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ABSTRACT

This research has the goal of developinganrtry data sets that can be used to improve grdaasdd

monitoring capabilities in southern Asia, in particular the region bounded-B¢20and 4167°E, by

providing information needed to develop and test more accurate travel time models for seismsithalhase
propagate in the crust and upper mantle. We have also incorporated phase picks from an experienced analyst
who reviewed waveforms of particular interest for specific events. Thasmumtry arrival times and
analystreviewed picks have been assded with known earthquakes reported by international agencies,
combined with existing bulletin readings, and relocatedgusie catalog EHB (Engdahl et al., 1998

methodology. Using ktountry data we have formed new events, mostly at lower magnitiatesedfre not

previously included in standard global earthquake catalogs. This has resulted in a catalog of earthquakes in the
region for the period 1918006 for events larger than about magnitude 2.5. Catalog events larger than about
magnitude 4.0 and wedlonstrained teleseismically have been highly reviewed. Events at lower magnitudes
have been relocated with a standard procedure similar to the EHB procedure, but not all systematically
reviewed.

The new catalog has been used to conduct detailed andlysssonic and recently occurring event clusters

(often mainshoclaftershock sequences) using a multiplent relocation technique and data sets of phase

arrival times at distances from nesurce to teleseismic. Absolute locations of such clusteroastrained

using reference event information for one or more of the cluster events provided by local networks, aftershock
deployments, or from neseismicinformation such asterferomic synthetic aperture raddn$AR) or

geological mappingWe have alsdeveloped a method for direct calibration of a cluster by using arrival time
data only from local stations, with an appropriate crustal model, to locate the hypocentroid of the cluster. These
studies have produced numerous events with epicenter absmutaey of 5 km and better (GT5). When both
location and origin time can be calibrated for a cluster, we are able to estimate the unbiased travel times to all
reporting stations. These estimates are the basis for improved models of the crust and upermenin

the future will permit more accurate routine earthquake locations using regional seismic data.

To date we have performégypocentral decompositiotdDC) calibration analyses on 27 earthquake clusters in
the region. We present a synopsis ofe8v clusters that have been calibrated at GT5 or better, including
information on the method of calibration and @&¥Vel of calibration achieved. We also present several
representations of absolute travel time information derived from the calibrateds;lsh@wving
distancedependence of different phases and map views to di®vegional coherency of travine

variations.



OBJECTIVES

This research seeks to improve the database of ground truth information and velocity models useful for
calibration in suthern Asia with the following objectives: (1) Aggressive pursuit afdontry data acquisition,
especially the collection of ground truth at GT5 level or better for events of magnitude 2.5 and larger recorded
by dense local networks, including assodatelocity models; (2) Expanded analyst review of relevant regional
waveforms for ground truth events by the comprehensipicieng of phase arrival times from all available
waveforms, with special attention to the regional phases Pg, Pb, Pn, Sg, &y and (3) Application of

advanced algorithms, specifically multiple event relocation, to refine and validate all available ground truth
data, to achieve the optimal selection of data for analysis, to better understand the uncertainties of the results,
ard to handle the error budget as realistically as possible.

RESEARCH ACCOMPLISHE D

Compilation of Arrival -Time Data and Relocation of &ismicity

The aim of the present study is to produce a comprehensive catalog of all instrumentally recorded events,
magniude 2.5 and greater, that haaecurred during the period 1918006 for the region bounded by

20-44°N and 4167°E. Available bulletin arrivalime data from ircountry seismic networks in the region, as

well as phase picks from an experienced analystretiewed waveforms of particular interest for specific

events, have been compiled and, where possible, associated with known earthquakes reported by international
agencies. However, with the-gountry data we have also formed many new events, mostlyat lo

magnitudes that were not previously included in standard global earthquake catalogs. This combined catalog of
more than 22,000 events has been relocated usigHBgENngdahl et al., 1998) methodolodypicenters from

the resulting catalog are plottedFigure 1a. Significant scatter is evident in Figure 1a since events at lower
magnitudes have not all been systematically reviewed, whereas most events thatraeovekitl

teleseismically (Figure 1b) have been highly reviewed.
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Figure 1. Seismicitymaps of the study region, basedn the new catalog assembled ithis project,
using in-country phase arrival time data that has been integrated with stasiard global
bulletin readings. 8 Over 22,000 earthquakes from 1912006 with magnitude 2.5 and
greater, relocated using EHB methodology but most of the smaller events are unreviewed.
b) Subset of events that are weltonstrained with teleseismic readings, most of which have
been reviewed.



Ground Truth Data

Critical to our ground truth data discovery amtjuisition process are collaborative arrangements that have
been made with key organizations in southern Asia. These arrangements are built on exchanges that are
mutually beneficial to the parties involved, usually based on our applying advanced teshaicgfane

locations of the host country's natural seismicity in return for accessctwintry ground truth information.

These arrangements provide a forum for gathering and assessing potential ground truth data, and collecting
waveform and phase readidata for events of interest from local and regional stations.

We are also in contact with several research groups developing ground truth locations frord&t&&ed

ground displacement and other satellitssed location methods, as well as geolodield work, that provide
important constraints on earthquake location that are independent of seismic observations. Much new ground
truth information is now being obtained from these sources as an ongoing activity.

Location Calibration of Earthquake Clusters through Multiple Event R elocation

TheHDC (Jordan and Sverdrup, 1981) method for location calibration yields improved accuracy for both the
relative and absolute locations of clustered earthquakes. The gist of the method is to use a multiple event
relocation method with regional and teleseismic phase arrival times to constrain relative locations of clustered
earthquakes and then to calibrate the absolute location of the cluster by obtaining independent information on
the absolute location of one or manembers of the cluster. The HDC analysis includes further refinement of

the data set by makirempirical estimates of readimgrors and using these estimates to help identify outliers.
These steps yield significant improvements in accuracy and resdiottitve relocations. Of course, the main
benefit of HDC analysis is to largely remove the biasing effects (path anomalies) of lateral heterogeneity in the
Earth, which permits much better resolution of the relative locations of cluster earthquakes.

