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Seismic Tomography of the Lithosphere with Body Waves

CLIFFORD H. THURBER!

Abstract— A pair of papers in 1976 lead-authored by Kei Aki heralded the beginning of the field of
seismic tomography of the lithosphere. The 1976 paper by Aki, Christoffersson, and Husebye introduced a
simple and approximate yet elegant technique for using body-wave arrival times from teleseismic
earthquakes to infer the three-dimensional (3-D) seismic velocity heterogeneities beneath a seismic array or
network (teleseismic tomography). Similarly, a 1976 paper by Aki and Lee presented a method for
inferring 3-D structure beneath a seismic network using body-wave arrival times from local earthquakes
(local earthquake tomography). Following these landmark papers, many dozens of papers and numerous
books have been published presenting exciting applications of and/or innovative improvements to the
methods of teleseismic and local earthquake tomography, many by Aki’s students.

This paper presents a brief review of these two types of tomography methods, discussing some of the
underlying assumptions and limitations. Thereafter some of the significant methodological developments
are traced over the past two and a half decades, and some of the applications of tomography that have
reaped the benefits of these developments are highlighted. One focus is on the steady improvement in
structural resolution and inference power brought about by the increased number and quality of seismic
stations, and in particular the value of utilizing shear waves. The paper concludes by discussing exciting
new scientific projects in which seismic tomography will play a major role — the San Andreas Fault
Observatory at Depth (SAFOD) and USArray, the initial components of Earthscope.
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Introduction

In 1974, Kei Aki visited NORSAR, and the availability of high-quality seismic
data from a dense array combined with Aki’s knowledge of inverse theory led to the
“birth” of modern seismic tomography. Working together with A. Christoffersson
and E. Husebye, the three developed what has become known as the ACH teleseismic
tomography method. The method uses the arrival times of P waves at a seismic array
or network to infer three-dimensional (3-D) velocity heterogeneities in the volume
beneath the stations. The team published their analyses of data from 2 arrays and
one regional network in 3 papers that appeared in 1976 and 1977 (AKI et al., 1976,
1977; HUSEBYE et al., 1976). As the story goes, the third paper in the series, which is
the one most widely cited, was intended to be published first, but a sign error in the
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data delayed its publication (EvANS and ACHAUER, 1993). Then in 1975, Aki spent
time at the U.S. Geological Survey in Menlo Park, California. Working together with
Willie Lee, the pair extended the ACH tomography method to the case of local
earthquakes. The local earthquake method utilizes P-wave arrival times from
earthquakes beneath a seismic network to infer the 3-D velocity structure in the
volume containing the earthquakes and stations. Their local earthquake tomography
paper was published in 1976 (AKI and LEE, 1976). I will refer to their approach as the
A&L method.

The author was fortunate to arrive at MIT in the fall of 1976. A number of
graduate students, both of Aki’s and of other faculty members, was either already or
soon to be working on applications of seismic tomography (although we did not call
it tomography at the time). Among this group were Bill Ellsworth, George Zandt,
Steve Roecker, Steve Taylor and myself. Computers at MIT were slowly making the
transition from punched cards to on-line disk storage and remote terminals, and
color graphics were done with Exacto knives and colored acetate sheets. How times
have changed!

The retirement of Kei Aki brings an opportunity to reflect on the brief history of
seismic tomography using body waves, with a focus on work involving his students
and their collaborators. The initial tomography methods made simplifying assump-
tions that have become generally unnecessary due to advances in methodology and
computer power. Local- and regional-scale applications were initially limited to
places where seismic arrays or networks were in place. However, the creation of the
Incorporated Research Institutions for Seismology (IRIS) portable seismic instru-
ment program, the Program for Array Seismic Studies of the Continental
Lithosphere (PASSCAL) (SMiTH, 1986; FOWLER and PAvLis, 1994), opened up
virtually unlimited opportunities for carrying out tomography studies in regions of
scientific interest. Now there may be the beginning of a new era of opportunity for
seismic tomography studies in the U.S. with the impending establishment of the
Earthscope program (HENYEY e? al., 2000). With tomography components ranging
from the fine-scale structure of the San Andreas fault in the SAFOD project to the
broad-scale structure of the North American lithosphere in the USArray project,
Earthscope promises to provide the field of seismic tomography with unprecedented
data for imaging the internal structure of the earth.

