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Summary

This is the final technical report for USGS grant 14-08-0001-1803, "Earthquake
Hazard Investigations in the Pacific Northwest" during the period 2/1/90 - 1/31/91. The
objective of our research is to investigate earthquake hazards in the Pacific Northwest
including problems related to possible large subduction earthquakes. Improvement in
our understanding of earthquake hazards is based on better understanding of the regional
structure and tectonics. A primary source of our data is the Washington Regional
Seismograph Network (WRSN), and our studies require cooperation and collaboration
between a number of individuals and projects. Current investigations by our research
group focus on the configuration of the subducting Juan de Fuca plate, differences in
characteristics of seismicity between the overlying North American and the subducting
Juan de Fuca plates, and kinematic modeling of deformation of the subducting Juan de
Fuca slab.

Appendix 1 contains copies of recent abstracts. Appendix 2 is a reprint of a JGR
article entitled "The geometry of Aleutian subduction: three-dimensional kinematic flow
model” by K.C. Creager and T.M. Boyd. Appendix 3 is a preprint of an article for the
USGS Professional Paper (Assessing and Reducing Earthquake Hazards in the Pacific
Northwest) entitled "Preliminary Report on Focal Mechanisms and stress in western
Washington" by Li Ma, R.S. Crosson, and R.S. Ludwin. Appendix 4 is a preprint of an
extended abstract which was presented at the XXII General Assembly of the European
Seismological Commission, Barcelona, Spain, Fall 1990. The abstract is titled "Teleseismic
travel-time inversion for Cascadia subduction zone structure employing three-

dimensional ray tracing”, by J.C. VanDecar, R.S. Crosson, and K.C. Creager.

We expect two students to complete Ph.D.s in 1991, one on upper mantle velocity
structure from seismic tomography, the other on kinematic modeling. This report
includes two sections, one on our work with tomographic imaging, and the other dealing

with kinematic modeling.
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Tomographic imaging

Using an approximation to non-linear inversion, we estimated the velocity structure
of the upper mantle portion of the Cascadia subduction zone using a data set of approxi-
mately 10,000 relative arrival times of teleseismic P waves recorded from 1980 to 1990
on the WRSN (Washington Regional Seismic Network) short-period vertical stations in
Washington and Northern Oregon. To approximate non-linear inversion, linear travel-
time inversions (conjugate gradient method) were performed alternately with three-
dimensional ray tracing. Smoothing of the final model is achieved through an auxiliary set

of constraint equations.

The most prominent and robust characteristic of the models obtained is a steeply
eastward dipping fast, planar feature which is inferred to be the thermal and composi-
tional anomaly associated with the subducting Juan de Fuca oceanic plate. The high velo-
city zone is located at a depth of approximately 100 km beneath the Cascade volcanos,
similar to subduction zones elsewhere. At shallow depths (i.e. 60-80 km) the velocity
anomaly is consistent with projections from models of slab structure from 40-60 km

depth.

At 48° N latitude, the high velocity zone extends to depths of 400 km or more.
However, south of 46°, the velocity anomaly disappears at a depth of ~ 150 km. Consid-
ering the relative plate motions, our interpretation is consistent with a deep slab which
has separated completely from the shallow slab in the south, and descended into the
mantle. Figure 1 shows a three-dimensional perspective plot of the volume of 1% higher
velocity material interpreted as the subducted Juan de Fuca slab. The three-dimensional
structure is used to model other geophysical observations such as the regional gravity

field and P-wave am plitude variations due to geometrical ray spreading.
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Figure 1. Compressional wave velocity model determined by non-linear inversion of teleseismic
arrival times of 10,000 P and PKP waves. The region shown extends from 100 to 600 km in
depth, from 44° to 50° north latitude, and from 114° to 124° west longitude. Outlines of
Washington and Oregon are shown on the top surface of the box, and pyramids represent
Quaternary strato-volcanos. Dashed contour lines indicate inferred depths (30, 40, 50 and 60
km) to shallow slab (Crosson and Owens, 1987). The shaded volume represents velocities
exceeding the Herrin model by 1% or more. An anomaly beneath the Blue Mtns. of NE Oregon
has been omitted for clarity.
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Kinematic modeling

The well-located microseismicity recorded by the WRSN during the past two decades
is concentrated in the vicinity of the Puget Sound Basin. Combining this catalog with
events greater than magnitude 6 during the last century, the distribution of seismic
moment release of subcrustal events displays an even more pronounced concentration
beneath the Puget Sound Basin, extending from Olympia, Washington to Victoria, British
Columbia. Intra-slab moment release in this area is four orders of magnitude higher
than background seismicity to the north and to the south. Based on seismicity and other
evidence, the slab dips 20° under central Vancouver Island, 10° across the Olympic Pen-
insula Puget Sound area, and about 20° under Oregon, defining an arching slab geometry
with the axis of the arch running east-west under Puget Sound. P-to-S receiver function
analyses and off-shore reflection profiles are consistent with the arch geometry. Another
important tectonic feature is the rapid uplift of the Olympic Mountains, which are a
horseshoe-shaped post-Eocene accretionary prism. This unusually wide and deep accre-
tionary wedge extends 200 km from the deformation front, but is confined to less than
100 km along arc. To the north and south the prism is much smaller. All these observa-
tions seem to be related directly or indirectly to the 35° concave oceanward bend of the
trench adjacent to the Olympic Peninsula. Qualitatively, the subduction process forces an
initially spherical shell of oceanic lithosphere to pass through the trench, whose curvature
is backwards relative to most ’island arcs’, and into the mantle. Even though the des-
cending slab retains much of the strength it had as a ’tectonic plate’, it must deform to

obtain the observed slab geometry.

