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1. Introduction

To monitor the Comprehensive Test Ban Treaty (CTBT) at the kiloton level requires locating
and identifying seismic events down to magnitude 4. Since events at this magnitude generally can
only be detected at a few teleseismic arrays, the basic IMS must incorporate regional data into its
source location and characterization procedures. This data displays strong local characteristics with
its own magnitude scale M, and needs to be calibrated with respect to teleseismic measurements
before it can be used routinely by the IMS. Monitoring still smaller events appropriate for possible
evasion scenarios becomes exclusively a local seismic situation (Murphy et al., 1995). Thus, the
relationship between M;, M, m,, have a strong regional dependence which needs to be addressed on
a global scale. We will discuss these issues in our study area of the extended Middle-East, ranging
from the western Mediterranean to India. The region forms the boundary between several plates
which have had a complex tectonic history. This situation produces a richness in earthquake depths

and styles, and distinguishing them from explosions often proves difficult.

One of the most successful and proven methods to discriminate seismic events is the classical
m,: M comparison for which explosions have a significantly smaller surface-wave magnitude (M,
measured from the peak long-period surface wave amplitude) than an earthquake with the same
body-wave magnitude (mm,, measured from the peak short-period P-wave amplitude). The physical
explanation of this effect is that the source spectrum of an earthquake is richer in long-period energy
than that of an explosion. This effect is attributable, in part, to the difference in characteristic source
dimensions. An earthquake ruptures over a plane which is large in size relative to the cavity that an
underground explosion creates. One can also think of this source difference in terms of the source
time function which tends to be long for earthquakes and short and impulsive for explosions.
Stevens and Day (1985) found that other factors relating to these differences in spectral content

involve source mechanism and material source properties.

Although these conclusions were reached by studying teleseismic data, they become particularly
obvious when viewing modern broadband seismograms as in Figure 1a for regional recordings of
the JVE Kearsarge (M, = 5.6) and the Little Skull Mountain earthquake (M, = 5.7). For each event,
the broadband signals (top trace) are convolved with classical analog instruments operated at Caltech
since the beginning of NTS testing. To the right of each trace is given the peak amplitude. All

instruments have a gain equal to 1. Records from the many NTS events were used extensively in




Woods and Harkrider (1995) and Woods ef al. (1993) in establishing the relationships between
magnitude scales for moderate-size and small explosions. The peak WASP amplitudes are used to
calculate M;. One obtains a ratio of long-period surface wave amplitude (vertical component) to
short-period body-wave amplitude of about 3 for Kearsarge and about 20 for the earthquake; in short,
an order of magnitude larger surface waves for the earthquake as compared to the explosion relative

to short-period amplitudes.

As discussed in Woods et al. (1993) this difference between earthquakes and explosions
persists as far down in magnitude as M, = 4 where it becomes difficult to see surface waves from
explosions. Note that it is often possible to see surface waves for earthquakes smaller than this
especially if they are shallow. Song and Helmberger (1996), reporting on Northridge aftershocks
as recorded on the TERR Ascope network, find that shallow events have relatively low-stress drops
and strong surface waves compared to deep earthquakes of the M,. Thus, the ratio of short-period
to long-period energy at regional distances appears quite useful in discrimination, especially in

tectonic regions where earthquakes are plentiful.

A number of research projects at the 18th seismic research symposium on monitoring a
CTBT (1996) have used this physical distinction to develop global monitoring tools. For example,
Stevens and McLaughlin (1996) display encouraging results of m, (NEIC) and m »(IDC) vs. moments
derived from regionalization to this end. The weakest link in this approach is in obtaining good
estimates of short-period magnitudes for events less than about m, = 4.2 depending on region where
variability in earth structure makes m, ( A < 30°) difficult. This problem has been discussed at
length by Denny et al. (1987), Taylor ez al. (1989), and many others.

Extensive regionalization of surface wave data appears to be possible as discussed by
Levshin ez al. (1996) and others. However, to use this information at small magnitudes still requires
some assumption about the source, see Patton and Walters (1993). Woods and Helmberger (1996)
circumvent this problem by simply plotting the direct short-period energy in the extended P-wave
window (P,) against the accumulated surface wave energy (Epp-Ey.;) summed over three
components, or the ratio of (1Hz) P-wave to (.14 to .05 Hz) surface wave energy. This measure is
close to the teleseismic m, vs. Mgempirical approach used so successfully for many years by AFTAC

and confirmed by other research studies.




Figure 1b (Woods and Helmberger, 1996) displays a plot of this ratio for a population of
NTS explosions and earthquakes from the southwestern U.S. where the ratio has been multiplied by
a measure of short-period magnitude, M, in this case, as a normalizing scale factor. This feature
helps separate the two populations by providing a rough correction for expected earthquake-size

scaling.

One problem with this particular discriminant is that deep earthquakes generally have high
energy ratios relative to shallower earthquakes as discussed in our previous scientific report #1
(Saikia et al., 1996) regarding Hindu-Kush events. This feature is obviously caused by the lack of
fundamental-mode surface waves for deep earthquakes as is well-known for the m,:M; discriminant
(Marshall and Basham, 1972). Thus, establishing of methods to constrain relatively deep events (h
>33 km), becomes a key part of this discrimination process, as well as for the more general problem.
The magnitude of this problem can be seen in Figure 2 which displays seismicity for the Middle-
East. Note that there are numerous pockets of deep éeisnﬁcity scattered throughout the region.
Unfortunately, most of these events are small so that they can only be seen regionally and calibration

of path effects become essential in analyzing waveforms for such events.

To address these issues of source location and discrimination we have broken the study into
several sections. Section 3 deals with refining the calibrations in the Hindu-Kush region in terms
of locating events down to relatively small magnitudes. We introduce methods for locating and
estimating the source parameters of moderate-sized events using sparse data from two stations. The
usefulness of the E,, »,E,, ; discriminant for treating events in this region is discussed in Section 4.
Section 5 deals with the calibration of paths in the western Mediterranean covering the regions of

Spain, Morocco and northern Algeria and the effectiveness of the energy ratio discriminant there.

2. Pamir-Hindu Kush Region

Most intermediate-depth and deep earthquakes occur inside subducting slabs which are cold
and apparently strong enough to accumulate the stress necessary for brittle failure. There are only
a few places in the world where intermediate-depth seismicity is not directly related to recent
subduction, several of these zones are located along an alignment from Spain to Tibet. One of these

is the Pamir-Hindu Kush region where the subduction of oceanic lithosphere is believed to have
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Figure 1. a) Comparison of PAS records for the Kearsarge explosion (top 4 traces)
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event suite is the broadband displacement, below which are some records convolved
with three historical instruments. The instrument ID is given to the far left of the traces.
b) Magnitude-normalized Esp-pz:Elp-3 Ratio vs. distance for TERRAscope data.
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ended about 40 Ma ago (Molnar and Tapponnier, 1975), but intensive intermediate-depth seismic

activity is nonetheless an outstanding feature in the seismicity of the region.

