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Scismic sefraction and reflection surveys and gravity meassrements over Vancouver [sland, British Columbia, Canada, can
constrain a finite-clement modef of the geadynamics of the subduction zone. Stress estimates obuined from this moudel have
heen combined with fuck failure criteria to yield a probability measure of seismic nisk that assumes scismic evenis start from a
dilute distribution of Griffith cracks. The results arc in agrecment with the nhserved seismicily and lead to the suggestion that
the dominant mechanism of this oceanic plate subduction zone is graviutional ndge push and mantle convection.
H4.SMR/303-11 -
Des lovés de sismique réfructinn et néflexion et des mesures de gravimétric au-dessus de I'ile Vancouver. Colombie-
Britannigue, Canada, permettent d"élaborer un modéle par éléments finis de la géodynamigue d"une zone de subduction. Les
conlraintes estimées & "aide de ce modéle ont éé combinées avec les crittres de fissuration de la roche dans la but d"obtenir
une mesure de probabilitg de risque sismigue, en supposant que les événemenis sismiqucs soKM amorcés par une distribution
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élargie des fissures de Griffith. Les résuhats sont en accord avec b sismicité ohservée et suggrent que le mécunisme dominant

&

dans ccite zone de subduction de la plaque
manteau.
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Introduction

Seismic experimems and gravity data on Vancouver Island
strongly support geelogical contentions that the British
Columbia matgin is a subduction zone (Riddihough 1977;
Keen and Hyndman 1979; R. A. Stacey 1973). The tectonic
regime of the continental margin of western Canada (Fig. 1) is
dominated by three lithospheric plates: the Pacific plate, the
America plate, and the Juan de Fuca plate. The small nosthern
part of the Juan de Fuca plate moves independently and has
been named the Explorer plate. The boundary between the
Pacific and the America plates is the Quecn Charlotte trans-
form fault, which lies along the edge of the continental shelf
from the southern edge of the Queen Charlotie lslands 10
southern Alaska. The motion on this fault is right lateral, at
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about 5.5 cm/year. The Explorer — Pacific and juan de Fuca —
Pacific boundarics are defined by numerous en échelon
spreading axes. offset by shont transform segments. The
present rate of motion across these boundaries ranges from
about 4 to 6 cm/year (full spreading rate). The boundary
between the Juan de Fuca and the Explorer plates is the Nootka
fracture zone, 2 strike-slip Tault with lcfi lateral motion of
about 2 cm/year,

The boundary between the Americe plate and the Juan de
Fuca and Explorer plates is a zone of convergence or subduc-
tion, with undenthrusting probably starting ncar the base of the
continemal slope at rates from 2 to 4.5 cm/year (Riddihough
1984; Keen and Hyndman 1979). That subduction has
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F1c. ). Tectonic map of western Canada showing the main lithosphere plate boundarics and relative plate motion.
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FiG. 2. Locations of scismic Lines in VISP1980 denoted by solid rule; lithoprube seismic peofiles are denoted by broken rule.

occurred on the boundarics between the Juan de Fuca and
Explorer plates and the America plate during the past few
million years is well eswablished. Doubts as to whether it is
continuing at present arise primarily from the lack of a deep
margin trench, from the lack of deep canhquakes, and from the
lack of observed thrust mechanisms beneath the continentat
slope and shelf.

