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Abstract  We propose a novel seismic tomography method, Source Side Seismic Tomography (3STomo), which is de-
signed particularly to image the subsurface structure beneath seismically active regions. Unlike the teleseismic tomography, 
in which the data are relative traveltime residuals between closely spaced stations for each teleseismic event, 3STomo uses 
relative traveltime shifts between earthquakes within the study region for each distant station. Given the relatively evener 
distribution of global seismic stations, this method has unique advantages for imaging the structure beneath regions that have 
numerous earthquakes but lack of dense seismic stations, for example, some subduction zones and spreading ridges in the 
ocean. In addition, 3STomo has potentially better vertical resolution at shallow depths than the traditional teleseismic tomo-
graphy. The effect of the inaccurate source parameters on its resolution can be minimized by using depth phases and the 
technique of joint source and structure inversion. Numerical experiments and application to Luzon Island, Philippines show 
that 3STomo can be a valuable tool to investigate the subsurface structure beneath some areas where the traditional method 
cannot be applied to, or at least it can be used as a complementary component of conventional teleseismic tomography to ob-
tain better back-azimuth coverage and achieve higher resolution at shallow depths in the inversion. 
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1 Introduction  

Seismology is a primary tool to investigate the 
Earth structure and its internal physical, chemical and 
dynamic processes (e.g., Romanowicz, 2008). In order 
to understand the geodynamic processes on a local or 
regional scale, seismologists often deploy a temporary 
seismic network or array covering the interested region, 
and a number of seismological techniques then can be 
employed to study its detailed subsurface structure, in-
ternal boundaries, mantle flow directions and crustal 
deformation properties. Such experiments have been 
carried out in many parts of the world by US seismolo-
gists under the program called PASSCAL (Program for 
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Array Seismic Studies of the Continental Lithosphere) 
or similar projects around the world, through which a 
great deal of scientific discoveries have been made and 
our understanding of the lithosphere and deep mantle 
dynamics have significantly improved (e.g., Aki et al., 
1977; Wolfe et al., 1997; Yang et al., 2009).   

There are many places in the world, however, that 
do not allow us to install seismic network or array, even 
temporarily. A good example is the vast deep ocean floor. 
Even though Ocean Bottom Seismographs (OBSs) have 
been existing for decades, the majority of ocean floor 
has never been sampled by any seismic stations because 
of technique difficulties and extremely high costs. This 
situation is believed to be the biggest challenge faced by 
modern seismology in order to better understand the 
earth interior (e.g., Lay et al., 2008). Regions that cannot 
deploy seismic networks also include inaccessible re-
mote areas, geopolitically sensitive territories and more 
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commonly, areas where the local governments simply do 
not allow seismic deployments. These regions, therefore, 
can not be investigated by conducting the PASSCAL- 

type experiments, and their deep dynamic processes are 
poorly understood.  

On the other hand, PASSCAL-type studies often 
require an even distribution of earthquakes. Global 
earthquakes, however, tend to occur along plate bounda-
ries. Even for regions where we are able to deploy seis-
mic networks, the distribution of earthquakes may not 
be favorable for such studies. During a typical deploying 
period of the PASSCAL experiment, which is usually 
one to two years, it is common that seismologists cannot 
obtain uniform back-azimuth coverage for their study 
regions, potentially leading to artifacts or misinterpreta-
tions in their investigations.  

In this paper, we propose a novel seismic method, 
Source Side Seismic Tomography (3STomo), which is a 
simple alternation of the conventional teleseismic tomo-
graphy. 3STomo can be used in regions where there are 
numerous large or moderate earthquakes but no seismic 
networks are available. It can also work together with 
the traditional tomography, to provide better back- azi-
muth coverage to improve the resolution. 