Several detailed studies have shown that the SW-NE Pamir-Hindu Kush intermediate-depth
seismic zone is composed of two separate segments (Figure 3): an eastern segment beneath the Pamir
and a western segment striking EW beneath the northern end of Hindu Kush where the seismicity
is more intense and extends deeper (Billington et al., 1977; Roecker et al., 1980; Chatelain et al.,
1980). Correspondingly, two narrow Wadati-Benioff zones were defined, with the one under the
Hindu Kush dipping to the north and the other, under the Pamir, dipping to the southeast. These
studies suggest dual interpretations of either a single contorted slab (Billington et al., 1977) or two

distinct slabs with opposing subduction directions (Burtman and Molnar, 1993; Fan ez al., 1994).

Since most direct evidence of subducting slabs comes from the earthquake distribution,
accurate hypocenter locations are crucial to resolving the shapes of the slabs and their relation to
surficial geology. Focal mechanisms can provide additional information about the stress regime near
the source. Unfortunately, the quality of earthquake locations in this remote area using global
network has not been satisfactory, largely due to the incomplete station azimuth coverage. Although
earthquakes occur frequently in the Pamir-Hindu Kush region, most of them are small to moderate

in size and therefore are not recorded well at teleseismic distances, if at all.

One aim of the installation of the new broadband global network is to monitor local
seismicity. In this study we establish the ability of two permanent IRIS stations, NIL in Pakistan and
AAK in Kyrgyzstan, to locate and determine source characteristics of events in the Pamir-Hindu
Kush region. AAK is one of the stations of Kyrgyzstan Regional Network (KNET). In the winter
of 1992 a temporary PASSCAL array (PAKN, see Sandvol et al., 1994) was deployed in northern
Pakistan which is very close to NIL. To address this data, we have divided this topic into two parts.
Section 2.1 reviews the work done on the master events and presents a procedure for estimating the
source parameters for future events (My, > 3.8). Section 3 discusses a procedure for estimating the
location and depths for small events (M, < 3.8 or only observable at short-periods) using the arrays

in combination with a single 3-component station.




| Figure 3. Map of the Pamir Hindu-Kush region showing the stations of the

. KNET and PAKN arrays and the 10 events studied in this section (stars).
Events reported by the ISC between 1964 and 1986 are plotted with colors
varying from blue (300 km deep) to red (0 km). These events all have more
than 30 stations reporting and the location errors are less than 10 km as listed
in the ISC catalog. The focal spheres are from the waveform inversions in
this study, red ones for crustal events and blue for mantle events.

7




2.1 Review of Regional Modeling (Master Events)

To calibrate the paths of events to AAK and NIL, we selected 10 moderate magnitude events
(m, 4-5.5, see Table 1) which occurred in the time window of the PAKN deployment, determined
the fault parameter of the 10 events, and relocated them using the two arrays. Then we repeated the
same process using only two stations. Since NIL was not installed in this time period, a nearby
station from the PAKN array, SBRA, was used as a surrogate together with AAK when performing
the two-station analysis. We found that they gave results compatible to those using the two arrays.
Thus, future events in the Pamir-Hindu Kush region can be processed routinely using stations AAK

and NIL.

a) Method and regional velocity model

Zhao and Helmberger (1994) developed a "cut and paste" (CAP) source estimation technique
using broadband regional waveforms. The method breaks the whole waveform into P, and surface
wave segments and inverts them independently. It allows time shifts between the seismogram and
synthetics. This relaxation of timing proves quite helpful when only imperfect velocity models and
inaccurate event locations are available at the start. Recently we improved the method by redefining
the waveform misfit error to preserve amplitude information in the inversion so the focal depth and

source mechanisms can be better constrained (Zhu and Helmberger, 1996b).

The velocity model used for the study area is listed in Table 2. This simple 1-D velocity
model was developed from teleseismic receiver functions in the adjacent Tibet plateau (Zhu ez al.,
1993; Zhu and Helmberger, 1994). We believe that, to the first order, the Pamir and Tibet have
similar crustal structures. Both are young plateaus produced by India-Eurasia collision and have
experienced similar tectonic processes. Seismic refraction data indicate a thick crust of up to 75 km
under the Pamir (Lukk et al., 1983), which is close to the average crustal thickness of the Tibet

plateau.

The vertical displacements of the 3 fundamental faults at different depths are displayed in
Figure 4. The corresponding tangential components are quite simple and have been presented in Zhu
and Helmberger (1996a). For crustal events, the amplitudes of Rayleigh waves are very large for
shallow events and so the amplitude ratio between them and P,; or Love waves is quite diagnostic

in determining focal depth. As the source moves into the mantle, the high-frequency signals trapped




by the crustal wave-guide disappear. The waveforms become increasingly simple as the focal depth
increases, essentially reducing to just a P-wave and SV-wave, as shown in the figure. However, there
is still important information about polarity and relative strengths of the phases. We will discuss this

in detail in the next section.

b) Focal depths and source mechanisms

The velocity records of the 10 events at the two arrays were integrated into displacement and
band-passed between 5 to 100 secs. These waveforms were then inverted for source mechanisms and
depths using the CAP method. The results are listed in Table 3 along with the Harvard CMT
solutions for the 5 largest events. These events were discussed at length in our last report, Saikia et
al. (1996). Our focal mechanisms agree with the Harvard ones quite well. The lower-hemisphere

projections of the corresponding focal spheres are plotted in Figure 3.

One of the best recorded shallow events is the magnitude 5.1 earthquake (event 328) which
occurred at about an equal distance between the two arrays. Figure 5 is a comparison of the
observed and synthetic waveforms. The overall fit is excellent, in both shapes and amplitudes. Note
that the surface waves (Love and Rayleigh) are about equal amplitude, indicating a mixed
mechanism. The relative strengths of the two types of surface waves and the P, waves play a key

role in determining the focal depth.

Figure 6 is a plot of the waveform misfit as function of source depth, and shows a
well-defined minimum at 15 to 20 km for this event. Although the focal mechanism is very similar
to the Harvard CMT, see Table 3, the focal depth is distinctly shallower than the Harvard depth of
43 km. For all crustal events our solutions prefer shallower depths than the ISC depths or Harvard

solutions when the latter are available for comparison.

For intermediate-depth earthquakes, the waveforms become simpler with sharp P arrivals and
an absence of surface waves. Figure 7 shows an example of waveform fits for one of the mantle
events (event 341). An easily recognizable phase is the large amplitude long-period phase before
the direct S arrival. It is actually produced by the S-to-P conversion at the free surface and then
reflected to the receiver by Moho (sPmP), as discussed at length in our first report (Saikia et al.,

1996). After the reflection reaches critical angle, part of this P-wave travels along the Moho as a




Table 1. Locations of the events from ISC catalog

Event Date Origin time Location Depth (km) m,
°N/°E
276 10-02-92 14"38™46.4 38.08/73.12 139 4.6
289a 10-15-92 02"42"06.7 39.24/72.80 16 4.5
289b 10-15-92 19"42™13.8 38.20/74.44 157 4.4
311a 11-06-92 07"21"56.0 41.09/72.50 21 5.1
311b 11-06-92 17"58™39.0 34.87/69.15 25 4.5
317 11-12-92 20"41™05.2 36.45/70.87 204 55
322 11-17-92 02"38™50.7 33.83/67.53 35 5.1
328 11-23-92 23"11™06.9 38.57/72.65 43 5.6
339 12-04-92 11"36™35.5 37.79/72.21 114 5.8
341 12-06-92 03"44™29.3 37.79/72.19 122 5.5
Table 2. 1-D velocity model of the Tibetan Plateau

Layer Th. (Km) V, (km/s) V, (km/s)
1 4 4.70 2.70

2 60 6.20 3.50

3 - 8.14 4.70

10




Table 3. Focal mechanisms and relocation results.