The updated results of the spreading rate and direction of
maovement of the plates in this arca from Riddibhough {1984)
showed that the Juan de Fuca plaic has moved in a direction
about N4O°E relative to the America plaic for the last 65 Ma.
The direction of movement of the Explorer plate relative to the
America plale has changed 10 about N10°E at p . The

upper 20 km of their structure is well constrained by the two
reversed profites NA and AF. The struciure of the lower crust
and upper mantle is only weakly constmined; each of the three
models fits certain travel-time and {or) amplitude observations
better than others. However, model 2, which contains a fow
velocity zone and a low upper mantle velocity of 7.5 kmv/s at
37 km, is their preferred intcrpretation. The actual structure
may vary laterally, being nearer model | bencath the north half
of Vancouver [slund and nearer moded 2 bencaih the south.
On line 1 (Fig. 2), a two-dimensional model (Fig. 4) results
from a trial and emor application of a ry-tracing techmique
(Ellis er al. 1983). The two-dimensional ray-lrace model is
<o ined by the model of McMechan amd Spence (1983) at

convergence rate of the subduction of the ng part of the
Vancouver Island continental margin has changed from 6
cm/year, 6.5 Ma ago, to abowt 2.3 cm/year at present. In the
northern part, i has change! from 6.5 cmi/year to about
4.4 cm/year.

Seismic data (Fig. 2) can constrain structures in this arca.
McMechan and Spence (1983) combined the results of seismic
line IV with gravity results and presented three Jaterally homo-
gencous models of the crust and upper mamle (Fig. 3). The

the intersection with lise IV (Fig. 2). The Moho west of the
central portion of Vancouver Island appears to dip near 6°
toward the continent, whereas that in the east is essentially flat
lying. The gravity models (Riddihough 1979; J. F. Sweeney,
personal communication, 1985) are generally consistent west
of the central ponion of Vancouver Island. The position at
which the continental crust Iy thickens beneath the
central part of Vancouver Island corresponds faily closely to
the pusition in Riddibough's mode! where the subducting litho-
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sphere dramatically increases s dip. The presence of the
Moho in the ray-truce model at about 40 km depth emphasizes
the cxistence of a seismic discontinuity where no comparabie
density discontinuity is present in the gravity model,

The eellection lines also indicated the 13.5 km reflector off
McMechan and Spence (1983). The reflector at 24 km depth,
for which no comesponding boundary exists in the refraction
modcls, indicates the upper boundary of subducting oveanic
lichosphere at Lhis depth. The possible reflector near 36 km
comesponds reasonably well to the base of the subducting

oceanic lithosphere. Farthermore, the dip of 5° comesponds
closely w0 the dip of about 6° proposed by the Riddihough
(1979} model and the refraction models.

Peeliminary analysis of lithoprobe seismic profiles {Yorath
et al. 1985; Green ef al. 1986a, 19868 ) shows a strong reflec-
tion, probably the top of the undenhrusting oceanic crust
{Fig. 5), about 20 km bencath the west coast of the isiand and
31 km bencuth the casl coast. Toward the northern end of
VISPL, there is some evidence for an increase in dip of the
reflecior, beyond which continuity is jost. The apparent
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Fig. 6. Velocity model and tectonic cross section across the continental margin. Modificd from Yoruth et af. (1985).

absence of the decpest reflections t h the nonh

velocity ot both has led to the suggestion that it represents an
derplated slab of oceanic lithosph perhaps & 1 of

region of VISP! has two possible explanations. Perhap ilis
related in some way to peological and topographical com-
plexitics, because the profile transverses the nose of & morth-
wesl —southeast-trending anticlinal ridge, but it may also be
that the dip of the subducting plate increases suddenly to a
value in excess of 45°, Relatively conventional data pro-
cessing would have filiered out any reflections from such a
2one. Above this reflecior, a region with high density or high

an carlier phase of subduction. This underplatcd stab cor-
responds 1o the large block of anomalous mulerial in the
gravity model {Green ef al. 1986a, 1986b} (Fig. 6).