2 Conventional teleseismic tomography 
and 3STomo 
Among all seismological tools used in PASSCAL- type 
experiments, seismic tomography is perhaps the most 
important approach to study the Earth interior. Depend-
ing on the target region and the dataset used, there exist 
many types of seismic tomography. For example, Local 
Earthquake Tomography (LET) (Thurber, 1993), in 
which both earthquakes and seismic stations are con-
fined to the model volume, can only image the 

crustal and uppermost mantle structure through which 
the local seismic rays propagate (e.g., Yang and Shen 
2005). Another class of seismic tomography is called 
teleseismic tomography, which have been widely used to 
investigate the lithosphere and upper mantle structure. 
The important geodynamic processes such as subduc-
tions and mantle plumes were unraveled by this ap-
proach (e.g., Eberhart-Phillips and Reyners, 1997; Zhao 
et al., 1997; Wolfe et al., 1997; 2009; Yang et al., 2009). 
The proposed 3STomo is an alternation of the teleseis-
mic tomography. To better understand this new method, 
its advantages and limitations, we first recount the de-
tails of the conventional teleseismic tomography.  
2.1 Teleseismic tomography 

While the target volume in teleseismic tomography 
is the lithosphere and upper mantle beneath the seismic 
array, earthquake sources used in this study, by definition, 
are teleseismic events, which are generally thousands of 
kilometers away from the receiver array (Figure 1a). 
Teleseismic tomography is able to achieve this goal be-
cause it assumes only heterogeneities beneath the re-
ceiver array affect the traveltime residuals. Velocity 
anomalies outside the target volume and errors in hypo-
center locations and origin times contribute little if any to 
the observed residues. This assumption can be justified 
because of the fact that teleseismic tomography uses 
relative traveltime residual between two closely spaced 
stations rather than the absolute traveltime of each station. 
The effect of near-source and deep-mantle anomalies, 
therefore, is negligible since those portions of the ray 
paths are virtually identical between two closely spaced 
stations (Figure 1) (e.g., Aki et al., 1977; Humphreys and 
Clayton, 1984; VanDecar and Crosson, 1990). The 
earthquake mis-location and error in origin time are sim-
ply cancelled out from relative traveltime residuals.  

 

 

Figure 1 A schematic comparison of the conventional teleseismic tomography (a) and Source Side Seismic Tomography 
(3STomo) (b). Note that the most portions of the two ray paths in both methods are virtually identical. 
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Depending on station intervals and the aperture of 
seismic array, teleseismic tomography can presumably 
achieve tens of kilometer resolution capacity from the 
Earth surface to about several hundred kilometers deep. 
However, since incoming rays from teleseismic events 
are nearly vertical beneath the receiver array, this tech-
nique has excellent horizontal resolution but the vertical 
resolution is often less than ideal, particularly at depths 
less than 100 km (e.g., Keller et al., 2000). Vertical ve-
locity variations at shallow depths are often poorly con-
strained and therefore must be interpreted with caution 
(Leveque and Masson, 1999). The widely used remedy 
is to add extra constraints, for example, combining tele-
seismic tomography with LET (e.g., Zhao et al., 1994; 
Bijwaard et al., 1998) or surface wave study (e.g., Allen 
et al., 2002) to obtain the structure from the Earth sur-
face to deep mantle.  

One long-standing difficulty in teleseismic tomo-
graphy is the irregular distribution of global earthquakes. 
Earthquakes tend to occur along plate boundaries, and  

most moderate and large earthquakes occur in or near 
subduction zones, which, in many regions in the world, 
restricts the back-azimuth coverage for the tomographic 
studies (Figure 2a). To make this situation worse, in 
body wave teleseismic tomography, only earthquakes 
with epicentral distances in the range from 30° to 90° 
can be selected as useful sources because events outside 
this range, either will generate triplicated waves sam-
pling in the transition zone or the core-mantle boundary, 
which poses difficulties to determine raypaths for arrival 
phases, or contribute little to the depth resolution due to 
their completely vertical ray paths (core phases). Thus, 
it is not uncommon, for many regions in the world, to 
have very uneven distribution of ray paths (in terms of 
back-azimuth and inclination) through the target volume 
in teleseismic tomography. The unevenly distributed 
earthquakes in tomography could cause strong streak-
ings and artifacts in the resulting images, which may be 
responsible for many misinterpretations such as “plume- 

like” or “tilted” structures in tomographic models.