Event strike/dip/rake M, h (km) At, (sec) Ar (km) Azimuth
276 325/70/-30 44 150 -0.41 2 0
330/80/-25 4.5 150 -0.62 7 89
289a 335/65/-30 3.9 5 0.25 31 22
145/85/0 4.0 5 -0.12 30 30
- 289b 60/55/20 4.2 160 0.36 5 321
60/55/35 4.2 150 0.00 2 0
311a 290/40/85 4.7 15 1.75 9 225
290/45/80 4.8 15 1.12 11 180
322/25/110 4.3 19
311b 10/35/50 4.3 10 2.60 23 161
350/40/35 4.3 10 4.51 26 172
317 60/70/80 55 190 0.57 11 350
40/75/70 55 170 0.40 14 338
33/77/71 4.9 188
322 40/60/-75 4.7 10 4.35 8 320
24/55/-94 4.7 10 4.16 9 337
29/60/-75 44 33
328 200/45/-35 5.1 15 3.16 6 345
200/45/-40 5.1 10 3.05 89 321
211/33/-49 4.9 44
339 80/65/-75 55 110 -0.10 6 0
50/75/-93 5.6 100 -0.17 8 57
56/74/-85 5.1 131
- 341 290/35/-55 4.8 110 0.45 4 0
{ 290/25/-45 4.9 100 0.20 6 14

For each event, the first line is the result using the two arrays and the second line is the result using
two stations, SBRA and AAK. Harvard CMT solution, if available, is listed in the third line.

11
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is at a depth of 64 km for the Tibet velocity model. The amplitudes for mantle events have been
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discussed in the text are labeled
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head wave (sP,) which has similar apparent velocity to direct P. The shear-coupled P-waves at
regional distances from intermediate-depth earthquakes for this region have been noted earlier by
Zhao and Helmberger (1993). Recently they are reported in many places (Singh et al., 1995; Zandt
et al., 1996). Our data show that they are commonly observed in the Pamir-Hindu Kush region.
Because of the strong amplitude of this phase and small move-out with distance with respect to the

direct P, the time separation between P and sP, is ideal for controlling focal depth.

Because of the "cut and paste" nature of our source estimation technique, the time separation
between P and SV waves is not employed to constrain depth. This causes no difficulty in inverting
crustal events because their depths are mainly controlled by the relative amplitude of surface waves
and P,. But since the time separation between P and sP, is so important for depth determination of
mantle events, we perform the inversion in two steps. First the whole seismogram is broken down
into P and SV segments and inverted for source mechanism and depth. Then we fix the mechanism
and use the whole waveform to search for a more precise focal depth, controlled by the S-P
separation. Note that this depth estimate becomes closely tied to the velocity model. The misfit
errors as function of depth for the mantle events are also presented in Figure 6. Well-defined minima
are observed for these deep events, although they are not quite as well defined as for the crustal

events.

¢) Event relocation

After the focal depths are established from waveform inversion, we can now relocate events
horizontally using their first-arrival times. By fixing the source depth, the strong trade-off between
depth and origin time can be avoided. The relocation is also done using a grid search method

whereby we minimize the object function defined by

N
B(xy) = \j-;-[ Y (8T, - 8T + AAr, @

i=]

where 0T, is the travel time residual of first-arrival at station i. The average residual over all stations,
0T, is subtracted to remove the uncertainty of origin time. Ar is the distance between the new
location and the original location. The weighting constant, A, can be chosen in a range of 0 to 0.01
sec/km.
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For each event, an area of 1° by 1° centered at its ISC location is grid-searched. The
relocation results are listed in Table 3. It can be seen that for all deep events and large shallow
events (m, > 5) the differences between the ISC locations and the new locations are less than 10 km.
However, small shallow events can move significantly in their locations. In this study, there is up
to 30 km movement of relocations for small shallow events (see events 289a and 311b). This is not
surprising because deep events and larger shallow events usually have sharp onsets at teleseismic
distances which can be easily picked, see Figure 8. The Chiang Mai array in Thailand is located at
the regional-teleseismic cross-over distance near 30°. Since the upper-mantle path is mainly shield
(Zhao and Helmberger, 1993), we can expect to see a late arriving upper-mantle phase arriving about
15 secs back for shallow events, see LeFevre and Helmberger (1989). The shallow events indicate
such a phase but they are complicated by the depth phases pP, and sP, see our previous scientific
report (Saikia ez al., 1996). While the first arrival is easily identified for the top trace (deep event)
and larger crustal events, they become obscure as the M, decreases. Thus, small shallow events
often show emergent onsets as indicated in the ISC bulletins and the time picking errors can be

relatively large.

The largest relocation (31 km) occurs for event 289a which is the smallest (M, = 4) among
the 10 events. Before the relocation, it shows unanimously earlier P arrivals (8T of more than 4 sec)
throughout the PAKN array and later P arrivals (0T of +3 sec) at KNET. Figure 9 shows the contour
diagram of the object function. As a result of relocation, the event is moved beneath the northern
slope of the Trans-Alai Range (Figure 10). The waveform inversion indicates that the event is very
shallow (less than 5 km, see Figure 6) which suggests that there should be some relationship of this
new location to surface faulting. In fact, there is clear evidence of Quaternary and Holocene faulting
and folding along the northern margin of the Trans-Alai Range (Nikonov et al., 1983; Burtman and
Molnar, 1993). Numerous landslides, rockfalls and avalanches, as well as tension cracks are found
in this area, which can be associated with preinstrumental earthquakes (Nikonov, 1988). Thus, the

new epicenter appears quite acceptable at this new location.

d) Lateral variation of shallow structure
The paths of propagation from our master events to KNET and PAKN arrays traverse more
than one major tectonic block. These complications did not disrupt our waveform modeling success

using the CAP approach which allows some time shifting between surface waves and body waves.
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WAVEFORM OF PAKISTANI EARTHQUAKES (1992)
CHIANG MAI ARRAY, THAILAND
Station: CM05 (Approx:30 Degq)

| 457E+03
317 I M,,=5.5
20h41m05.2s _
338.8s H=190.0 km
B09E+02
328 M,,=5.1
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Figure 8. Seismograms recorded at the CMO5 station of the CHG array from
several Pakistani events. These waveforms are shown as a function of depth
(H) and moment magnitude (Mw). The solid vertical lines are the arrivals of
P waves according to the ISC bulletin.
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Figure 9. Contour diagram of the relocation objection function for event 289a.
The dot is the ISC location and the star is our new location.




