,, 2010;
Skarlatoudis et al., 2016). I specifically do not derive further scal-
ing relationships here; that work is carried out using these data
in Allen and Hayes (2017). While significant scatter is evident in
these comparisons, existing scaling relations predict rupture length
fairly well, though both Wells and Coppersmith (1994) and Blaser
et al. (2010) over-predict the length of normal and reverse faulting
ruptures at lower magnitudes (M ~< 7.5). Mai and Beroza (2000)
chose to use one relationship for all dip slip events, which match
these data very well. The Skarlatoudis et al. (2016) study pro-
vides a useful comparison to rupture width estimates because it
employs width saturation, whereby rupture width is capped at
some threshold related to the seismogenic width of a fault. In
this sense, it is a physically reasonable model, though the width
relation itself seems to over-predict estimates of rupture width
reported here. The Wells and Coppersmith (1994) and Blaser et
al. (2010) relations predict rupture width quite poorly for large
magnitudes (M ~> 7.5), though again the Mai and Beroza (2000)
dip-slip relation describes these data well. As a result, the data
here indicate that rupture area is best predicted by the scaling
relations of Mai and Beroza (2000). It is important to note that
the Wells and Coppersmith (1994) and Blaser et al. (2010) studies
predominantly used rupture dimensions derived from aftershock
studies, rather than from source inversions, as used in Mai and
Beroza (2000) and Skarlatoudis et al. (2016). This difference may
account for the fact that Mai and Beroza (2000) match data pre-
sented here better, since aftershocks typically occur on the fringes
of earthquake rupture, and thus aftershock dimensions typically

over-predict the true rupture dimensions of an earthquake (e.g.,
Mendoza and Hartzell, 1988).

Finite-fault models from different studies are often compared
using peak slip. However, model sub-fault size varies from author-
to-author and study-to-study, and because of this, peak slip es-
timates can be artificially variable. A more directly comparable
quality is potency—the product of slip and area. Fig. 4 illustrates
how modeled maximum potency scales with average potency, and
reveals a clear linear relationship between the two. Models in the
SRCMOD database (Mai and Thingbaijam, 2014) follow a similar
relationship.

Correlations are also evident between maximum slip and aver-
age slip, and maximum potency and earthquake magnitude (or the
logarithm of earthquake moment), in Fig. S1. These relationships
show no obvious dependence on location or faulting geometry.
This makes sense; excepting limited and uncertain observations
of dynamic overshoot (e.g., Venkataraman and Kanamori, 2004),
a coupled fault is unlikely to slip beyond its capacity to do so,
dictated by tectonic loading, regardless of faulting environment.
However, slip on the ruptured segment of a fault is not uniform;
average potency (slip) scales with and is a fraction of maximum
potency (slip). Using this constant ratio between maximum po-
tency and average potency (or maximum slip and average slip, or
maximum potency and magnitude), we can more accurately char-
acterize how big of an earthquake can occur on a given fault seg-
ment (if the time since the last earthquake is known). We typically
do this by assuming the entire area in question can slip the max-
imum amount given by the tectonic loading—these observations
suggest that a more accurate estimate can be provided using the
relationship between maximum potency (slip) and average potency
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(slip) shown in Fig. 4. This observation is somewhat analogous to
observations of discrepancies between on- and off-fault deforma-
tion during earthquakes (e.g., Gold et al., 2015), where geodetically
measured on-fault co-seismic slip accounts for only ~72% of the
total far-field displacement. Gold et al. (2015) also show that av-
erage surface slip is systematically lower than maximum slip, an
observation that I show here holds for the entire ruptured fault.

This relationship makes no assumptions about the degree of
and variability in geodetically measured coupling across fault sur-
faces. Rather, it implies that—to mirror the observed relationship
between maximum potency and average potency—coupling must
either be similarly (and somewhat predictably) spatially variable,
or that co-seismic slip in large earthquakes does not release the
entire accumulated strain budget on its fault segment. On average
and over time, this relationship implies that a given fault segment
does not release more than about 85% of its strain budget co-
seismically in large earthquakes. In other words, average seismic
coupling (i.e., the time-averaged ratio between strain accumulation
and energy release) is either no more than about 0.85, or other
processes (e.g., foreshocks, aftershocks, post-seismic slip, off-fault
deformation) account for the remaining component of the bud-
get (at least 15%). In reality, some combination of these factors is
likely.

This relationship also has implications for earthquake cycles
and repeatability. Given the implication discussed above that large
earthquakes are unlikely to release the entire accumulated strain
budget of a fault segment, it follows that the repeat time of
that segment must be artificially advanced (the strain accumula-
tion ‘clock’ does not start at zero). And, because maximum po-
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Fig. 4. Relationship between average potency and maximum potency, computed
from earthquakes in this database (circles), and SRCMOD (diamonds). Symbols are
colored by event type: strike-slip faulting in red, reverse faulting in green, normal
faulting in blue, and oblique faulting in orange. The best-fitting linear relationship
(for data from this database only) and associated R? value is displayed in the top
left, and is plotted with a dashed black line. Best-fitting linear relationships for
events from the SRCMOD database, and for all data, are plotted with a light gray
dash-dot line, and a solid dark gray line, respectively.

tency scales with and is larger than average potency, the region
of maximum slip within a fault segment must move around be-
tween successive earthquakes on the segment—i.e., again, slip on
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the ruptured segment of a fault is not uniform. Thus, it may take
several earthquake cycles for a fault segment to fully release its
accumulated strain—perhaps giving the appearance of “earthquake
super-cycles,” as have been proposed in some subduction zone en-
vironments (e.g., Sieh et al., 2008).

5. Conclusions

I have presented a new and ever-expanding database of finite
fault models created with a uniform modeling approach, and com-
plete for all M 7.5+ shallow and intermediate depth earthquakes
since 1990. The key advantage of this database is that it provides
a comprehensive and consistent analysis of all large earthquakes.
As such, models can be compared event-to-event without intro-
ducing significant uncertainties related to differing modeling ap-
proaches. The modeling approach adopted (Ji et al., 2002) is the
same method used to study significant earthquakes at the USGS
NEIC. As with other USGS event-based seismotectonic and impact
related products, this ensures ease of access and the continuation
of the database into the future.

As discussed, the database has a multitude of uses, from
tsunami and hazard modeling to scaling relation computation.
I have demonstrated how existing scaling relations compare to
parameters of these models, and go on to show an intriguing re-
lationship between maximum potency and average potency (and
maximum potency and earthquake magnitude) that suggests aver-
age slip in an earthquake is linearly related to, but consistently and
predictably less than, maximum slip. This relationship has impor-
tant implications for maximum earthquake size for a given fault
segment and earthquake repeat times, and thus associated esti-
mates of seismic hazard.

Finally, as the global geophysics community looks towards
the future of monitoring and research in subduction zones, this
database can also be an important contribution to subduction zone
observatories/initiatives worldwide.
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