Basic Tomography Methodology

Both teleseismic and local earthquake tomography make use of the arrival times
of body waves (P and/or S) to infer the seismic velocity structure. In the case of
teleseismic tomography, the earthquakes must be at relatively great distances from a
localized cluster of seismic stations, so that the waves incident on the array can be
treated as plane waves (Fig. 1a). With this assumption, it is only the structure
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immediately beneath the stations that contributes to arrival time perturbations
(relative to a radially-symmetric model), and the source locations and origin times
need not be precisely known. I note that this assumption has been questioned by
MassoN and TRAMPERT (1997), who showed that travel times to the base of an ACH
model through a representative global 3-D velocity model could not adequately be
treated as a plane wave in some cases. However, this potential problem can be
avoided using the approach of WIDIYANTORO and VAN DER HiLsT (1997) or
BUWAARD et al. (1998), by modeling coarse-scale global structure and fine-scale
regional structure simultaneously. In contrast, for local earthquake tomography, the
events and stations are in the same area (Fig. 1b). In this case, structure along the
entire path from event to station contributes to arrival time perturbations, and the
source location and origin time need to be treated formally as unknowns along with
the structure model.

For teleseismic tomography, the equations are written to separate the contribu-
tions to arrival time from inside versus outside the model:

) N M Aug
(=74 LY Fu T+=—=) 4 (1)
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where ¢ is the arrival time at the station, 7 is the arrival time at the base of the model
(calculated from a standard earth model), # is the travel time through layer s in the
unperturbed medium, Fy is 1 if the ray in layer s has most of its length in block k& and
is otherwise zero, u, is the slowness in layer s, Au; is the slowness perturbation in
block k, and & represents model errors and measurement errors. AKI et al. (1977)
expressed this in matrix notation for a set of observations as

t=7—Gm-+ mpi+e (2)

where t is the vector of arrival times,7 is the vector of arrival times at the base of the
model, G is the relatively sparse matrix containing the appropriate £; values, m is the
vector of fractional slowness deviations from the layer average in the blocks, m1 is the
travel time through the unperturbed model, i is a vector consisting of ones, and the
vector ¢ contains the error terms. By rewriting equation (2) in terms of arrival time
residuals and subtracting the average of the travel time residual over all stations for
each event from the left-hand side, Aki and Lee arrived at the relation

t'=Gm+e (3)

where * indicates the vector or matrix value minus the corresponding average. Thus
the ACH method inverts relative arrival time residuals for relative perturbations in
fractional slowness. This approach effectively removes error contributions from
inaccuracies in the standard earth model and in the source location and origin time.

For local earthquake tomography, the derivation of the equations is simpler
because no averaging is required to remove the source and outside-the-model path
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terms, although the equations themselves are more complicated. The equations
relating residuals to model parameters can be written directly as
) Auye 6T,, oT;

obs_cal ZTU M—+AT0 a Ax +az1A +az/AZ (4)

where the dependence of arrival time on source origin time and position is now an
explicit part of the system to be solved, entering in the form of the perturbation to
origin time (A77) and the partial derivatives of travel time with respect to source
coordinates (e.g., 07;;/0x;) times the corresponding coordinate perturbations (e.g.,
Ax;). For a starting model that is a homogeneous and isotropic medium, as assumed
in the A&L method, the derivatives are proportional to the corresponding direction
cosines of the vector connecting the source to the receiver. For the general case, the
derivatives are proportional to the direction cosines of the ray direction at the source
(THURBER, 1986).

The original ACH teleseismic and the A&L local earthquake methods both
involved single-step linearized inversions for the model parameters. This approach
allowed the use of linear inverse theory techniques for model estimation and model
resolution and uncertainty analysis. AKI et al. (1977) compared models obtained
using both a generalized inverse and a stochastic inverse. For the teleseismic case, the
system of equations is always linearly dependent due to the trade off between average
layer velocity and event origin times, consequently a simple least-squares solution
was impossible. The generalized inverse approach uses the non-zero singular values
of the G* matrix (equation (3)) to compute a least-squares solution, while the
stochastic inverse approach computes a damped least-squares solution using a
damping value equal to the ratio of the data variance to the solution variance (AKI
et al., 1977). A1 and LEE (1976) used just the stochastic inverse approach, because
their matrix was nonsingular but contained very small eigenvalues that would
amplify the effect of data errors on the model.

