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Figure 2. Shot gather showing a wide-angle reflection from the Juan de Fuca slab. Using these
data and including the other gathers shown in subsequent figures, we assessed the seismic
velocity of the crust and upper mantle along the southwest Washington transect using two
complementary methods. A finite-difference tomographic inversion method was used to analyze
refracted arrivals traveling through the upper crust (Pg). We then extended our velocity model
downward into the lower crust and descending Juan de Fuca slab by employing a finite-
difference technique to forward model the propagation of seismic energy down to, and back up
from, a reflecting interfaces at depth. By incorporating the inverted solution for upper-crustal
velocity in our grid, we were able to accurately model the effects of near-surface upper-crustal
structures (i.e., basins) on the arrival times of secondary arrivals. The techniques described here
were also discussed in detail by Parsons et al. (1996).

The shallow fraction of the crust along the southwest Washington profile is very
heterogeneous, particularly across the accretionary prism into the Siletz terrane. Velocity
variations on the order of 50-100% occur across distances of a few km. This dramatic structural
variation makes for a time-consuming analysis of upper crustal velocity structure while also
complicating the modelling of the deeper structure; tomographic inversion methods are thus the
most effective means to analyze this complex portion of the velocity model. Any seismic
tomography procedure requires an ability to compute travel-times and/or ray paths, stabilize and
invert a large set of algebraic equations, and assess model reliability. We discuss these three
aspects of the tomography problem separately.

Computing travel-times and ray paths. The computation of travel-times is prerequisite to
inverting observed travel-times and thereby estimating the subsurface structure. We employ a
finite-difference travel-time technique initially developed by Vidale (1988) and since extended
by Vidale (1990) to perform more accurately in the presence of large velocity contrasts. In
Vidale's (1988) method, travel-times are extrapolated outward from the source region to each
point in the model (described by a finite-difference mesh). To handle structures with large
velocity contrasts, Vidale (1990) added a recursive element to the algorithm that searches for
refracting waves which may have been overlooked in the original algorithm. The resulting
algorithm more accurately times refracted and turning waves for a moderate increase in
computation time. Ray paths are computed by following the gradient in travel-time from the
receiver to the source. To account for the large changes in elevation along the profiles (about 2
km of relief), we position the sources and receivers within a two-dimensional model, which is
easily accommodated in the finite-difference grid. Most often, a receiver will not be located on a
grid point of the model, so the arrival time to a receiver is estimated using plane-wave

interpolation of the times surrounding the receiver.



Nonlinear inversion of arrival times for subsurface slowness. The relationship between a
medium's slowness (inverse of velocity) distribution and a wave travel-time is nonlinear.
Although the forward problem (computing times when given a velocity structure) may be solved
with a number of approaches, solving the inverse problem (estimating the structure given a set of
observed times) is more difficult. In media with small slowness variations, the relationship can
be linearized using Fermat's principle, resulting in a much simpler mathematical relationship.
Unfortunately, due to the strongly heterogeneous uppermost crust along the southwest
Washington profiles, we cannot directly employ this simplification. We can, however, adopt the
common approach of solving the nonlinear travel-time equations iteratively, using Fermat's
principle in successive iterations to linearize each step towards a solution of the nonlinear
problem. Clearly, in this iterative scheme, the initial velocity model plays an important role. We
tested initial one-dimensional velocity structures based on a priori information from other studies
of the area or areas with similar geologic characteristics. Because the dipping, high-velocity Juan
de Fuca slab is associated with head waves along its top, we employed a two-dimensional
starting model guided by MCS images of the descending slab (e.g., Flueh at al., 1997).