Mot of the seismicity (Fig. 7} on the westen Canada mar-
gin has been concentrated along the three mujor plate
boundaries: the Queen Charlotte — Fairweather fault system
(Pacific — America plates), the offshore ridge — fractire zone
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Fii. 7. Earthquake epicenires of the wesiern Canadisn margin. The area in the rectangle is studied in this paper.

system (Pacific — Juan de Fuca plates), and the Vancouver
Island — Puget Sound region (Juan de Fuca — America platex)
{Milne et al. 1978). Those earthguakes in the rectangle for
which depths were availabie were projected onio a cross scc-
tion {Fig. B). Earthquakes associated with the Queen Chariotte
fault, the ocean sidge system, and the Puget Sound region may
be in different stress environments from those in Vancouver
fsland. Fault mechanism solutions (Rogers [979) show pre-
dominanily strike-ship. cither dexteal slip (o the nofthwest or
1 slip to the heast

Model of the Vancouver Island subduction zone

In the top few kilometres, where the temperature docs not
exceed 300°C., the lithosphere can be thought of as an elastic
layer over a high viscosity layer (T Lewis, personal communi-
cation, 1985). Below this temperature, the thermal stress is
small and the tectonics can be described by elastic 5iness
(Turcotte 1974). Young's modulus E should bevome smuller
as depth increases because the material is becoming more
ductile as \emperature increases. Kirby (1977} suggested an
cxponential decay of the Young's modulus E with tem-
perslure:
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Fic. 9. Nodal distribution and siructure of the finisc-eclement model. Material index aumbers are shown in Table |,
E = Ep + Ege-s TanLe 1. Paramesers of the model

where x = TPC; Tis tempenature; C =
E i ate material constamts,

Wiens (1983) showed that seismicity is limited to formations
below 700 800°C. The limiting 1emp for seismicity in

600°C; and Ej and

shallow seismic slabs is abow 600°C (Molnar et af. 1979).

The clastic lithosphere thickness is usually derived from the
response of the lithosphere to long-1erm loads and agrees with
the seismically active thickness of the lithosphere (Watts er al.
1980), whereas the scismic thickness (taken from its response
to short-term loads) is about twice the clastic thickness (Leeds
et al. §974). Eanthquakes occur primarily in arcas of the litho-
sphere that can sustain long-1erm loads as idenified by swudics
of flesure. Because estimales of elastic thickness computed by
assuming a **seismic’’ Young's modulus £ give the result that
the elastic thickness is slightly less (about 10%) than the seis-
mically active thickness (Watts ef ai. 1980, Wicns and Stein
1983), we supggest that the geodynlmu: Young & modulus
should be 20% ller than the **seismic”” one.

The finite-clement model we designed lies on & Line crossing
Vancouver Istand and perpendicular 1o the coast of Nonh
America (Fig. 9). Because the Juan de Fuca plate has moved in
a direction N35°E relative 1o the America plate for the last
million ycars, we assumed the driving force on the Juan de
Fuca plate would be in this direction. In the model, the sub-
ducting plate dips at 10° from the base of the continental slope,
then the dip increases o 18° and continues at this angle down
200 km. The shallow dip pan of the model is consirmined by
the seismic refraction profile (Ellis er al. 1983). Beneth Van-
couver Island, the dip of the sinking slab can be constrained by

Compressive

Index of velocity Young's modulus Poisson  Density

materials (km/s) (% 10" dyn/em’)  emiio (gfem’)
1 1.0 0.954 025 2.92
2 8.2 1.335 0.3 14
L] 1.7 1.039 0.3 1.295
4 6.75 0.887 0.25 292
3 6.4 - a7 0.3 .92
6 1.7 116 0.3 i
7 4.0 1.249 0.3 3.285

the data from onshore and offshore seismic refraction and
reflection surveys. The shaliow pan of the model is also con-
sistent with the gravity data. The deep parts of the model are
weakly constrained because of the absence of deep refiections.