 

Figure 2 A comparison of the global earthquake distribution (a) and the global seismic station distribution (b) in the epicentral dis-
tance range from 30° to 90° centered at Luzon Island, Philippines. Earthquakes in (a) occur at the period of July 2007 to December 2008, 
with magnitude great than 5.5. Please note that there are large back-azimuth gaps caused by uneven seismicity distribution and limited 
deployment period. Stations shown in (b) are also ones used in this study.

2.2 Source Side Seismic Tomography (3STomo) 
The 3STomo is an alternation of the teleseismic 

tomography. The concept is quite simple and straight 
forward. As illustrated in the Figure 1, 3STomo simply 
interchanges the roles of stations and earthquakes played 
in conventional teleseismic tomography. The target 
volume then becomes regions beneath earthquakes; and 
stations are located far away from the target volume in 
3STomo. Accordingly, the data used in 3STomo are re-

siduals between earthquakes relative to a distant station. 
Heterogeneities on the station side and in the deep man-
tle, therefore, have negligible effects on the relative 
traveltime residuals between two closely spaced events. 
If a region has active seismicity, especially scattered 
moderate and large earthquakes, its subsurface structure 
can be resolved by this method. These regions include, 
but not limited to, some subduction zones, mid-ocean 
ridges in the ocean. 
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In addition to the ability to resolve the structure 
beneath regions having no dense stations, 3STomo has 
two advantages over the conventional tomography. In 
the first, the distribution of the global seismic stations is 
evener than large earthquakes during the typical dura-
tion of a portable seismic array experiment (one to two 
years) (Figure 2). As a result, the back-azimuth coverage 
should be better in 3STomo. Second, unlike seismic sta-
tions, which have to be installed at the Earth surface, 
earthquakes occur at various depths. If we include 
events with different source depths in the inversion, they 
could provide another way to constrain vertical varia-
tions of the shallow structure, where the conventional 
tomography has poor resolving power (Leveque and 
Masson, 1999). 

Despite of its advantages, 3STomo also has an im-
portant drawback compared with the traditional tomo-
graphy, that is, errors in source parameters can no longer 
be cancelled out in 3STomo. Instead, they will go into 
residuals, and cannot be easily distinguished from the 
structure anomalies. With several sophisticated earth-
quake location methods emerged (e.g., Engdahl et al., 
1998; Waldhauser and Ellsworth, 2000), however, this 
problem can be addressed by (1) using the depth phases, 
pP, pS, sP etc, which are abundant for deep earthquakes 
in subduction zones; (2) the joint inversion, through 
which the heterogeneities and the source parameters are 
inverted simultaneously. These two methods can be used 
in 3STomo to minimize the effect of source errors.  

3 Application to the Luzon Island, 
Philippines 

The Luzon Island, Philippines is tectonically 
unique in that it is underlain by two opposing subduc-
tions and a major transform fault across the Island. De-
spite its high seismicity, the subsurface characteristics of 
both subducting slabs, South China Sea plate and Phil-
ippine Sea plate, were poorly constrained in previous 
studies due to the lack of a dense seismic array. As a 
result, there exist several puzzling surface features re-
garding its volcanism and seismicity, including the 
temporal and spatial distribution of volcanoes, seismic 
gaps and untypical focal mechanisms (e.g., Yang et al., 
1996; Bautista et al., 2001). The seismicity in Luzon 
Island is very high, with about 40 M>5.0 earthquakes 
per year. Since the two subductions situate two sides of 
the Island and the major transform fault in the middle, 
earthquakes in Luzon are evenly distributed. Figure 4a 

shows selected 250 earthquakes with magnitude greater 
than 5.3 from 2000 to 2007 in this area, which are also 
earthquake used in this study. 

