taining domatia-bearing leaves and in a leaf
domatium of Sarcopteryx sp. aff. martyana
(Sapindaceae) from stream channels under
CNVF at Noah Creek.

The discovery of acarodomatia and mites
from Eocene deposits separated by over 600
km suggests that mite-plant associations
were widespread in rain forest across south-
ern Australia over 40 million years ago.
Both deposits contain fossil oribatids with
arboreal features, the same domatia-bearing
leaf taxa occur in similar frequencies, and
leaf physiognomy and the frequency of
domatia-bearing leaf types are comparable
to present-day CNVF (9, 16). Acarodoma-
tia and mites should also occur in Tertiary
deposits in other regions (17). Up to 50% of
present-day genera of woody plants in de-
ciduous broadleaf forest have domatia (6,
18) and many, such as Acer, Juglans, Quer-
cus, Tilia, and Ulmus, are important ele-
ments in Tertiary floras (19).

The radiation of epiphyllous and parasitic
fungi (20) and phytophagous arthropods
(21) that accompanied the diversification of
angiosperms may help explain the occur-
rence of acarodomatia by the Eocene. At
least seven taxa of epiphyllous fungi occur
on Eocene leaves at AN and GG (22), and
they are present in Tertiary floras elsewhere
in Australia (23). Insects also mined Elaeo-
carpaceous leaves (24), and phytopha-
gous mites are associated with Eocene leaves
at a nearby site (25). These types of antag-
onistic interactions probably led to the early
diversification of defenses among an-
giosperms (21, 26). Our results suggest that
protective mutualism between arthropods
and plants may be ancient.
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Strain Measurements and the Potential for a Great
Subduction Earthquake Off the Coast of Washington

J. C. SAVAGE* AND M. L1SOWSKI

Geodetic measurements of deformation in northwestern Washington indicate that
strain is accumulating at a rate close to that predicted by a model of the Cascadia
subduction zone in which the plate interface underlying the continental slope and
outer continental shelf is currently locked but the remainder of the interface slips
continuously. Presumably this locked segment will eventually rupture in a great thrust
earthquake with a down-dip extent greater than 100 kilometers.

HE POTENTIAL FOR A GREAT THRUST

earthquake in the Cascadia subduc-

tion zone along the coast of Washing-
ton (Fig. 1) has been a subject of controversy
(1). The Juan de Fuca plate is being sub-
ducted beneath the North American plate in
an east-northeastward direction. Subduction
there may be aseismic, that is, incapable of
producing a great earthquake. The absence of
even small thrust earthquakes along the plate
interface is the primary evidence for aseismic
subduction (2). That evidence is supported to
some extent by indications that the shallow
regional stress field in northwestern Washing-
ton involves north-northeast compression (3)
rather than the east-northeast compression
expected from subduction. The relative youth
(~8 million years) and the thick sediment
cover of the oceanic plate at the deformation
front imply high temperatures in the sub-
ducted plate and high pore pressures in the
subducted sediments and overlying accretion-
ary prism, conditions that favor aseismic sub-
duction (4, 5). However, great earthquakes

U.S. Geological Survey, 345 Middlefield Road, Mail
Stop 977, Menlo Park, CA 94025.

*To whom correspondence should be addressed.

do occur at other subduction zones where
relatively young ocean crust is blanketed by a
thick sediment cover (6), and geologic evi-
dence (7, 8) indicates that large earthquakes
have occurred along the coast of Washington
at an average interval of about 600 years over
the past several thousand years. Also, resur-
veys of triangulation and trilateration net-
works (9) generally indicate an east-northeast
contraction in northwestern Washington
consistent with the accumulation of strain
expected for seismic subduction.

To obtain an accurate measure of strain
accumulation along the Cascadia subduction
zone, we installed an eight-station trilatera-
tion network (Fig. 1) in the eastern core of
the Olympic terrane, a post-Eocene accre
tionary prism. The network was surveyed in
September 1982, 1983, 1986, and 1990. In
each survey the same 21 distances between
pairs of geodetic stations were measured
with a Geodolite, a precise electro-optical
distance-measuring instrument. The refrac-
tivity correction was determined from end-
point pressure measurements and tempera-
ture and humidity profiles measured along
the line from a small aircraft at the time of
ranging (10). The measured distances range
from 9 to 27 km, and the standard errors in
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Fig. 1. Map of the Cascadia subduction zone
showing the location of the Olympic trilateration
network (within dashed rectangle) and four tide
gages (half-filled circles identified as follows: AS,
Astoria; F, Friday Harbor; N, Neah Bay; S,
Seattle). The sinuous barbed line locates the de-
formation front, which lies at the base of the
continental slope.

those measurements increase with distance
from 3.5 to 6.2 mm.