40° 00'

39° 30'

39° 00!

72° 00’ 72" 30' 73" 00" 73" 30"

Figure 10. Comparison of geographic locations of the ISC
epicenter (dot) and the relocation epicenter (star) for event
289a. The relocation moves the event from the southern slope
of the Trans-Alai Range onto its northern margin where the
Trans-Alai Range Thrust Fault runs through. The relocation
result for event 328 is also shown for comparison.
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Generally, P, is more stable than the surface waves which are easily affected by shallow structure.
Figure 11 shows the velocity anomalies of Love waves as measured by the time shifts produced by
the waveform inversion. Red and yellow paths indicate lower velocities than predicted by the 1-D
model, and blue and green indicate faster paths. We can see that the Love waves are faster for paths
within the Pamir, while paths associated with the Tien Shan or traversing the northern Pakistan basin
are slower. There are also complications to this simple pattern. Paths from events 289a and 328 to
KNET display contradictory anomalies which seems difficult to interpret. However, as we have
shown before, event 289a is very shallow and located at the southern edge of the Alai Valley (Figure
11), so the Love waves going north are strongly influenced by the low velocity sedimentary valley.
On the other hand, event 328 is deeper (15 to 20 km) under the mountainous Pamir and less affected
by this shallow structure. These observations are consistent with numerical sensitivity result (Song

et al., 1996) which shows that the timings of surface waves are controlled mainly by the S velocity

above the source.

e) Results from two stations

Both KNET and PAKN are small aperture, broadband, three-component arrays. The
successful source retrieval and relocation from these two arrays suggests that it is also possible to
accomplish the same results by using only two stations, one from each array. This is of great
practical significance because although PAKN is a temporary experiment, a new IRIS station, NIL,
was installed near station SBRA in 1993 (Figure 3). In addition, one of the KNET stations, AAK,
is also a permanent IRIS station. If we can calibrate the propagation paths to station AAK and
SBRA using our 10 events, we will be able to process events in this region routinely in the future,

assuming that NIL will perform similarly to SBRA.

As a test, we repeat the same waveform inversion and relocation procedure applied above
but using only stations AAK and SBRA. The results are summarized in Table 3. A comparison of
depths determined by two-array and two-station can be found in Figure 8. Quite encouragingly, the

two-station inversion gives very similar results as the two-array inversion.

A comparison of our results with the ISC catalog shows that the focal depths for the mantle
events are compatible, but they can differ by as much as 30 km for the crustal events. This is not

surprising because the ISC catalog relies heavily on the determination of depth phases (pP, etc) to
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Figure 11. The Love wave phase velocity anomalies measured by the time-
shifts of the waveform inversion. Red paths correspond to time shifts of +4
sec and larger (slow paths), and blue paths correspond to time shifts of -4

sec and smaller (fast paths). The insert box shows the location of Figure 10
which gives a close-up view of shallow structure variation near event 289a.
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establish focal depth. However, identifying depth phases on short-period recordings can by very
difficult, if not impossible, for crustal events. Without reliable depth phase constraints, a strong
trade-off exists between the origin time and depth. Zhao and Helmberger (1991), using long period
teleseismic body waveforms, found that throughout the Tibetan Plateau the PDE-reported crustal
events are systematically located about 15 km deeper and occurred about 4 sec earlier than our
estimates. An advantage of using regional broadband waveforms is that focal depths can be better
constrained, either from the amplitude ratio of P, to surface waves for crustal events, or from the
time separation between direct P and the depth phase sP, for mantle events. In our study, we find that
all crustal events are relocated shallower compared with their ISC depths or the Harvard CMT

solutions.

As the magnitudes of shallow events drop below about 4.5, the number of useful teleseismic
recordings becomes small and location becomes progressively more difficult. However, accurate
locations of these shallow events are important for seismotectonic studies as well as for nuclear
explosion monitoring. In this section, we have established a procedure of focal mechanism
determination and relocation using as few as two broadband stations at regional distances. A
real-time event locating program by a single 3-component station is under development which can
provides preliminary location within minutes of an event’s occurrence. Our procedure can then be
employed to refine the location, independent of the PDE or ISC locations which usually come weeks

or months later.

3. Event Trigger Algorithm and Source Location

In the previous section, we presented various methods useful for regional path calibration
using broadband seismograms and for locations of seismic events with magnitude (M,)) larger than
4. But in regions with high natural seismicity, many events have magnitude less than 4 which cannot
be detected at large teleseismic distances unless aided by focussing of seismic waves. Hence, for
a meaningful seismic monitoring program, these events must be detected and their preliminary
locations must be obtained to characterize their source type. Keeping this in mind, we describe a
procedure designed for detection and location of small magnitude seismic events (M,, < 4) using
regional seismograms recorded in areas where short-period arrays may or may not still be
operational and the IMS (international monitoring system) station coverage of the region is sparse.

Previous studies concering the location of regional events were in the regions where short-period
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array data were readily available (Bratt and Bache, 1988; Shlien and Toksdz, 1973). But in the
context of the present monitoring program for regions where the operation of such arrays is hindered
by both logistic and political issues, our focus is primarily on developing an algorithm to detect and
find preliminary locations of seismic events by making use of data recorded by only a sparse
network of three component broadband stations. To test the capability of our algorithm, which will
be automated to accommodate large amount of data, we are presently using data recorded on the
PAKN network as a test bed. This array consisted of 11 stations which operated near NIL (Nilore,
Pakistan) for three months in 1992 and recorded a fairly large number of regional events in the M,
magnitude range between 3.0 and 4.5. To have a better control on the location parameters, the
PAKN network data are augmented by additional data from the AAK station located in the middle
of the KNET network in Kyrgyzstan (Figure 11).

The real-time detection and location of earthquakes are best accomplished with seismic array
data and it is likely that the station NIL will co-locate events with the PAKR « array. Array data
are useful to enhance the signal to noise ratio (SNR). By stacking or beam forming of array data,
we can reduce the incoherent and diffuse noise coming from all directions and increase the strength
of signals for the selected phase velocities. Any detection algorithm is expected to perform better
for small magnitude events when such stacked time series are used for detecting P and S waves. The
PAKN network data have shown that the region adjacent to PAKN's location is rich in natural
seismicity and has recorded many events, at least 15 locateable small magnitude (M, < 4.0) events
per day. The majority of these events are located in between the stations NIL and AAK. By
examining the quality of these events in the KNET network, we find that about one-third of them
are also recorded by AAK. Thus, the station NIL, which is permanently located southeast of the
PAKN network and became operational in March 1995, must be recording many small events every
day and a dial-up capability to this station to access both continuous and segmented data can prove
quite useful to characterize the seismic sources in the region. In addition, after the PAKR array
becomes operational, the IMS will be able to detect small events and refine locations, and perform

event characterization of seismic activity throughout the region.