The traveltime data and the source parameters used 
in this study were from EHB catalogue, which is be-
lieved to be the most accurate catalogue available be-
cause they re-located all sources using additional phases 
such as depth phases and corrected many errors in phase 
identifications (Engdalh et al., 1998). Selected global 
stations within epicentral distance range from 30° to 90° 
are shown in the Figure 2b. Note that the back-azimuth 
coverage is significantly improved compared with the 
distribution of global earthquakes (Figure 2a), which 
would be the sources if we conduct a conventional tele-
seismic tomography in this region. We selected 17 562 P 
phases and 4 376 pP phases from over 35 000 travel time 
residuals in EHB catalogue as our dataset. 

The subsurface structure beneath the region of 
study was parameterized by a 3-D grid (33 km×51 
km×37 km) centered at 16.5°N, 121°E, and with a di-
mension of 11° in longitude, 16° in latitude, and 800 km 
in the vertical direction. Our starting model is the 1-D 
radially symmetric IASP91 model (Kennett and Engdahl, 
1991), and the linearized ray theory is utilized to repre-
sent traveltime shifts relative to the starting model. The 
inversion of the matrix is approximated using the LSQR 
algorithm (Paige and Saunders, 1982). To stabilize the 
inversion, we applied Laplace smoothing regularization 
as well as norm damping. We also performed a trade-off 
analysis of model norm versus variance reduction to 
determine the damping factor and the smoothing weight. 
With the selected values for the damping and smoothing, 
the inversion achieved a variance reduction of 65%. 

To determine the resolution of this 3STomo inver-
sion, we conducted checkerboard resolution tests in 
which synthetic traveltimes were calculated for the ac-
tual event-station pairs based on an input model that 
contains alternating anomalies of high and low veloci-
ties. These synthetic data were inverted in the same 
manner as was done in the actual inversion. Gaussian 
noise with a standard deviation of 50 ms was added to 
the synthetic traveltime residuals prior to inversion. 
Figure 3 shows the results for one such test. The input 
anomalies with dimension of 90 km ×90 km ×75 km 
were well recovered to depths of about 480 km. The 
edges of our target regions and depths greater than 
500 km are not well resolved and show slight streakings 
because of the lack of crossing raypaths.  

Our preliminary P-wave velocity model beneath  
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Figure 3 Resolution test. The input synthetic model is a sinusoidal checkerboard with the maximum amplitude of 
the perturbation being 4% (block size are 90 km × 90 km). Gaussian noise with a standard error of 50 ms was added 
to the synthetic traveltimes. Please note the shallow anomalies are well resolved.  

 