The material parumciers used (Table 1) include elastic
moduli. For most crustal rocks, Poisson's ratio is around 0.25;
it is & common assumption in geophysical modelling to use
0.25 and 0.3 for Poisson’s ratio. In this model, therefore, 0.25
is used for surface rocks, and 0.3 is used for the rocks in the
lower layer of the plate. The values for the density are inferred
from the gravity model (). F. Sweeney, personal communica-
tion, 1985). With Poisson's ratio and density delermined as
above, Young's modutus can be calculated from the compres-
sion wave velocity. This calculation gives the value for shon-
term load response. As discussed above, we subtract 20%
from this £ 1o get the static modulus we need.
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Gravitational pull of a dense subducted slab at an island arc,
gravitational sliding or pushing from ocean ridges, viscous
drag duc to convection currents in the asthenosphere, frictional
forces acting on the fault plane of thrusi carthquakes at subduc-
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Fi6. 12, Probability function of P, which is calculmed for Me' =
T % 10 a = 100.

viscous stress 7 is about 15 x I{* Pa (|5 bar). Ridge-push
forces are about 200 % 1G* Pa (200 bar) (McKenzie 1969), and
because they are balanced by viscous dmag, we introduce them
as body forces rather than boundary tractions. This force will
balance the viscous drag and the fricion at plate boundarics
and keep the plate moving steadily.

Stability calculation
A two-dimensional problem such as this is conveniently
visualized with a Mohr circle rep 1t We

brittle failure in which the critical shear stress that is required
for failure is

r= Sy + o, tan

where S, and ¢ are material constants; and g, is the pressure on
the failure plane. S,, the shear strength under zero normal pres-
sure, varics from zem in fractured materials to about 50 x 10#
Pa (50 bar) for sedimentary rocks and up 1o several hundred
bars for igneous and intact materials. ¢ is the angle of shea
resistance, which lies between 20 and 43°. Failure occurs
when the Mohr circle for the stress touches the
Mohr—Coulomb envelope.

The sublluy at some location in the model is the minimur
di ¢ bel the failure envelope and the Mohr circle ol

tion zones and of sirike-slip hquakes along !

faults, and viscous resistance due 1o the asthenosphere are
forces that affect plate motion (Kanamori 1980). The implicit
wssumption made here is thal the lack of seismicity along the
boundary implies strong continent —plate coupling. A thermal
convection model suggests (F. D. Stacey 1977) the value of the

the stress state at the position (Fig. 10) (Li 1986). The farthe:
the Mohr circle is from the failure envelope, the more stable it
the stiress siate. We use effective shear stress (|7} — o, tan ¢
and the concept of a Griffith crack to develop a measure of nish
of seismic failure,

P

P

\
\
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If the external stresses ame held constant while cracks extend,
the condition for unstable equitibrium of a crack of length 2c in
a maierial of thickness 1 is (Jacger and Cook 1979)

L]
(W - dact) =0
( cf)

where W is the strain encrgy of Ihe body; and « is the apparent
surface encrgy density of the fracture. For a rectangular plate
of Yength /, width b, and thickness r, containing a flat efliptical
crack of length 2¢ extending along the direction of the thick-
ncss, the sirin energy W in the plate for conditions of plane
stramn s

W= W, + vl ~ »*Hol + r'VE

where W, is the strain energy of the plate without the crack; £
is intrinsic Young's modulus; » is Poisson's ratio; o, is nommal
stress, which is pespendicular to the crack; and r is the shear
stress parallel 10 the crack. In the case of a closed crack, the
cffective stress ([7] — o tan @) is the only component of stress
free 1o generate additional strain epergy amund the crack.
Hence, the strain energy of the body can be obtained by substi-
wting of + 7 for the effective siress. If the cracks are
randomly oriented, a sphenical average may be taken over all
directions, and this yiclds a factor of 1/3. The strain energy can
then be wrilten as

W= W, + 21 — v")|7| - o, tan $)'/13E
The crack will be hegin 1o grow when

¢ 2 2aflz(t — Y|t} — o, tan $)’
Assume the cracks of various size distribute as (Fig. 11}
Puc) = 2cfat-exp (—cle)

This distribution has a similar form to s normal distribution,
bui Pyic) = O whenc = 0.