3.1 Estimation of P and S Travel Times Using Detection Algorithm
The underlying basis for the event detection algorithm that we have developed is quite

similar to the detection algorithm designed to use array data (Shlien and Toksoz, 1973). In their
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algorithm, a time series is obtained by the beam forming of array data and confining the signal to
a narrow band around a frequency, £, in which the signal-to-noise (SNR) is best observed. The beam
is then passed through two integrators of different time durations computing a short-term average
(STA) and a long-term average (LTA). The LTA is a measure the natural noise and is determined
over an user specified time window and the STA is a measure the signal which is computed over a
time window much shorter than the time window used for the LTA measurement. Both the LTA and
STA are measured in the quantum unit (=millimicron) and when 20.log,(STA/LTA) is above 8db,

a particular beam is declared to be in detection state.

Our detection algorithm is also based on the construction of two measurements, LTA and
STA, and use of their ratios employing different preset detection thresholds for P and S waves. To
detect and locate seismic events, we developed an algorithm which automatically picks both P and
S waves and estimates approximate epicentral distance using the S-P travel time. Given a time series
f(t), we remove the mean and any undesirable noise and generate a characteristic function g(z) which

is defined as:

gD =@+ dfyde)® ()

where the weighting constant "c¢" varies the relative weight assigned to the first derivative and
depends on the digital sample rate and noise characteristics of the station (Allen, 1978). Thus, the
function g(z) is one-sided as shown in Figure 12 and is more powerful than the characteristic
functions used in other event detection algorithms (Ambuter and Soloman, 1974; Stevenson, 1976;
Stewart, 1977). In the algorithms of Ambuter and Soloman (1974) and Stevenson (1976), it is the
seismic trace rather than the characteristic function on which the averages are carried out. In

Stewart’s algorithm, a simple first difference of the in-coming signal is used.

To carry out the averages, we filter g(?) to a short-period band to measure S7A and to a long-

period band to measure LTA as follows:

STA()= ft "e(t)dt LTA(?)= f, edt A3)
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where ¢, is the reference time, i.e., the time when the detection algorithm is set to start and the STA
and LTA are measured at each transient point # by integrating the filtered g(#) function from the
reference time through time #. The window lengths #, and ¢, can be modified as needed to enhance
the STA measurement relative to the LTA measurement. After we have computed STA and LTA, we
use the following detection criterion

_ STA(zy)

st & 4
LTAG,) @)

L(®)

where € is a preset detection threshold, to detect both P and S waves. The LTA is the long-term
average of g(t) and measures the background noise level at the time of detection. In most cases, the
shape of L(t) has an impulse-like onset for P-waves but can vary in shape for S waves depending

upon whether it is a deep or a shallow event.

At present, we have implemented the algorithm to a data set consisting of segmented data
in which each segment represents an occurrence of a single event and the P waves can occur
anywhere after 20 seconds from the start of the signal. We use the vertical component seismograms
for the P-wave detection and the transverse component seismograms for the S-wave detection. For
the P-wave detection, the reference time for STA and LTA measurements is set at the start of the
seismogram and both STA(?) and LTA(t) are computed progressively with time using the appropriate
filter constants. The function L(z) is constructed starting at 20 seconds and examined for whether
its value has increased to a threshold value (=5) which is set for the P wave detection. Once the P
wave is triggered, we rotate horizontal components and estimate back azimuth by minimizing energy
on the transverse component using a small window following the P onset. In most cases, we find
that back azimuths are estimated within 20° of the true back azimuths obtained from the hypocentral
location code (Lienert and Havskov, 1995) for the master events. To detect the S-waves, we use the
transverse component processed using the back azimuth found from the minimization of transverse
motion energy. Generally, the value of L(z) becomes largest in both transverse and radial
components at or in the neighborhood following the S arrival. In our algorithm, LTA is held fixed
and is computed using a time window (= 20 seconds) starting at the P-wave trigger time. STA(?) is
calculated in the same way as before with its reference time being the P-wave trigger time. We
compute L(z) over the entire time series from the reference time and determine where it becomes the

largest and start the S-triggering algorithm midway the between P trigger time and the time when
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L(t) is the largest. In this way, we can even trigger the S, phase (classical S head wave) on clean

seismograms.

We have applied this triggering algorithm to pick P and S travel times of many small events
(M, > 2.0) recorded by the PAKN network and located 88 small events over a period of 10 days (see
Table 4), in addition to 10 master events. Figure 13 shows the locations of these new events
obtained by using P- and S-wave travel-time picks from event trigger algorithm using the PAKN
network data. Since the azimuthal coverage of these events is limited (all stations of the PAKN
network lie within a narrow azimuth range for these events), most of their depths are unconstrained.
Many other events were also recorded by the PAKN network during these 10 days, but could not be
located as they were recorded by fewer than three stations. For large events with good SNR, the raw
seismograms can be fed directly into the event detection algorithm. However, for small events
coming from several hundred kilometers away, the SNR can be poor, generally dominated by the
long-period noise which must be reduced. We find that seismograms of small events when bandpass
filtered between 1 and 8 Hz, are free of long-period noise and both P- and S-waves generally become
observable. In order to check how well the P- and S-waves are detected by the algorithm, we filtered
seismograms of 10 master events in this frequency band and applied the detection algorithm. The
P- and S-wave arrival times detected by the detection algorithm were same as those travel times that
were picked by displaying the seismograms on the computer screen and visually inspecting each of

these phases.

3.2 Approximate Epicentral Distance and Regional Magnitudes

In addition to detecting the P- and S-waves, the event detection algorithm outlined in the
previous section also computes the initial epicentral distance and regional magnitude, M, using
three-component seismograms from a single station. Hence, our detection algorithm is
complementary to the short-period P, to long-period surface wave energy ratio (E, », :E,, ;) vs.
distance discriminant as it requires the epicentral distance for the discriminant to be viewed, a
parameter that comes out of the detection algorithm just from the three-component broadband
seismograms of a single station. The M, value can be used for the magnitude normalization as well.
The epicentral distance, R, is obtained by using the separation time between the S and P waves which
depends upon the crustal velocity model and the source depth. Assuming that all the crustal
earthquakes occur at a depth of 20 km and that all the subcrustal earthquakes occur at a depth of 100
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Table 4. Hypocentral Locations of Seismic Events Recorded by
PAKN Network (using only the PAKN network data)