We haverecently extended the calibration process to take into account the uncertainties in calibration data in
estimating an optimal calibration shift for the cluster. We also estimate a term to account for the inconsistency
between multiple calibration evenBur final estimate of local accuracy for events in calibrated clusters

includes all these sources of uncertainty, as well as the uncertainty in relative locations derived from the

HDC analysis.

We have also developed a method for direct calibration hfstec by using arrival time data only from local
stations, with an appropriate crustal model, to locate the hypocentroid of the cluster. We have found a number
of cases in which no individual earthquake in the cluster isneetirded enough to be treatsia calibration

event, but the cumulative loedistance readings of all events do provide sufficient location accuracy to

calibrate the hypocentroid directly at GT5 or better. Many of the clusters presented below have been calibrated
in this manner.

Regional Path Anomalies

When both location and origin time can be calibrated for a cluster, we are able to estimate the unbiased travel
times to all reporting stations. These estimates are the basis for improved models of the crust and upper mantle,
which inthe future will permit more accurate routine earthquake locations using regional seismic data.

We use the calibrated cluster arrival time data to infer empirical path anomalies (relative to the global model
ak135) from each cluster source region to surding seismic stations. The path anomalies can be the result
both of variations in bulk velocity and differences in ray path geometry caused by lateral heterogeneity.

Cluster Studies Revisited

The influx of new data from Heountry sources has requiredtagevisit all earthquake clusters that had

previously been considered finished. The new data, when combined with existing ground truth datasets, is
providing very useful constraints on true travel times through the crust and upper mantle of the rewien. He

we have performed further detailed analysis of historic and recently occurring event clusters using our standard
multiple-event relocation technique and data sets of phase arrival times at distances freourcsaro

teleseismic.



Synopses of New Cé#brated Clusters

To date we have performed HDC calibration analyses on 27 earthquake clusters in the region (Figure 2). Not all
clusters can be calibrated at GT5 levels of accuracy.

Cluster Boundaries Cluster Events
e 50 55 60" &5 50 55 60 65
B T x--: . =
40 40" 400 40°
Igdir
35" :} 35 35 35’
N;
\
w : ,.‘\.'\-\“1 £ - Sefidabeh ] ) v
TONON N 90" a0 30
. Firuzabgad by Jiroft B;
: Yy Bastal -.>E"
1o )
i) . S . - 4 _. e, o
o5 { ) o . 25 o5 { P Sy 1 o5
»F LA I
20° 120" o o0
45° 50° 55° 60° 65 45" 50° 55° 60° 65"

Figure 2. Earthquake clusters studiedor ground truth calibration. a ) Boxes show the region of each
cluster, with the name we have assigned. Major strikslip faults (blue) and thrust faults
(black) are shown. ) The earthquakes of each cluster are shown. Events in each cluster are
color coded according those clusters thatra calibrated (not necessarily at GT5 or better) in
both location and origin time (green), clusters that are calibrated in location but not origin
time (blue), and clusters for which we have as yet been unable to achieve any calibration
(red).

We presentynopses of 8 clusters that have not been presented in previous Research Reviews and that have
been calibrated in both location and origin time to GT5 or better, including information on the method of
calibration and GTlevel of calibration achieved. We alpresent several representations of absolute travel time
information derived from the calibrated clusters, showing distdependence of different phases and map
views to show the regional coherency of travel time variations.

Alborz

The Alborz clustefFigure3)i s a small (11 events) cluster of relative
of the arrival time data is from nearby stations, and we used 81 P arrivals out to 1.5° epicentral distance to

locate the hypocentroid of the cluster (directlmaiion), with an uncertainty of about 2 km. When this is

combined with the cluster vector uncertainties shown in Figure 2b, most of the events will be calibrated at

GT5 or better.
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Figure 3. Alborz cluster. g Results of the HDC analysis. Confidence lgses are 90% level for réative
locations. A circle of 5km radius is shown in red for reference in the lower left corner.
Green lines show change in relative locations from starting locatior(&HB single event
locations). b Map of empirical path anomalies, relative to ak135. The blue star is the
location of the cluster hypocentroid. Anomalies are calculated when there are two or more
readings of the same phase at a given station. If there are 5 or more readings the sympol is in
color (red for positive anomalies, blue for negative); otherwise the symbol is plotted in gray.
Crosses indicate positive (late arrival) anomalies, circles indicate negative (early arrival)
anomalies. The scale of path anomalies is shown at the bottom right of the figure.

Darband

The Darband cluster (Figure 4) contains 45 events scattered over a fairly large area. There are many readings at
local distances and the hypocentroid was located with 144 P readings at distances less than 2.5 degrees (direct
calibration), with an uncertatiy of about 3 km. It was necessary to go out further than is desirable in epicentral
distance in order to achieve adequate azimuthal coverage. Many events in the cluster will qualify as GT5

locations.
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Figure 4. Darband cluster. See Figure 3 for explanain.

Dashte-BayazZirkuh

The Dashte-BayazZirkuh cluster (Figure 5) is composed of 42 events near the intersection of two major
strike-slip fault systems, shown in blue in Figur@a.5The cluster contains several very large events and their
aftershocksTo calibrate this cluster we used two calibration events that were very well |bgadete mporary
seismic networlstudying aftershocks of a large earthquake in November 1979. Thus, we located the
hypocentroid of this cluster using teleseismic P readingisshifted the cluster to best match the calibration