We discretize the velocity structure using constant slowness cells and represent the ith

slowness model using a vector notation s;. At each iteration, the relationship between the travel-
times and the slowness perturbation, 8s,,, =s,,; —s,, is

L.ds,,, =6t . (L

L; and 6t; are the path matrix and residual vector calculated using model s;. In general, seismic
tomography problems are undetermined and ill-conditioned, and the direct inversion of (1) is
very sensitive to small errors in the data. To produce reasonable estimates of the slowness, we
must incorporate either geologic information or limit the possible solution to a certain class of
models, such as the set of smoothest candidate models. This additional information may be
incorporated by appending constraint equations to the system of equations relating the data and
the model. We use a Laplacian smoothness criterion (Lees and Crosson, 1989) and the constraint

equation for the cell located at x,z is of the form:

A4S, =Sy, =S 0 (2)

¥4 x+dxz s S

x,z2—dz x,z+dz

where dx, and dz are the cell widths in the horizontal and vertical directions respectively.
Additionally, minimum length constraints are necessary since the smoothest model criterion
alone is sometimes inadequate to stabilize an inversion. The importance of smoothness,
minimum length, and fitting the observed travel-times are varied using a minimum length

weight, A, and a smoothing weight, . The resulting equations are of the form




L 3,

oA |Ss., =| 0 3)
Al 0

where L; is a matrix of ray lengths and &t; is the vector of travel-time residuals both evaluated
using slowness estimate s;, I is the identity matrix (with the dimensions of the slowness model),
A is a submatrix of Laplacian smoothness constraints. We solve (3) using the LSQR algorithm of
Paige and Saunders (1982). Appropriate values for A and ¢ are estimated using a trial-and-error
approach.

Resolution. Resolution in tomography depends on three properties of the problem. The signal
band width, the source-receiver distribution, and the velocity structure itself. Three approaches
are usually adopted to investigate resolution in tomographic problems. The simplest is a hit count
analysis. In this simple analysis, the number of rays sampling a given cell, or the sensitivity of all
the travel-times to each node, are examined to identify regions of good coverage (and hence good
resolution is inferred) and poor coverage. The second approach to resolution analysis is the
construction of synthetic tests using the data distribution (Humphreys and Clayton, 1988). The
synthetic test may be an attempt to construct point-spread functions, or may be an attempt to
reconstruct the major features of the model simultaneously. The third common method of
resolution analysis is the use of the resolution matrix constructed from an extension of linear
inverse theory. Typically the diagonals of the resolution matrix are displayed, and a certain value
is chosen to indicate "good" resolution. The resolution matrix is a construct well suited to the
study of linear problems. However, the extension of this tool to nonlinear problems is always
questionable, particularly when the solution is approached iteratively (Shaw and Orcutt, 1986).
Each of the above resolution diagnostics depends on the velocity structure used to construct the
resolution measures. Quantitatively connecting a hit count, synthetic test, or resolution matrix
with the actual accuracy of the reconstructed image is not straight forward. A combination of
these resolution indicators can provide some intuition into the resolving power of the data. We
have chosen to use LSQR, and thus do not construct a formal resolution matrix; we use a
combination of hit count and synthetic tests to estimate the degree of uniqueness of the solution.
We can get a rough idea of the maximum resolution of the data by examining the Fresnel Zones.
The Fresnel Zone is calculated by computing the travel-time from the source to a point in the
model and then on to the receiver. At the turning depth, the Fresnel Zone is about two kilometers
wide, which indicates the practical limit on interpretation of the structure at depth. As expected,
the Fresnel Zone is smaller at shallow depths where velocities are lower, and resolution should

be better in these regions, provided adequate sampling by the data. Figure 6 contains the
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coverage matrix for the final iterations of the inversions. The coverage for a node is calculated by
summing the ray lengths of each ray path within a given cell.

The finite-difference travel-time inversion used to find the upper crustal velocity structure
utilizes only first arrival times. To directly apply the inverted solution for the upper crust, we
employed a finite-difference technique to forward-model crustal reflections, propagating though
a 3-D velocity grid that contains the upper crustal model. We wrote the output from the first
arrival travel-time inversion over a grid of input starting velocities, so that complexities in
secondary phases that result from near-surface structures such as basins could be modelled as
accurately as possible. The continental and oceanic PmP reflections were modeled first, and then
the deep slab reflections were modeled once a crustal velocity structure was established. As a
final step, Pn arrivals were inverted through the solved crustal model.