Yr/Mo/Dy h:m:s Lat °N Long °E Depth (Km)
1992/10/02 00:10:02.6  36.729 71.224 260.0
1992/10/02  01:02:15.6 36.019  70.751 0.0
1992/10/02  01:38:249 36.458  71.085 123.6
1992/10/02  02:28:49.3 37.288  72.506 8.8
1992/10/02  04:10:30.7 37.835  64.335 20.0
1992/10/02 04:23:37.4 37.018 73.919 6.7
1992/10/02 12:36:25.3 35.487 70.154 20.0
1992/10/02 14:38:47.1 38.085 73.174 150.8
1992/10/02 15:01:39.4  36.200 69.866 20.0
1992/10/02 18:32:09.8 36.543 70.989 160.4
1992/10/02 18:37:58.4 36.094  70.559 116.6
1992/10/02 20:56:09.0 37.700 72424 160.5
1992/10/02  21:25:559 36.465  70.861 186.4
1992/10/02 21:37:15.0 32978 69.965 59.0
1992/10/02 22:12:23.3 33.983 72.898 19.9
1992/10/02  22:29:02.3 35.566  70.766 21.1
1992/10/02 22:38:43.0 36.564  70.765 192.6
1992/10/03 01:02:02.2 37.789 73.053 224
1992/10/03 02:57:54.5 37902  74.553 9.1
1992/10/03 09:13:03.2 37.018 71.335 129.0
1992/10/03 19:15:56.9 36.706  73.592 0.0
1992/10/03 19:46:56.8 36.482  70.044 236.0
1992/10/03 20:46:29.9 36.641 71.221 10.0
1992/10/15 00:37:57.1 36.650  70.895 182.8
1992/10/15 02:09:34.5 36.068 70.853 0.0
1992/10/15 10:50:30.2 37.432 73.867 7.8
1992/10/15 12:23:41.0 36.438 71.139 113.8
1992/10/15 19:42:12.7 38.361  74.212 149.1
1992/10/15 20:43:42.5 36.902 72.334 20.3
1992/10/15 22:13:37.9 36.050 70.610 20.0
1992/10/15  22:38:34.6 36.025  70.478 22.3
1992/10/15 23:52:144 36.568 71.057 201.3
1992/11/07 01:27:55.6  36.029 70.981 48.3
1992/11/07 02:32:48.5 36.757 71.324 179.3
1992/11/07 02:51:30.2 36.407 70.623 240
1992/11/07 07:21:53.2 41.257 73.053 20.0
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Table 4. (Continued) Hypocentral Locations of Seismic Events

Recorded by PAKN Network (using only the PAKN network data)

Yr/Mo/Dy h:m:s Lat °N __Iong °E_Depth (Km)
1992/11/07  09:05:13.8 36.440  71.511 10.0
1992/11/07 12:48:38.8 36.569  71.400 155.7
1992/11/07 17:58:28.9 34810 68.516 20.0
1992/11/07 18:25:04.4 36.284  70.436 14
1992/11/07 18:37:40.5 34.645  69.040 0.0
1992/11/07 19:48:46.4 35.762  73.258 37.4
1992/11/07  21:00:53.4 37.649  72.704 184.1
1992/11/12  01:15:04.4 36.797  73.373 20.1
1992/11/12  01:36:59.8 35.176  73.584 20.0
1992/11/12  02:11:24.6 35566  70.149 28.8
1992/11/12  05:02:10.1 36.985  73.845 8.2
1992/11/12  07:42:09.5 36.465  71.366 20.0
1992/11/12  09:09:35.3 36.011  70.029 12.4
1992/11/12 11:45:06.8 36.445 71.176 69.2
1992/11/12 13:54:33.1 35.891  70.574 31.8
1992/11/12 19:25:24.2 39330  75.125 20.0
1992/11/12 19:59:53.0 35.894  70.714 53.0
1992/11/12  20:41:03.4 36494  70.612 20.0
1992/11/12  22:45:12.3 32431  80.771 20.0
1992/11/17  00:44:08.2 36.547  70.989 21.1
1992/11/17  02:38:26.2 32301 65919 20.0
1992/11/17  04:40:10.6 36.950  71.808 73.5
1992/11/17  05:42:22.6 36.713  71.250 218.9
1992/11/17  06:55:24.2 36.190  62.278 20.0
1992/11/17  08:51:30.9 36.594  70.931 201.9
1992/11/17 14:19:59.3 36.053  70.672 83.5
1992/11/17 14:35:53.8 37.018  73.929 20.0
1992/11/17 14:48:19.6 36.420  71.181 115.0
1992/11/17 15:43:19.1 37.629  70.783 188.1
1992/11/17 16:22:11.6 36478  71.559 23.9
1992/11/17 16:36:14.3 36.561  71.272 124.9
1992/11/17 16:48:40.2 36.674  71.066 2229
1992/11/17 18:59:38.0 36.947  71.405 20.0
1992/11/17 19:26:59.5 37.678  72.839 20.0
1992/11/17  22:03:41.9 36.320  70.627 20.0
1992/11/17  22:27:10.0 37.944 _ 74.050 20.1
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Table 4. (Continued) Hypocentral Locations of Seismic Events
Recorded by PAKN Network (using only the PAKN network data)

Yr/Mo/Dy h:m:s Lat °N__Long °E _Depth (Km)
1992/11/23  01:35:22.5 36470  70.482 20.0
1992/11/23  03:40:08.4 37.077  71.800 161.8
1992/11/23  07:11:17.1 36.864  70.946 27.7
1992/11/23 17:51:004 36.686  70.510 20.0
1992/11/23 18:31:57.3 36976  71.521 32.8
1992/11/23  23:10:52.0 39.580  73.557 20.6
1992/12/04  00:58:26.2 32992  70.055 44.0
1992/12/04  01:16:214 36.760  70.991 220.1
1992/12/04  03:28:19.2 37.802  72.614 135.8
1992/12/04  03:45:49.3 36.787  71.152 113.2
1992/12/04  05:12:37.4 33928  73.954 20.0
1992/12/04  07:43:142 36.601  71.804 21.1
1992/12/04  09:21:36.6 37.128  72.281 40.7
1992/12/04 11:36:32.9 37.779  72.277 22.8
1992/12/04 13:55:16.9 37.562  72.413 14.9
1992/12/04  20:04:29.8 35.136  72.593 57.2
1992/12/04  22:06:27.0 37.759  72.377 45.5
1992/12/04  23:09:30.7 36.646  71.340 80.8
1992/12/06  00:56:35.5 35.350  72.498 57.1
1992/12/06  01:52:54.6 37.297  71.577 20.0
1992/12/06  03:44:27.3 37.714  72.262 26.6
1992/12/06 13:48:01.4 34.578  69.896 24.1
1992/12/06 15:47:49.9 36.620 71.924 10.0
1992/12/06 15:58:54.1 37.101 72744 23.6
1992/12/06 16:16:16.7 32434  77.036 20.0
1992/12/06 21:45:04.8 39.420 71.387 0.0
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Figure 13. Map showing epicentral locations of events presented in Table 4. These epicenters
were obtained using the P- and S-wave travel times picked by the event-triggered algorithm
using the PAKN network seismograms.
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km, it is possible to find two approximate epicentral distances for individual S-P travel time

separation as follows:

L}
w

i

R=) a(T-Tp) ®)

4

1
o

where T and T, are the arrival times of P and S waves, respectively, and the a,’s are the constants
for the deep and shallow events derived separately from the Hindu-Kush crustal model. It should
be noted that errors can creep into the distance estimation due to incorrectly identified seismic
phases, especially for small magnitude crustal earthquakes. For example, the SmS wave can be
misidentified as the S, phase for the earliest arrival when the noise level is high. Thus, this

algorithm warrants a careful scanning scheme for phase association to individual seismic arrivals.