Advances in Seismic Tomography

There are a number of important aspects in which the methods and applications
of body-wave seismic tomography have been improved over the last 25 years. Some
of the advances I will discuss are improvements in the data, development of 3-D ray-
tracing techniques, the use of iterative (nonlinear) inversion, the extension to active-

<

Figure 1
(a) Geometry of the teleseismic tomography method. It is assumed that the P waves from teleseisms are
incident on the base of the model approximately as plane waves and are recorded on the surface by a dense
network. (b) Geometry of the local earthquake tomography method. The model volume contains both the
earthquakes and the stations.
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source applications, and multiple-method integration. Other improvements include
the incorporation of interfaces (e.g., ZHAO et al., 1992) and the use of anisotropic
velocity models (e.g., HIRAHARA and ISHIKAWA, 1984).

Better data for tomography have arguably been the most important improve-
ment, because without better data the other advances would have been of relatively
limited use. Improvements in data have come in the form of additional instruments,
the use of 3-component sensors, and more accurate arrival time picks. These factors
allow for improved spatial resolution of structure, the ability to use S waves with
reliability, and a sharpening of imaged structure with reduced uncertainty,
respectively.

The development of the IRIS PASSCAL program in the U.S. and similar
instrument pool developments in other countries has had a tremendously positive
impact on the seismic tomography community. In the past, tomography studies were
restricted to regions with existing seismic networks (with data access often limited to
just those institutions operating the networks) or to a small number of institutions
fortunate to have field instruments. Now, any U.S. scientist has the opportunity to
propose and, if funded, carry out a seismic field project anywhere in the world
involving the collection of seismic data using PASSCAL instruments.

One of the key features of the PASSCAL and other modern instrument pools is
that 3-component instruments are the standard. As a result, S waves can be put to
use to image structure with nearly the same capability as P waves, the main
drawbacks being the presence of the P-coda noise interfering with precise S-wave
arrival time picks and the possibility of shear wave splitting adding uncertainties to
the data. The main value of S waves is the improved constraint on earthquake
locations provided by the addition of S arrivals (GOMBERG et al., 1990), which in
turn improves the imaging of structure, and the increased constraints on model
interpretation when 3-D models of both V), and V (or V,/V, equivalently Poisson’s
ratio) are available (EBERHART-PHILLIPS, 1990).

A study by ELLSWORTH (1977) demonstrated that a single-step inversion is
adequate for teleseismic tomography when the size of velocity perturbations is
relatively modest (less than 10%). The same is generally not true for local earthquake
tomography. Beginning with THURBER (1981) and ROECKER (1982), a number of
studies using synthetic models and data have shown that an iterative solution
incorporating 3-D ray tracing is required for local earthquake tomography. The
same is true for cross-borehole travel-time tomography, in which accounting for ray
bending is widely recognized as being important. In the local earthquake case, it is
even more important due to the coupling between structure and hypocenter locations
(KISSLING, 1988; THURBER, 1992).

In the early stages of development, limited computer power made the use of exact
ray-tracing techniques impractical. As a result, a variety of approximate ray-tracing
techniques were developed (THURBER and ELLSWORTH, 1980; UM and THURBER,
1987; PROTHERO et al., 1988). These methods achieved accuracies approaching that
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of reading error (a few tenths of a second or less) for moderate path lengths (up to
60 km), so they remain widely used even today. Over time, efficient exact ray-tracing
(or more generally, travel time calculation) methods were developed. Examples
include 3-D finite difference (VIDALE, 1988, 1990; PopviN and LECOMTE, 1991),
graph theory (MOSER, 1991), and perturbation methods (VIRIEUX et al., 1988;
SNIEDER and SAMBRIDGE, 1992). See THURBER and KISSLING (2000) for a review.

It is important to recognize that even the “‘exact”” methods have limited accuracy.
HASLINGER and KISSLING (2001) and KISSLING ef al. (2001) carried out extensive
tests of both exact and approximate ray-tracing techniques, involving reciprocity
tests on each method and comparing calculated travel times among methods. The
basic conclusion of their analyses is that all methods have comparable accuracy
variability for modest path lengths (~60 km), but the ““‘exact” methods are superior
for longer path lengths. They also noted that particular care must be taken regarding
differences in the way the velocity model is parameterized in order to be able to make
accurate comparisons among methods.