The finite-difference algorithm of Vidale (1988, 1990) is extended to compute reflection
travel times (Hole and Zelt, 1994). The technique was developed for use in three dimensions, and
we thus apply it to correct for the crooked-line geometry of the on-land data collection; the
reflector positions are projected onto a plane for display. The reflecting interface is defined as a
sampled function of the horizontal coordinate, and is allowed to vary smoothly in depth. To
begin the procedure, first arrival travel times are computed from the point source to the reflecting
interface. Velocities below the reflector are defined to be equal to, or less than, velocities above
in order to prevent waves transmitted through the interface from arriving as first arrivals at the
reflector. The computed times at the reflecting interface are thus the times of the incident down-
going wave. To allow a smooth reflector to exist between grid nodes in depth, the computed
incident times at the grid nodes immediately above the reflector are used to analytically compute
reflected times at the same nodes. Travel times to shallower grid nodes are replaced with large
dummy values. This sampled travel time field is input into the finite-difference algorithm and
travel times are computed upward from the base of the model. Previously computed times (in
particular the large dummy values) are replaced by upgoing times if the upgoing times are
earlier. In this manner, the incident travel times on the reflecting interface are used as a source to
propagate the reflected wave upwards through the model. Travel times were fit to within £0.15 s
of the picked events shown on the accompanying data archive. Because of the sometimes weak,
discontinuous nature of the wide-angle reflections, we assess our potential picking errors to be

within the +0.15 s range.
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Figure 4. Receiver gather showing a PmP reflection from the slab.
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Figure 12. Shot gather showing a PmP reflection from the base of the crust.
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Figure 15. The gravity modeling was based on the velocity model. The philosophy of our gravity
modeling was to test the velocity model with a simple velocity-density relationship. Because the
purpose of the model is not interpretive, we did not tinker with crustal densities to make a
perfect fit, but rather established that the basic shape of the velocity model is consistent with the
observed gravity. We did introduce a higher velocity-density relationship in the mafic Siletz
terrane and in the volcanic arc. The precise location of the profile was defined by the following
points:

46.6489 -126.4486 (first airgun source)
46.6488 -125.3467 (100 km offshore)
46.5978 -124.0349 (coast)

46.5306 -122.1806 (Shot Point 8)
46.8306 -119.8542 (Shot Point 17)

The data comprising the profile were extracted from a CD-ROM (Hittelman et al., 1994) such
that the data points were never more than 5 km from the profile. Additional points were extracted
from a second CD-ROM (the GEODAS Marine Trackline Geophysics CD-ROM published by
the U.S. National Geophysical Data Center) to provide additional coverage where necessary.
After merging these data sets, the data points were edited to smooth the observed gravity profile,
based on distance from and location relative to the profile, and to remove duplicate points.
Where data coverage was good, maximum distance of the points from the profile was reduced to
approximately 3 km. The data were referenced to the profile in order to correspond with the
velocity model such that the first airgun source was 21.362 km from the origin and the coastline

a distance of 206 km along the profile. The total length of the gravity profile is 530 km.

A subsurface model was generated based on the velocity model, such that the location of the
bodies were defined by velocity contrasts. Since the offshore gravity data are Free Air and the
onshore data are Bouguer corrected, the bathymetry offshore was incorporated into the model to
bring the entire profile to the same reference datum. Bathymetry was extracted from the NOS
hydrographic Survey data CD-ROM, also published by the U.S. National Geophysical Data
Center. Additional constraints were provided to the model at the surface from the known geology
(Walsh et al., 1983).

The model was used to generate a calculated gravity profile using a gravity profile modeling
program based on the technique of Cady, 1980, which uses 2-1/2 dimensional bodies. The
calculated and observed gravity profiles were compared and the subsurface model was updated

in an iterative sense until the two profiles coincided. The velocity model provided constraints on




the densities of the bodies using known correlations between the two (Barton, 1986, Christensen
and Mooney, 1995).

The final gravity model (Figure 4) corresponds relatively well to the velocity model and shows
the shallow dip of the Juan de Fuca plate and the accretionary prism pushed up against a back-
stop made up of the Crescent Formation. The density of the accretionary prism is a little high for
such a low velocity feature, but lies within the range defined by Barton, (1986). Siletzia densities
are quite high, similar to those of Finn, 1990. In contrast with the Finn, (1990), model is the
absence of a low density body corresponding to the Southern Washington conductive corridor

(Stanley et al., 1992). Such a body was not required by the model presented here.
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