We have also added an additional capability to the detection algorithm for estimating M,.
To do this, we first simulate Wood-Anderson seismograms from the broadband seismograms, and
determine M, from each of the three components, using the standard method described by Richter
(1935), and average them. The local magnitude M, (Richter, 1935) is simple and is just the base 10
logarithm of the maximum amplitude A on a seismogram (measured in mm) minus a correction
factor log,,(A,) which is an attenuation term that was initially derived for southern California and

was given a mathematical form:

q(r)=cr "exp(-kr), r2=A%+p% | (6)

with ¢ = 0.49710, n = 1.2178, k= 0.0053 km™ , and / = 8 km by Kanamori ef al. (1993). Bakun and

Joyner (1984) proposed a different attenuation form given by

-log, A =log,(r) + 0.00301r + 0.70, h=10 km. @)

Both these attenuation forms produce the original attenuation for - log,(A,) given by Richter (1935)
for southern California, but do not give attenuation correction factors, in a strict sense, appropriate
for any other regions. To apply the M, scale to the Hindu Kush earthquakes, we need to obtain new
correction factors. Due to the lack of these new correction factors, we applied the southern
California correction factors (Kanamori et al., 1993) to the M, calculation, but expect to make

"corrections" to these corrections factors by applying a differential attenuation operator representing
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the difference in attenuation between Pakistan and southern California. Figure 14a shows the M,
measurements made for the 10 master events. Both panels show M, versus M, the latter being the
moment magnitude estimated from the regional modeling (Saikia et al., 1996). On the left panel are
shown the magnitude estimates for the deep and shallow events; the shallow events are marked by
the open symbols and the deep events by the filled symbols. On the right panel are shown the M,
estimates of individual stations using the same symbol convention for the deep and shallow events.
Clearly, the distance dependence and large scatter in the M, values in both these panels indicate that
the attenuation correction factors used in defining the magnitude may not be adequate and M,
measurements by themselves may not be stable. In Figure 14b, variation of the average M,
magnitude obtained using the PAKN network data versus the My, magnitude suggests that average
M, values for the shallow and deep earthquakes computed using the southern California attenuation
may correlate with the network estimate of M, , each with a different relation. However, it should
be kept in mind that more analysis of additional events is necessary for a definite conclusion as this
preliminary analysis consists only of a few data points. The right panel of Figure 14b shows a large
amount of scatter in the M, estimates for all the events when compared to the network estimate of
My, Even though the data analyzed in this study are from the PAKN network and its aperture is
large compared to the conventional arrays, the scatter in the magnitude values suggests that the M,
measurements may not be robust. To better understand the M, scatter, the M, scatter should be
examined relative to the scatter observed in M, measurements and determine how well the M, and
My, measurements do correlate at individual stations, especially at SBRA (surrogate of NIL) and

AAK stations.

3.3 "Waveform Complexity" as a Depth Estimator
In our recent study (Saikia et al., 1996), we noted that the E

o-p2- Epp.3 S. R discriminant values

for deep earthquakes in the Hindu-Kush region are large relative to the general shallow earthquake
population and they fall into the zone of the expected explosion population. Following this
observation, we have developed a new diagnostic tool to identify deep earthquakes in conjunction

with the E

o-p.- Epp.3 discriminant. Deep earthquakes produce large estimates of E,

o-pz-Ep.; Decause

of the deficiency in long-period fundamental mode surface waves relative to strong body waves. On

the other hand, E

«-p- Epp.; Temains high for explosions because explosions are rich in P waves relative

E,

to the P waves excited by shallow earthquake sources. For the E >

s-p2-Epp.3 VS. R discriminant to be
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effective in regions with deep seismicity, it is necessary to identify the depth of those events for

which E,

Sp
then its source is characterized with respect to nuclear monitoring concerns, while others still need

p=E,, 5 estimates are large. If an event with a large E, .- E 5 value is proven to be deep,
to be considered as outliers to the earthquake population and require further analysis.

In several recent studies (Saikia et al., 1996), we have demonstrated that regional waveform
modeling can be used to identify deep earthquakes, but the events have to be sufficiently large so
that the regional seismograms have enough long-period signals to model. Generally, events with
M, greater than 4 meet this criterion and the entire process, which includes finding focal mechanism
and source depth, can be completed within a reasonable time for analysis (=10 minutes per event).
This method, which has been robustly established for two stations (Saikia et al., 1996), also performs
well with single-station data, and its success depends primarily on the adequacy of path calibration

and availability of Green’s functions on disk ranging many distances and depths.

Following this approach, we find the function g(#) (Section 3.1) has some interesting features
which can be quantified to isolate the deep Hindu Kush earthquakes in the E, ,. :E,, ; population.
For the deep events, the duration of the S wave packet observed in g(#) appears narrow compared
to the duration of the S wave packet observed for the shallow events (Figure 15). Except for a few
exceptions which are related to site complexity, we found this to be true for the five shallow and five
deep master events in the region (see Appendix). Thus, by quantifying this observation it is possible
to identify all the deep events in the E, ,°E,, ; population. Once the S wave is detected, we retrace
5 seconds and compute a time series L(z) of the cumulative sum of the test function g(z) over a time
window of 2 minutes using both SV and SH seismograms separately. The SV and SH seismograms
are obtained by rotating the horizontal seismograms using the back azimuth which minimized the
energy in the P-wave window of the SH seismogram. The L(?) time series are normalized to unity
and using the normalized L(), we measure two durations where () attains 60% and 95% of the total
values. The ratios of the two durations, DUR, and DUR,,, equalized to the measured S-P times and
divided by 100 seconds are formed and used to identify deep events from the shallow ones. This

new depth estimator, which is actually a measure of waveform complexity, is defined as follows:

(T;-Tp)
(¢,[DUR,/DUR ]+, [DURG/DURySlg,} % —F

@®
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where c¢,=c,= 0.5 when both SV and SH measures are used, ¢;= 1, c,= 0 when only the SH measure
is available, and ¢;= 0, c,= 1 for case when only the SV measure is available. For deep events, the
DURy, estimate captures the dominant features of g(#) and is much smaller relative to its DU

estimate. For shallow events, S waves in g(?) extends dominantly for a long duration and its DUR,,
value relative to the DUR,; value is large compared to that for deep events. Thus, the ratio of the
two durations produce better separation between the two populations than do the DUR,; estimates

alone.