Seismic tomography was adapted to controlled-source problems in the 1980s.
Non-linear solutions are generally required, as in the local earthquake case.
Applications of controlled-source tomography include refraction, cross-borehole,
and vertical seismic profiling (VSP). A review of these methods and their applications
is beyond the scope of this paper.

Standard seismic tomography using first-arriving waves by itself provides only
limited insight into the nature of the subsurface. By its nature, it provides a smoothed
image of velocity structure, due to imperfect resolution, wavefront healing, etc. The
use of information from secondary arrivals (reflections, conversions) provides one
seismic approach for obtaining information about impedance structure, that is,
identifying discontinuities. One example will be presented in the following section.
Greater insight into the earth’s structure can also be gained via multidisciplinary
investigations. Two examples of methods that have proven useful in combination
with seismic tomography are magnetotellurics (MT) and laboratory and down-hole
measurements of seismic properties. EBERHART-PHILLIPS et al. (1990) compared
velocity and MT models for a 2-D section crossing the San Andreas fault through the
1989 Loma Prieta main shock region (Fig. 2). High-V, rocks between the San
Andreas and Sargent faults were interpreted as mafic rocks due to their high
resistivity. Low- V), rocks in a wedge southwest of the San Andreas were interpreted
as over-pressured marine sedimentary rocks due to their very high conductivity.
LUTTER et al. (1999) compared a refraction-tomography image from the Los Angeles
Region Seismic Experiment (LARSE) to well logs (from BROCHER et al., 1998) and
laboratory measurements of seismic velocities of representative lithologies (from
MCCAFFREE PELLERIN and CHRISTENSEN, 1998) (Fig. 3). The availability of well logs
and laboratory data for representative lithologies permitted a detailed interpretation
of the tomography image.
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Figure 2
Comparison of a 2-D magnetotelluric model with the corresponding slice through the P-wave velocity
tomography model contours for the Loma Prieta area (modified from EBERHART-PHILLIPS et al., 1990).
Note the excellent correspondence between the low-velocity basin and the low-resistivity units just SW of
the San Andreas fault (SAF) and the high-velocity “tongue’ and the high resistivity unit between the SAF
and Sargent fault.

Applications of Seismic Tomography to Valles Caldera

Volcanic systems have been one of the key targets for seismic tomography studies
due to the desire to image the magma chambers at depth in the crust (IYER and
DAwsoN, 1993). Aki’s student Peter Roberts carried out a field project in Valles
Caldera in collaboration with Mike Fehler of LANL (also an Aki student). They
used six instruments staged in two deployments along a linear profile across the
caldera (ROBERTS et al., 1991). Due to their limited teleseismic dataset, they used a
forward modeling approach, including a priori information on the shallow caldera
structure. Their final 2-D P-wave velocity model (Fig. 4) has a lens-shaped crustal
low-velocity zone (LVZ) with about a 35% velocity reduction compared to the
surrounding rock. The LVZ was interpreted to be the remnants of a cooling magma
chamber. The maximum width and minimum thickness of the LVZ are 17 km and 8
km, respectively.
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Figure 4
2-D P-wave velocity model for the structure beneath Valles caldera (from ROBERTS ez al., 1991). Note the
lens-shaped low-velocity zone in the mid-crust (Vp = 3.7 km/s) and the low-velocity caldera fill

(Vp = 3.2 km/s).

The results of ROBERTS et al. (1991) helped lead to a much larger PASSCAL
teleseismic imaging project known as JTEX in the summers of 1993 and 1994. This
project involved Peter Roberts, Mike Fehler, and several coworkers an LANL, as
well as the author and his research group at UW. The 1993 JTEX pilot experiment,
with 22 stations on 2 crossing profiles (LUTTER et al., 1995), provided general
confirmation of the location, depth, size, and velocity contrast of the LVZ reported
by ROBERTS et al. (1991), using the ACH method to derive the velocity model.