In order to quantify the relationships among slab geometry, internal deformation,
and a variety of geophysical observations, we have concentrated efforts during the past
year on the theoretical formulation and implementation of a finite element scheme to
invert for both the geometry of a thin sheet (the slab) and the flow field within that sheet

which minimizes the global dissipation power associated with its membrane (in-plane)
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deformation rate. The sheet is assumed to be a fluid with a Newtonian or a power-law
rheology, and an effective viscosity that is at least a few orders of magnitude higher than
that of the surrounding mantle. The boundary conditions used for Cascadia subduction
are that (1) seaward of the trench, the sheet is a spherical shell rotating at the Juan de
Fuca/North America relative plate rates, and (2) the slab dips 20° into the mantle along
two cross sections under northernmost California and under northernmost Vancouver
Island. The geometry and flow field are otherwise free to vary except that the flow must

be in the plane of the slab.

The important aspect of the fixed part of the geometry is the concave oceanward
bend in the trench axis which occurs at the latitude of the Olympic Mountains and Puget
Sound. The combination of the bend in the trench and the downward dipping slab pro-
duce the problem, similar to that of a table cloth hanging over the corner of a table, that
there is too much slab material for the available space. The trench geometry forces
along-arc compression of the slab, or geometric arching/buckling, or a combination of the
two. To obtain a better understanding of this process we perform two calculations: For
the first we fix the geometry so that the slab dips at 20° along all cross sections, and
invert for the flow field that minimizes global dissipation power for a linear rheology. In
the second, we allow the geometry to vary except for a fixed dip of 20° under northern
California and Vancouver Island. Figures 2 and 3 show the results of these experiments.
In each case, we see along-arc compression (thick line segments) and down-dip extension
(thin line segments) landward of the trench. However, the arch geometry results in a
strain-rate field that is reduced by a factor of 4 relative to the constant dip model. After
inversion for the preferred geometry and strain-rate field the slab displays a pronounced
arch (Figure 4, a and b) whose axis is normal to the trench and dips at 12° under the
Olympic Mountains and Puget Sound. The arch is flanked by parallel troughs. This
minimum strain-rate geometry is similar to the slab geometry estimated by hypocenter

distributions and receiver function analyses. In particular, the receiver function study of
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Figure 3. In-Plane strain-rate field resulting from inversion for flow field and slab geometry with slab dip fixed at 20° along the northern
and southern edges of the model. Display format is same as Figure 2. Note the reduction of deformation, and the concentration of along-
arc compression near the arch axis compared with Figure 2.
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Figure 2. In-Plane strain-rate field resulting from inversion for flow field with geometry fixed at a constant, 20° dip. Solid lines show
coastlines, state boundaries and the trench. (a).Orientations of in-plane strain rate showing compressional axes (thick line segments) and
extensional axes (thin line segments). Line length is proportional to strain-rate magnitude and saturates at the size and value shown in the
key. Units are s-1. Maximum and root-mean-square effective strain rates are 7.6x10-16 and 7.1x10-17 s1. (b). Gray shades showing
effective strain rate (s'!). (c).Depth contours of the model slab geometry and seismicity occurring within the subducted plate.
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Figure 4. (a).Perspective view of the inverted arch model shown in Figure 3. b and ¢ compare this

model] with the trend of the volcanic line discussed by Dickinson (1970).
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Figure 5. Effect of bending a gaussian shaped arch. (a). Shaded pattern shows the distribution of
the effective strain rate when the model geometry is fixed and inversion is performed on the flow
field only. (b).Result of a complete inversion by adjusting both the flow field and the model
geometry with the gaussian shape fixed at the upper left (solid line) and the dip fixed along near
and far edges. The root-mean square effective strain rate is reduced by a factor of 40 when the arch
is allowed to relax prior to bending.
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Crosson and Owens(1987), and Lapp et al. (1990) suggest that the arch has a tight curva-
ture, and the same dip as that shown in Figure 4. Also, the troughs along the side of the
arch are features that, though not yet directly observed, are suggested by leveling data
along the Oregon coast (Vincent et al., 1990) and the geometry of volcanic centers (Dic-

kinson, 1970, Figure 4c).

The geometry shown in Figure 4 does not match the observed geometry in one
important respect. Tomographic inversion of the deep structure of the slab described in
this report provides compelling evidence that the slab below a depth of 100-150 km is
dipping steeply, at about 50°. Enormous membrane strains are required to bend the slab
to a steeper dip along an axis that is normal to the axis of the arch. This is analogous to
bending a sheet of corrugated metal along an axis normal to the corrugations. To quantify
this intuitive picture in a calculation that is self consistent with our flow of a sheet of stiff
Newtonian fluid, we construct an arch whose shape is gaussian, and bend it by 45°. For
this fixed geometry, and a flow field fixed to be parallel to the arch axis as it enters the
sheet from the upper left of the diagram, we invert for the flow field within the sheet
that minimizes the total dissipation power (Figure 5a). Using this geometry and flow as a
starting condition, we fix the geometry along the left, near and far edges as shown in Fig-
ure 5b and invert for the flow field and the geometry in the interior of the sheet. The
problem in Figure 5a is that it is difficult to bend an arch without large membrane strain
rates. The solution (Figure 5b) is to reduce the height of the arch prior to bending it.
This new geometry allows the root-mean-squared effective strain rate to be reduced by a
factor of 40. The strain rates are highest along the arch. Bending the arch of Figure 4 pro-
vides a possible explanation for the observed pronounced concentration of intra-plate
seismicity beneath the Puget Sound basin relative to regions to the north or south. Inves-

tigations of this hypothesis are continuing.
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