We applied the above approach to the population of 10 master events and the result is shown
in the left panel of Figure 16. Each station is assigned a symbol which is open for the shallow events
and filled for the deep events. While the shallow events do indicate some scatter, the deep events
are well behaved and have a pattern of systematically small values relative to shallow earthquakes.
The dashed line shows the demarcation of the deep events from the shallow events as estimated by
eye-ball. Notice that there are points corresponding to the shallow events below this line which
could be related to the site or radiation condition of the S-waves. Whenever a shallow event falls
below the separation line, it does not cause much concern as our objective is to isolate the deep

events in the E

-~ Epp.; POpulation. A few other points of deep events do fall within the population

of shallow events. The observations for deep events are recorded at large epicentral distances, far
beyond the critical distances of the S-waves which causes the S-waves to scatter over a longer time
window and producing longer duration. It is clear that this depth estimator which is based on
waveform complexity appears quite promising with the caveat that it is likely to be region-specific.
Careful evaluation of the characteristic function g(f) in a new area can produce insight for
quantifying the waveform complexity to isolate deep events from the shallow events. The advantage
of this complexity measure is that it is applicable at high frequencies (> 1 Hz) allowing a significant
reduction in the magnitude threshold from M, 4.0 to about 3.0 where regional waveform modeling
becomes unsuitable as regional seismograms from small magnitude events generally lack long-

period signals.

In the right panel of Figure 16, we show the duration measure for all new events shown in
Figure 13 including the master events. The dotted line in this panel is the same line which separated
the deep master events from the shallow master events. We have then selected two events (Figure

17), one shallow and one deep, at random using the duration criterion and identified by in this panel.
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The filled cross symbol is for the shallow event which plots above the dashed line and the deep event
(a filled star) plots in the population of deep events. Most of the deep events concentrate at the
bottom on the left side and their epicenters lie in the zone of deep seismicity to the north of the

PAKN network.

3.4 Relocation of Events Using Two Stations

Obtaining precise locations of seismic events is difficult when events are small in magnitude
(M, < 4) as in many cases they cannot be seen teleseismically. At many short-period teleseismic
arrays their first arrivals may lie within the noise level and not be amenable even to the stacking
process. For example, the Chiang Mai array which is located in the range of 29°- 33° away from
the NIL station failed to record the October 15, 1992 event (Julian day 289, M, = 4) above the noise
level (Figure 8). In the Alice Spring and Warramunga arrays, which are located in Australia at 82°
away, events of M,, = 4.3 could be seen only marginally above the noise level after stacking. These
observations imply a serious problem for the detection and location of small magnitude seismic
events in Pakistan. We are in the process of examining these events at other short-period arrays in
Scandinavia. For small events, the P- and S-waves are distinct phases observed in regional
seismograms when filtered to high frequencies and can provide travel time information with
sufficient accuracy to find their preliminary locations. Our goal is to determine how the locations
of the small events determined using the PAKN array data alone (Figure 13) are affected when travel

time data from a station in the KNET array are added.

Of the events shown in Figure 13, we found that 23 events were also recorded at AAK or
AML (KNET network stations) and the event triggered algorithm could detect both P- and S-waves
in the frequency band between 1 and 8 Hz. We found evidence for more events recorded at AAK,
but the algorithm failed to detect these additional events due to the poor SNR level as is shown in
Figure 18. The top three seismograms are the three-component broadband seismograms recorded
at AAK and are dominated by long-period noise. By filtering these broadband seismograms in
different frequency bands, both P- and S-waves can be somewhat enhanced above the noise level
as shown in the next six seismograms. We mark the P arrivals on the vertical component and S
arrivals on the horizontal components. The first three seismograms were filtered in the 1.5-2.5 Hz

frequency band and bottom three seismograms were filtered in the 1.0-8.0 Hz frequency band.
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Although the signals are discernable from the noise in these high frequency bands, the characteristic

function used in our event triggered algorithm could not sense these signals.

We have relocated these 23 earthquakes by augmenting the P- and S-wave travel time picks
of the PAKN arrays with P- and S-wave travel time picks from AAK (or when not available, AML
instead). Their new locations are shown in Figure 19. Epicenters shown in blue correspond to
original locations of the events and the new locations are marked by red dots. The two locations
for each event are connected by a blue line. Note that one event has shifted significantly from the
original location. This event occurred close to AAK (=100km) compared to more than 700 km away
for the PAKN network. The event location begins with a starting solution closer to AAK when the

travel-time information of this station are included.

The next step in our relocation effort is to determine the best locations for the events which
produce minimum travel-time errors to the two broadband stations AAK and NIL, which are the
existing GSETT-3 stations. This is done by improving upon the locations presented in Table 4 by
using a grid search technique over a 1.5° x 1.5° area with increments of 0.02°. Since NIL was not
operating in 1992, we replace NIL by SBRA (PAKN) because it is the closest PAKN station to NIL,
or by an another station from the network located close to SBRA when SBRA was not operational.
This relocation algorithm follows the following mathematical formulation and requires station co-

ordinates, initial locations and a one-dimensional layered velocity structure for the region.

Given the initial epicentral location for a seismic event, the code computes epicentral
distances (R) to all the stations and finds ray parameters (p) for the direct P- and S-waves, and for
the diving P and S rays from the Moho discontinuity appropriate for those distances at some selected
source depths (in our case h = 20 km and 100 km). Using these ray parameters and epicentral
distances, travel times of individual rays are determined which are computed using the following

relation:

N
T =pR+ 3 hm; ©)

where h; and 7 are the thickness of a layer and vertical slowness of either the P or the S wave,

respectively. To compute the reference time of the event, we compute the average of origin times
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calculated for the event from every station by subtracting travel times of the P- wave from the P

arrival times for all stations. This reference time is used to minimize the travel time residual of the
P- and S-waves to find the best location. This algorithm was tested on synthetic seismograms and
solutions converged to the true solution for as few as two stations. However, when applying to data,
it appears it may encounter difficulty in finding the depth based on two stations as more than one
solution was identified for several events. This limitation comes from the deficiency in the crustal
model and in the misidentification of the S phase. We have assumed that beyond the critical distance
the S phase identified by the detection algorithm in high-frequency seismograms is the diving ray
and the P-wave identified by the algorithm is the P, wave. Figure 20 shows the comparison of these
new locations determined using two stations with those obtained using all stations from the PAKN
network and one station from the KNET network. These locations are also presented in Table 5.
It is clear that new locations (shown by red circles) obtained using two stations, one from each
network, have moved from the locations determined using the PAKN network and AAK data. These

are our final locations relative to two broadband stations AAK and SBRA.

Thus, we have established a procedure for locating small events (M, > 3.5) relative to two
broadband stations when a temporary broadband array is emplaced in the same region. Such an
array allows one to characterize small events in a region, and to calibrate two-station locations
relative to those of a more extensive array. Location information of this type is crucial to identifying
small events which may be observed only by two regional IMS stations or by one teleseismic array

of the IMS.

4. E,, p, E,, ; Ratio Discriminant for the Middle East - Further Analysis

As part of the calibration procedure, we have extended the analysis of the E , 5 E;, ;
discriminant from the region covered by the stations NIL (surrogate for the PAKO array and itself
an IDC beta station) and AAK, west to the region covered by ABKT, site of the ABKO array.
Figure 21 is a map of the greater area showing the stations and the events observed; events are
color-coded with respect to the recording stations. The results for the stations AAK and NIL, and
the PAKN array are in the previous technical report (Saikia et al., 1996). We compiled additional
broadband seismograms from fifty-eight events recorded by ABKT and analyzed them to calibrate

the station with respect to the E, , :E,, ; d