With the complete JTEX teleseismic dataset, combining the 1993 and 1994 data
(Fig. 5a), STECK et al. (1998) modeled the 3-D structure of the caldera using a
nonlinear teleseismic tomography method. The principal features in the 3-D model
are a mid-crustal low velocity body, roughly (10 km)® in size with a —35% velocity
contract, consistent with the 2-D results, and a second low velocity body near the
Moho (Fig. 5b). The authors combined the tomography model with geochemical
information to conclude that Valles Caldera recently received a new pulse of magma
from the upper mantle. Neither the 3-D geometry of the Valles magma chamber nor
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Figure Sa
Layout of the JTEX seismic arrays deployed in 1993 and 1994 (modified from STECK et al., 1998). The solid
line indicates the approximate rim of Valles caldera, the dashed line indicates its ring fracture system, and
the gray areas indicate the two principle geothermal regions. Section line A-A’ is shown in Figures 5b and c.

the presence of the second low velocity body near the Moho could have been resolved
without a dense 2-D array of instruments.

Teleseismic first-arrival times are not useful for identifying structural discon-
tinuities in the subsurface, so additional information from the seismograms is
required to identify, for example, tops or bottoms of zones of magma. Possible
approaches include the use of converted or scattered waves. APREA et al. (2002)
employed a Kirchhoff migration approach to model the P-wave coda of teleseismic
waveforms from the JTEX array. Their imaging approach used the surface
reflection of the incident P wave that subsequently scattered off subsurface
structures. This use of the surface-reflected phase for imaging allowed a separation
of the target energy from scattered energy from the direct P coda. The imaging
results (Fig. 5¢) show a remarkable correspondence to the main features of the
teleseismic tomography image. High amplitudes with opposite polarities are
observed from the vicinity of the tops and bottoms of the low-velocity zones
imaged by STECK et al. (1998).
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Figure 5b
Cut-away view of the 3-D model for Valles caldera, showing two low-velocity zones, one in the upper crust
and another near the Moho (from STECK et al., 1998).

Applications of Seismic Tomography to the San Andreas Fault

Fault zone studies are another important example for which improved data is
vital to improving our understanding. One of the first 3-D local earthquake
tomography studies was done by AKI and LEE (1976) along the Bear Valley segment
of the San Andreas fault (SAF) in central California, part of the creeping section of
the SAF. The data were from the USGS regional network plus a very short-term
deployment of portable instruments (long enough to capture 32 local earthquakes),
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Horizontal slices through the migrated image from the JTEX waveforms; blues and reds indicate opposite
polarity (modified from APREA et al., 2001). There are anomalies at depths roughly corresponding to the
tops and bottoms of the low-velocity zones shown in Figure 5b. Section line A-A’ is indicated with a
dashed line in the upper left panel (although it extends about 7 km beyond each corner of the panel).
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all of which were single-component instruments. The P-wave model that could be
obtained was very coarse, with block size 3 x 4 x 5 km. The authors were only able
to resolve the top layer adequately, nonetheless they were able to image a zone of low
velocity paralleling the SAF, with higher velocities on either side (Fig. 6a).

The most puzzling finding of the Akl and LEe (1976) study concerned the
earthquake locations. Conventional wisdom held that the SAF is a simple, vertical
strike-slip fault in this area, therefore the epicenters should lie along the fault trace.
However, whether Akl and LEE (1976) started their inversion with hypocenters
aligned on the fault or located several km southwest of the fault, the inversion result
had the earthquakes several km southwest of the fault trace (Fig. 6b). Thus either the
inversion method is flawed or the SAF is unexpectedly complex in Bear Valley. One
possibility is that first-arriving fault zone head waves (BEN-ZION and MALIN, 1991)
may be being modeled as direct waves, resulting in location bias. BEN-ZION ef al.
(1992) demonstrate how to use fault zone head waves in an inversion for laterally
heterogeneous fault zone structure.

