TESTING AN ALGORITHM TO RAPIDLY DETERMINE EARTHQUAKE FAULT PARAMETERS FROM AFTERSHOCK LOCATIONS

ABSTRACT

METHODOLOGY

Aftershock locations may be used to determine reliable es-
timates of first-order earthquake rupture parameters more
rapidly than may be obtained from full seismic waveform or
geodetic inversions and field mapping. Because the spatial dis-
tribution of aftershocks for an earthquake sequence has a
close empirical relation to its mainshock rupture extent, the
epicentral locations of aftershocks can be used to delineate
the entire mainshock rupture zone and to determine first-
order parameters such as rupture length and orientation.

An important goal of this research project is to determine
how eatly 1n an aftershock sequence we can reliably and accu-
rately determine these rupture parameters. To this end we test
an algorithm we developed for rapid estimation of these pa-
rameters in a near real-time environment. The results of this
algorithm may provide useful information to help quickly
assess the impact (damage and fatalities) of large global earth-
quakes when incorporated in a global earthquake analysis
system, such as implemented by the US Geological Survey
National Farthquake Information Center.

Required input parameters to this algorithm are limited to
an earthquake catalog starting with the mainshock time and
other fixed input parameters. Aftershock events are projected
onto straight lines centered on the mainshock epicenter with a
fixed incremental azimuth. Subsequently, a best fitting strike
and rupture length for the mainshock fault are determined on
the basis of this aftershock distribution. We showcase how
well our algorithm works as a function of time and also we
show our algorithm results and analysis figures for the 2011
Tohoku, Japan, 2010 Haiti and 2008 Sichuan, China earth-
quake. Our results show that by using our methodology that
the initial locations of aftershocks occurring 30 minutes from
the mainshock may be used to determine reliable first order
rupture parameters of large earthquakes.

ANALYSIS OF RESULTS

Opver the past ten years there have been a number of large
earthquakes that have resulted in fatalities of more than
1,000. This set of destructive earthquakes gives an incentive
to look at their initial aftershock distribution and test them in
our algorithm.

An important goal of our research is to look at how early
after the mainshock we can use our algorithm to determine
reliable rupture parameters. We present histograms of the
percentages of earthquake rupture parameters (from 10 de-
structive earthquakes) that were considered well determined
by our algorithm as a function of time. If our calculated pa-
rameters fell within the bounds of parameters determined by
full inversions within a £20% (for rupture length) and +20°
(for strike) uncertainty then we considered this to be a well
determined answer. From our histograms we observe that
our algorithm starts to work well after 30 minutes for both
strike and length. We also observed that our algorithm does
not work as well after a few hours of the mainshock when
determining rupture lengths. Plots of calculated parameters
(results of 60 minutes after the mainshock) against param-
eters determined from full inversions were made with a “pet-
fect answers” trend line to compare how our results matched.
Most of our results compared well within the bounds of pa-
rameters determined from full inversions.

The information required as input to the algorithm is limited to only
an earthquake catalog, starting in time with the mainshock. The algo-
rithm contains the following steps, illustrated in the figures shown to the
right for the example of the 1999 magnitude 7.1 strike-slip Hector Mine
earthquake, located in the Mojave Desert region of Southern California.

@ A geographical region 1s selected, (roughly) based on the initial
magnitude of the mainshock.

@ To remove background seismicity and only consider true “after-
shocks”, events with only a relatively small number of other nearby
events are removed from the catalog,

® A projection of the aftershock epicenters is carried out onto
straight lines through the mainshock epicenter, incremented by 10° or
15° in azimuth. Histograms ate created for each distribution.

@ For each of these projected aftershock distributions, the width 1s
determined by moving out from the epicenter in steps of 5 km until
90% of aftershocks 1s contained.

@ The fault strike is then determined by selecting the azimuth of the
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Above: A map of the geographical region analyzed for the Hector
Mine earthquake of 1999, using the standard (non-relocated) SCSN
carthquake catalog. Blue events were classified as “aftershocks” by

the algorithm, which considers as outliers (in red) those earthquakes
that have fewer than 5% of the total number of events within 0.2°

distance of its epicentet.