The average rate of strain accumulation in
the Olympic network from 1982 to 1990
can be estimated from the changes in dis-
tances measured in the trilateration surveys.
The dimensions of the network (30 by 20
km) are sufficiently small compared to the
dimensions of the subduction zone that
strain accumulation within the network may
be regarded as uniform. One then solves for
the tensor strain rate, uniform in both space
and time, that best explains the observed
changes in line length (that is, distances
between stations), taking account of the
various orientations of the individual lines.
The best-fit principal strain rates are €, =
0.011 = 0.027 and &, = —0.092 * 0.029
microstrain (pstrain) per year (extension
reckoned positive) with the axis of greatest
contraction directed N59°E *= 6.6°. That
strain field is adequately described as an
N59°E uniaxial contraction. The orientation
of the contraction axis corresponds reason-
ably well with the N68°E direction of plate
convergence expected for the Juan de Fuca-
North American plate interaction (11). The
extension rate for a line of length L and
azimuth 6 predicted by that field is

L™YdL/df) = (¢; + €,)/2

+[(&1 — &)/2] cos2(6 — ¢) (1)

where ¢ is the azimuth of principal exten-
sion, and €, and é&,(¢, > é,) are the

principal strain rates. The observed exten-
sion rate is L~ *(dL/dt), where dL/dt is esti-
mated from the slope of the linear fit to a
plot of line length versus time. The fit of the
predicted strain-rate solution to the exten-
sion rates observed along the 21 lines in the
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Table 1. Rebound corrected uplift rates inferred from the 1940 to 1975 average rate of relative sea-
level (RSL) rise. Eustatic rate is 2.4 * 0.9 mm/year. Uncertainties are standard errors.

Rate of Rebound Tectonic
Tide gage RSL rise uplift rate
(mm/year)
(mmjyear) (mm/year)
Quter coast
Astoria -0.7+0.6 -0.7 38+1.2
Neah Bay -1.7+0.5 -0.0 41 +1.1
Inland

Friday Harbor 06 +0.5 1.1 07 +1.1
Seattle 23+05 0.7 -06=+1.1

network 1s shown in Fig. 2. None of the
observed extension rates differs by as much
as 2 SD from the best-fit predicted extension
rate.

Additional measurements of deformation
along the Cascadia subduction zone are
available in the form of uplift rates (Table 1)
deduced from relative sea-level measure-
ments at four tide gages (Fig. 1). The aver-
age rate of rise in relative sea level at a tide
gage was taken as the slope of the linear fit to
a plot of relative sea level versus time for the
interval from 1940 to 1975 (12). We cor-
rected this rate of rise for the eustatic rise in
sea level (2.4 = 0.9 mm/year) and the
apparent rate of sea-level rise due to local
glacial isostatic rebound (13) to obtain the
local tectonic subsidence rate (Table 1).

In aseismic subduction the slip rate at the
plate interface is equal to the plate conver-
gence rate so that the underthrust plate slips
steadily beneath the overthrust plate. Seis-
mic subduction is attributed to locking of
the shallow segment of the interface while
steady slip continues on the remainder of the
interface. The earthquake corresponds to
rupture of the locked segment.

Interseismic deformation at a subduction
zone is attributed to the slip deficit that
accumulates on the locked segment of the
plate interface and on the segment directly
down dip where a partial slip deficit accu-
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Fig. 2. Average extension rate along each of the
lines in the Olympic network as a function of the
azimuth of the line. The error bars represent 1
SD. The sinusoid represents the extension rates
predicted by the best-fitting uniform strain field.

mulates as a result of the pinning effect of
the locked segment. A simple representation
of the process is provided by a fault model in
an elastic half-space. The fault represents the
part of the plate interface where interseismic
slip is inhibited by locking; this includes the
locked zone itself and the interface segment
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Fig. 3. Interseismic deformation rates resolved
into extension rate (€) and dplift rate (b) predict-
ed along the profile AA’ (Fig. 1) by simple models
of subduction for the two distributions of slip-
deficit rates shown in (@). The solid and dashed
lines show the rates predicted for two different
distributions of slip deficit. The abscissa shows the
horizontal distance from the deformation front
measured along the profile AA’. The plotted
points show the observed deformation rates. Er-
ror bars represent 1 SD; h, depth below sea level
of deformation front in model.
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directly down dip. In the model, slip is
imposed on this fault at a rate equal to the
slip deficit accumulating on the plate inter-
face. This slip, being a deficit, is in the
opposite sense (that is, normal slip as op-
posed to thrust) to that occurring elsewhere
on the plate interface. The surface deforma-
tion rates produced in the model are taken
to represent the interseismic deformation
rates observed on the overthrust plate (14).