A recent study of a nearby segment of the SAF (also in the central creeping
section) indicates how much more information can be obtained with a longer-term
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3-D crustal model for the Bear Valley region of central California, showing a low-velocity fault zone
sandwiched between faster basement on either side (modified from Ak1 and LEE 1976).
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Figure 6b
Earthquake relocation results starting from the “regional” (left) and “local” (right) locations (modified
from AKI and LEE 1976). Starting and ending locations are the solid and open circles, respectively. Note
the general agreement in the ending locations for the two different sets of starting locations.

deployment of three-component instruments combined with a small active-source
experiment (Fig. 7a). The author’s research group at UW along with Steve
Roecker’s group at RPI and Bill Ellsworth (another Aki student) and co-workers
at the USGS-Menlo Park deployed 50 PASSCAL instruments for 7 months in a
20 x 15 km area near Hollister, California, recording hundreds of local
earthquakes (THURBER et al., 1997). Their best resolution was along a 2-D
section normal to the fault, using a grid size as fine as 1 km. Figure 7b shows
their models for V, and V), / V; structure, with seismicity superimposed. They
were able to resolve a deep low V), and high V), / V; anomaly in the fault zone,
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Figure 7a
Layout of the seismic array deployed along the San Andreas fault near Hollister in 1994-1995 (modified
from THURBER et al., 1997).

indicative of a highly fractured and probably fluid-rich region. Interestingly, the
P-wave velocity contrasts across the fault are similar between this study and the
original Akl and LEg (1976) study, although they were done along different
sections of the SAF. Note how the seismicity is concentrated on the boundary
between the high and low V), regions in Fig. 7a, and how regions of high V, / V
are virtually aseismic in Fig. 7b. For this section of the SAF, it appears that the
fault dips to the southwest at about 70°.

Other Applications

Although a thorough review of the applications of body-wave seismic tomog-
raphy would require a book (for example, IYER and HIRAHARA (1993)), it is of value
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Figure 7b
2-D models of Vp (top) and Vp/Vs (bottom) for the San Andreas fault zone in the Cienega Valley region of
central California. The approximate surface trace of the Calaveras fault is about 4 km NE of the SAF.
Note the dipping low-velocity/high-Vp/Vs fault zone, and the concentrations of seismicity adjacent to high-
Vp zones (modified from THURBER et al., 1997).

to mention some of the highlights achieved over recent decades. Foremost among
them is probably the successful imaging of the high-velocity anomalies of down-
going (subducted) slabs, for example by HIRAHARA (1981). Substantial improvement
in slab imaging has been obtained by the use of ocean-bottom seismometers (OBS) to
augment arrays on land (e.g., HUSEN et al., 2000). OBS controlled-source and local
earthquake data has been used to provide remarkable images of mid-ocean ridge
structure (e.g., TOOMEY et al., 1990), helping to refine our concept of mid-ocean ridge
magma chamber structure and magma propagation. Seismic tomography has also
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provided a view of the mantle plume beneath Iceland (WOLFE et al., 1997; ALLEN,
2001). On a global scale, seismic tomography has imaged apparent fossil slabs and
other deep-seated anomalies that likely play a fundamental role in global
geodynamics (VAN DER HILST er al., 1997). Seismic tomography has also been
adapted successfully to surface waves (on local, regional, and global scales), free
oscillations, and attenuation (for body and surface waves). Seismic tomography has
been one of the most widely and successfully used geophysical tools of the past
decade.

Future of Tomography

As we begin the new millennium, there are exciting opportunities for the
application and improvement of seismic tomography. If the proposed Earthscope
program is initiated (HENYEY et al., 2000), seismic tomography will play important
roles in both the USArray and SAFOD components of the program. The plan for the
USArray (LEVANDER et al., 1999; MELTZER et al., 1999) is to deploy 400 broadband
instruments at about 60—70 km spacing, initially in the southwestern United States.
This array would cover about 1/8 of the area of the continental United States at a
time. About a year after the array is fully deployed, it will begin to “‘roll” around the
continental United States, eventually providing complete, spatially uniform cover-
age. The dataset resulting from this effort will provide an exciting opportunity for the
application of tomography and other imaging and analysis techniques, providing an
unprecedented view of the architecture of the lithosphere beneath the United States.
The plan for SAFOD is to drill a deviated borehole to about 3.5 km depth,
intersecting the SAF in the immediate vicinity of the rupture patches of small
earthquakes. The combination of surface and downhole seismic observations from
SAFOD will permit superb tomographic resolution of the fine structure of an active
fault zone. The author and Steve Roecker deployed a 15-station PASSCAL array in
July 2000, around the proposed drill site for improving earthquake locations, to start
the preparations for drilling at Parkfield.
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