Projection of Aftershock Epicenters
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Above: The aftershocks are projected onto straight lines centered
on the mainshock epicenters, separated by 15° in azimuth (not all
lines are shown in this plot for clarity). These projected aftershocks
distributions are then binned in histograms with 5 km distance bins.
Starting at the epicenter, the length of the projected distribution is
determined by stepping outwards by 5 km steps, until 90% of the
aftershocks is contained.
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Projected Distribution Lengths
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Above: The red lines show the projected aftershock distribu-
tion lengths determined for the complete range of azimuths.
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Table Below: Source parameters of destructive earthquakes used in our study with number of resulting fatalities (from USGS)
Origin Ti : Locati Faulti Fault Length ike (° iy
Event ID Date Hein JHme Region ocation Mw awtng vt Leng Sources Str.lke ) Sources Fatalities
(UTC) Lat. , Long. Type Range (km) (Azimuth)
TO 3/11/2011 14:46:23 Tohoku, Japan 38.322°N, 142.369°E | 9.0 Reverse (250-300) Jietal. 2011 21 Wei et al, 2011 28,050
YU 4/13/2010 23:49:38 Southern Qinghai, China 33.224°N, 96.666°E 6.9 Strike—Slip (30-65) Chen et al. 2010, Zhang et al. 2010 130 Chen et al, 2010 2,968
HA 1/12/2010 21:53:10 Port-au-Prince, Haiti 18.443°N, 72.571°W | 7.0 | Strike-Slip (30-35) Hayes 2010, Sladen 2010 84 Gavin Hayes, 2010 222,570
SS 9/30/2009 10:16:09 Southern Sumatra, Indonesia 0.725°S, 99.856°E 7.6 Reverse (20-35) Hutko et al. 2009, Sladen 2009 71.3 Gavin Hayes, 2009 1,117
ES 5/12/2008 6:28:01 Eastern Sichuan, China 30.986°N, 103.364°E | 7.9 Reverse (210-290) Ji et al. 2008, Zhang et al. 2008 49 Ji and Hayes, 2008 87,587
PA 10/8/2005 3:50:40 Kashmir, Pakistan 34.493°N, 73.629°E | 7.6 Reverse (65-90) Yoshikawa et al. 2005, Ji 2005 153 Ji, 2005 86,000
NI 3/28/2005 16:09:36 Northern Sumatra, Indonesia 2.074°N, 97.013°E 8.6 Reverse (330-425) Jietal. 2005, Borges et al, 2005 150 Borges et al, 2005 1,313
10 12/26/2004 0:58:53 Indian Ocean 3.316°N, 95.854°E | 9.1 Reverse (1200-1600) Tanioka et al, 2005, Lay et al. 2005 149 Tanioka et al, 2005 227,898
AL 5/21/2003 18:44:19 Northern Algeria 36.90N, 3.71E 6.8 Reverse (54-65) Meghraoui et al. 2004, Ayadi et al. 2008 54 Semmane et al, 2004 2,266
GU 1/26/2001 3:16:40 Gujarat, India 23.41N, 70.23E 7.7 Reverse (40-60) Mandal and Horton 2006 78 Negishi et al, 2002 20,023
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2011 JAPAN EARTHQUAKE

The magnitude 9.0 Tohoku, Japan earthquake on March 11, 2011 struck the eastern
coast of Honshu Island resulting in a massive tsunami with a now estimated 28,050
fatalities reported by the USGS. The earthquake was a result of thrust faulting on or
near the subduction zone plate boundary between the Pacific and North America plates.
Using the early aftershock distributions of the Tohoku earthquake in our algorithm, we
obtained rupture parameter results that are relatively consistent with parameters deter-
mined from full inversions. We present results at 40 minutes after the mainshock with a
resulting strike of 40° and 290 km rupture length (see map and fault analysis figures).
These results ate closely comparable to an updated rupture model in our map (from per-
sonal communication with Dr. Mark Simons at Caltech). The rupture model indicates
an approximate 250 km rupture length. We also included the Global Centroid-
Moment-Tensor (CMT) solution of the mainshock in our map that indicates a 25° fault
strike. The rupture length of this earthquake is considered to be shorter than what we
usually expect from a magnitude of this size (the maximum slip on the fault reached as
much as 50 m). We usually expect a rupture length from a mainshock of this magnitude
to be at least 480 km.

Fault Lengths From 90% of Aftershocks for Tohoku Quake
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Figure Above: Red lines show the projected aftershock distribution lengths determined for a com-
plete range of azimuths of 10° increments. Highlighted green line indicates the determined fault
length.

Fault Analysis for 90 % for Tohoku Quake
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Figure Above: A summary of results for the full range of azimuths: Red star indicates determined
fault length and strike 90° from the minimum projected aftershock distribution length. Gray lines indi-
cate determined parameters from rupture models (Ji et al. , 2011 and Wei et al. , 2011).