Figure 4 The preliminary P-wave velocity model from 3STomo plotted along four vertical cross-sections. The main tectonic 
units in the study region, earthquakes used in this study and the cross-section locations are shown in (a). The black dots in each 
section are local earthquakes within a 100-km perpendicular distance from the cross-section lines. 
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Luzon Island from the 3STomo is shown in Figure 4. In 
this study we assume source parameters are accurate 
because the relocated EHB catalogue was used. Four 
cross-sections perpendicular to the trench line are shown 
in the figure, along with the projected local seismicity 
within 100 km perpendicular distance from the profile 
lines. As we can see from the profiles, the general geo-
metric features of both South China Sea plate and Phil-
ippine Sea plate were revealed; and they are roughly 
consistent with neighboring earthquake distributions. 
However, there are some distortions on the slabs, which 
may be attributed to inaccurate locations of some earth-
quakes used in the version. Nevertheless, there are sev-
eral evident features worthy pointing out. On cross sec-
tion A1-B1, which sits above the Bashi strait, the 
slab-like high velocity anomaly extends nearly vertically 
to 500 km depth, and even slightly overturned in the 
deep. This geometry may suggest that, in that area, the 
subduction of South China Sea plate was hampered by 
opposing motion of the Philippine Sea Plate. There ex-
ists a broad low velocity body on cross section A2-B2 in 
the 200 km to 300 km depth range, which connects with 
two detached shallow low velocity anomlies. This sec-
tion traverses the subducting location of the extinct 
ridge of South China Sea, and is perpendicular to the 
two paralleled volcanic arcs at surface (Yang et al., 
1996). It is possible that, therefore, this low velocity 
anomaly is the mantle materials upwelling through the 
window opened by the subducted ridge, as proposed in 
models of Yang et al. (1996) and Bautista et al. (2001), 
with the detached shallow anomalies being the subsur-
face sources for the two paralleled volcanic arcs. In ad-
dition, on cross section A3-B3, the Philippine Sea plate 
also shows slab-like subduction features extending to at 
least 200 km depth. This feature contradicts with previ-
ous study from seismicity indicating that this portion of 
subduction has no defined Wadati-Benioff zone (Gal-
gana et al., 2007). 

4 Discussion 
As mentioned above, the biggest challenge for the 

new 3STomo is uncertainties or errors of the source pa-
rameters, which could directly affect the structure inver-
sion. Although we can use other constraints and tech-
niques to address this problem, it is not easy to assess 
their influence on the inversion, casting doubt on the 
resultant images of tomography. Nevertheless, 3STomo 
has its advantages over teleseismic tomography, and can 
be used to certain regions where the traditional way 

cannot be applied to.  
3STomo is not the only tomographic method hav-

ing this problem. The widely used LET is also required 
to invert the hypocenter and the structure jointly. The 
LET is still seen as a valid approach because it relocates 
earthquakes on a local scale using a local network, 
which can presumably yield more accurate results than 
that at teleseismic distances. In some special cases, 
3STomo can also be applied to in the same way as the 
LET, as long as there are stations in the study region, to 
relocate earthquakes on a local scale in the inversion. It 
is common that an area has some stations, but is not 
suited for the traditional tomographic study because the 
number of stations may be not enough, or the station 
intervals are too sparse. In addition, for PASSCAL-type 
experiments, in which the study regions usually have 
dense stations, the common difficulty of poor back 
-azimuth coverage can also be tackled by relocating 
earthquake through local network in 3STomo. In these 
applications, we can use the local network to relocate 
earthquakes in the 3STomo, and combine the stations 
and earthquake in the study region to fill the gaps left by 
poor back-azimuth coverage or sparse station intervals, 
that is, using the 3STomo as a complementary compo-
nent of the traditional teleseismic tomography to obtain 
evener and higher resolution.  

5 Conclusions 
The Source Side Seismic Tomography (3STomo) is 

a simple alternation of the conventional teleseismic to-
mography, designed particularly to image the subsurface 
structure beneath seismically active regions. Advantages 
of 3STomo over the traditional teleseismic tomography 
include evener back-azimuth coverage and potentially 
higher resolution in the shallow structure. On the other 
hand, uncertainties or errors in source parameters put 
limitations to this new method, although their effect on 
the structure can be minimized by using depth phases in 
subduction zones or the technique of joint inversion. 
However, in some special cases 3STomo could still be a 
valuable tool to investigate the subsurface structure be-
neath seismically active regions where (1) there is no 
any station and the traditional teleseismic tomography 
can not be applied to; (2) stations are not enough, or 
station intervals are sparse; (3) the back-azimuth cover-
age is poor for a conventional teleseismic tomography, 
even the station distribution is good. In the last two 
cases, earthquakes can be relocated by local stations in 
the inversion; and 3STomo can be used as a comple-
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mentary component of teleseismic tomography, achiev-
ing better resolution in the inversion.  
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