The model fault for the Cascadia subduc-
tion zone off the Washington coast is spec-
ified as follows: The plate convergence rate
is about 40 mmy/year N68°E (11), and the
fault dips 10° N68°E from the deformation
front at the base of the continental slope
(Fig. 1) at a depth of 2.5 km below sea level
(15). Because the brittle-ductile transition
on the fault occurs at a depth of about 20
km (4), the locked segment can extend only
about 100 km down dip from the sea-floor
trace at the deformation front. The slip
deficit on this locked segment is equal to the
plate convergence rate, 40 mm/year. Down
dip from the Jocked segment is a transitional
segment over which the slip deficit decreases
from the full rate of 40 mm/year to zero.
This transitional segment is a consequence
of the elastic constraints limiting slip in the
neighborhood of a pinned region (16). The
transitional segment was arbitrarily assigned
a 75-km down-dip dimension. We consid-
ered two arbitrary slip-deficit distributions
(Fig. 3a) for the transitional segment of the
plate interface, one in which the slip rate
decreased linearly with down-dip distance
and the other in which the decrease was
proportional to the square root of that dis-
tance. The slip deficit was zero beyond 175
km down dip from the sea-floor trace (that
is, at depths greater than 33 km). Finally, we
assume that deformation is uniform in the
direction of fault strike. The deformation
rates predicted by the two different slip-
deficit distributions (Fig. 3) assigned to the
transitional segment of the plate interface
are not significantly different at the level of
observational precision.

The proposed model explains most of the
observations relevant to the character of sub-
duction at the Cascadia zone. The observed
surface deformation rates (—0.089 + 0.028
pstrain/year N68°E extension at the Olympic
network, and uplift rates from Table 1) are in
rough agreement with the rates predicted by
the model (Fig. 3, b and c). Moreover, the
shallow extent (maximum depth, 20 km) of
the locked segment of the plate interface is
consistent with the thermal constraints (4).
The location of the locked segment beneath
the continental slope and shelf implies that
thrust events should occur offshore, where
they are difficult to locate and identify, not
beneath the Olympic Peninsula. Finally, rup-
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ture of the locked segment will produce the
coastal coseismic subsidence inferred from the
geologic record (9).
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Approaches for Optimizing

the First Electronic

Hyperpolarizability of Conjugated Organic Molecules

S. R. MARDER, D. N. BEraTAN, L.-T. CHENG

A two-state, four-orbital, independent electron analysis of the first optical molecular
hyperpolarizability, B, leads to the prediction that |3| maximizes at a combination of
donor and acceptor strengths for a given conjugated bridge. Molecular design
strategies that focus on the energetic manipulations of the bridge states are proposed
for the optimization of B. The limitations of molecular classes based on common
bridge structures are highlighted and more promising candidates are described.
Experimental results supporting the validity of this approach are presented.

ECOND-ORDER NONLINEAR OPTICAL

properties, which are exploited in tele-

communications, data storage, and in-
formation processing applications, arise in
molecules that lack a center of symmetry
(1-4). Such materials can be used to double
the frequency of laser light or can be used in
electrooptic switches, for example. Conju-
gated organic molecules with electron do-
nating and accepting moieties can exhibit
large electronic second-order nonlinearities
(or first hyperpolarizabilities, B). In general,
B increases with increasing donor and accep-
tor strength [related to the ionization poten-
tials of the filled donor and empty acceptor
orbitals or the coulomb energies of indepen-
dent electron theory (5)] and with increas-
ing separation so long as there is strong
electronic coupling through the conjugated
bridge.

The full perturbation theory expression
for B has the form of a sum of contributions
from all electronic states. However, for
many donor-acceptor—substituted organics,
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ratory, California Institute of Technology, Pasadena, CA
91109, and The Beckman Institute, California Institute
of Technology, Pasadena, CA 91125.
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such as 4-nitroaniline, a two-state approxi-
mation for B is adequate because the charge
transfer (CT) excited-state term dominates
the perturbation sum. The two-state expres-
sion for the dominant nonresonant compo-
nent of the B tensor is proportional to:

2
Hoge
=3
E,,

("Lee - "ng) (2)

where g is the index of the ground state, e is
the index of the CT excited state, and w is
the dipole matrix element between the two
subscripted states (6). For many organic
molecules, the two-state expression accounts
reasonably well for the experimental B val-
ues obtained by electric field-induced sec-
ond harmonic generation (EFISH) mea-
surements done in solution with a dc field
(7, 8). Such experiments measure the vector
projection of the hyperpolarizability tensor
(B) along the molecular dipole (p) direc-
tion. Although reservations exist for the
general adequacy of the two-state approxi-
mation in extended molecules, it does cap-
ture the qualitative spectroscopic depen-
dences of B for molecules with strong CT
transitions. Simple molecular orbital consid-
erations and the two-state approximation
for B have been used to predict that a
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