2010 HArT1 EARTHQUAKE

The magnitude 7.0 Haiti earthquake on January 12, 2010 struck the Port-au-Prince
region of Haitt killing over 200,000 people (~222,570 reported by USGS). The main-
shock was thought to have ruptured the Enriquillo-Plantain Garden fault itself with
faulting mechanism being left-lateral strike slip. The rupture of the mainshock did not
appear to have reached the surface as reported from geologic field observations. We ob-
tained rupture parameter results that matched well with initial rupture parameters deter-
mined from full inversions. We present results at 30 minutes after the mainshock with a
resulting strike of 75° and 35 km rupture length. We include the Global Centroid-
Moment-Tensor(CMT) solution of the mainshock that indicates a 70° strike. However
an updated study using GPS and radar interferometry measurements infers that the
recent Haiti earthquake did not occur on the Enriquillo-Plantain Garden fault but
rather on a previously unmapped blind thrust north-dipping fault that is newly named
the Léogane fault with the source mechanism being a combination of left-lateral strike-
slip and reverse slip (Calais et al, 2010). We include a recent coseismic interferogram
model from the updated study that infers the geometry of the earthquake rupture sug-
gesting the rupture length to be 32.5 km (consistent with our algorithm results).

Fault Lengths From 90% ot Aftershocks for Haiti Quake
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Figure Above: Red lines show the projected aftershock distribution lengths determined for a com-
plete range of azimuths of 10° increments. Highlighted green line indicates the determined fault
length.

Fault Analysis for 90 % for Haiti Quake
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Figure Above: A summary of results for the full range of azimuths: Red star indicates determined
fault length and strike 90° from the minimum projected aftershock distribution length. Gray lines indi-
cate determined parameters from rupture models (Hayes 2010 and Sladen 2010).
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2008 CHINA EARTHQUAKE

The magnitude 7.9 Eastern Sichuan, China earthquake on May 12, 2008 struck the
northwestern margin of the Sichuan basin. The earthquake was a result of thrust faulting
on the Longmenshan fault which reflects the tectonic regime of converging continental
crust resulting in the uplifted Longmen Mountains relative to the Sichuan basin. It is
reported to be the deadliest earthquake to hit China since the 1976 Tangshan earthquake
with an estimate of at least 240,000 fatalities whereas the Sichuan earthquake 1s reported
to have caused around 87,587 fatalities as reported by the USGS. The earthquake rup-
tured unilaterally in the north-east direction. Using eatly aftershock distributions of the
Sichuan earthquake, we obtained rupture parameter results that matched well with rup-
ture parameters determined from full inversions. We present results at 60 minutes after
the mainshock with a resulting strike of 50° and 220 km rupture length. We include a
rupture model in our map from the Farthquake Research Institute, University of Tokyo
that indicates an approximate rupture length of 230 km and also we include the Global
Centroid-Moment-Tensor(CMT) solution of the mainshock that indicates a 51° strike.

Fault Lengths From 90% of Aftershocks for Sichuan Quake
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Figure Above: Red lines show the projected aftershock distribution lengths determined for a com-
plete range of azimuths of 10° increments. Highlighted green line indicates the determined fault
length.

~ Fault Analysis for 90 % for Sichuan Quake

1000 — 2000
500
— 1000
200
100 L 00
50
20 —
IR IR G e N - 200 E
% 10 W E
Tk < =
-5 | DA¢ 4
=~ 5 Yo % b o100 £
S ( =
> OY O 5 * % * =
S 2+ O ¢
g O O K
it O O - 50 o
5 ' O E
=z D O o S
s 057 O O S
E 05O ;
o i L2
0.2 - 20 8
0.1 1
- 10
0.05
0.02 B 5
0.01 7 Time = Minutes dince origin time: 60
0.005 Rupture Type is ynilateral
B 2
Fault Length = 220.0 km with ratio of 3.143 from minimum fault length
0.002
Fault Strike: 50, ffom 1 azimuth(s) from minimum fault length
0.001 T T | | | 1

| | | | | |
0 15 30 45 60 75 90 105 120 135 150 165 180
Fault Azimuth

Figure Above: A summary of results for the full range of azimuths: Red star indicates determined
fault length and strike 90° from the minimum projected aftershock distribution length. Gray lines indi-
cate determined parameters from rupture models (Ji et al. 2008. Hayes 2008).