1f the rock contains only one crack, and the size is controlled
by P., the probability that the crack in the rock will begin to
grow under siress |7] ~ o, 1an ¢ is given by the probability that
the crack is lunger than critical, Therefore, the probability that
the crack will not break is

| - 1 2clat-exp (—c*o?)e = | — exp (~c'le’)
i = | — exp (~\Vo'$*)

where A = 2paE/x(l — #'); and § = |1| — g, 1an ¢. However,
2 body usually has a lot of cracks within it. The idea that onc
part of the bady is more stable than another suggests that the
probability of failure of the cracks within a certain votume of
the body is smaller than within other pans. [f we assume the
body contains n cracks per unit volume, we will assumc part of
the body fails if at least one of those cracks begins 10 grow.
Thereforc, the probability (1 — P) that no cracks within the
unit volume will begin to grow under stress |fl = oqtan ¢ is
the product of the probability that an individual crack will not
begin 1 grow, ie.,

I -P=(1~- P2
= [1 ~ exp{—W/g'5§4)]*
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Fic. 14. Distribution of instability for model under gravitationa! load.

This gives (Fig. 12)
P=1-{l —exp(Wo'$)

Because h and o are unknown. it is generally convenient 10
introduce a relative measurement that will indicate that one
area is closer 1o faiture than another.

Dilferent values of A, e. and n do not change the basic shape
of the curve of the probability function. The parameter # = |
implics that for a volume ¥ of 4 body that contains one crack
per unit volume, the probability of any onc of these cracks
faiting is

I =1 — exp (—\/a'$)Y

From this we get the physical notion that the strength of such a
cracked body decreases exponentially with volume. 1Fm = 1,
this quatitative relation is conserved. The only justification for
the chaice of these constants is to make the curve have a
reasonable shape as nommalized § changes from 0 10 1. We
chose 0.116 and 1 for N*/o* and n, respectively. The frictional
angle ¢ was chosen as 30°.

Instability analysis for Yancouver Island region

Using a 1300 clement model (Fig. 11), the first test was cal-
culated assuming only gravitational load. The model is
restricted to move in the vertical direction only on both left and
right sides; on the bottom, no displacement can take place.
Residual stress is derived by subtracting an assumed gravita-
vional stress field due to an infinite homogencous half-space
from the stress ficld calculated by the model (Uribe-Carvajal
1984). Figure 13a shows the average stress (0, + ¢1)/2. Figure
135 shows the manimum shear stress (@, — 0,)/2. The normal
stress field due to an infinite homogencous half-space was
calculated by assuming density p = 3.0 g/cm’ and Poisson’s
vatio » = 0.3, In Fig. 13h, some contours concentratc along
the lower pan of the subducting plate.

The instability was calculated by means of effective stress.
Figure 14 shuws the distribution of the instability of the Van-
couver [slamdt region, The cc of equal instability show
that the instability concentrates along the subducting slab. This
implics that the sinking slab is more unstabl than its d-
ing regions, and carthquakes will have a greater prohability of

occurring within those regions. This phenomenon agrecs with
the concept of the Beniofl zone and the general idea that earth-
quakes occurring along the Benioff zone are probably due to
the gravitational stress. Unfortunatcly, the arca beneath Van-
couver Istand, & region with anomalous structures and seis-
micity, lacks such instability concentration.

The stress introduced by the ridge push is sbout 200 % 10°
Pa (200 bar}, and a resistance force of the order of 20 x 10° Pa
{20 bar) will be gencrated along the plate boundary. Generally,
the malerials along the plate boundary do not behave chas-
tically; creep will occur in this region. Unfortunately, our
finite-clemens {echaique cannot yet deal with such a discon-
tinuity boundary, and the scale of our finite-element model is
not big enough to introduce a transition layer with a small
Young's modulus along the boundarics. We have assumed
strong coupling. Kanamosi {1977) suggested that shallow sub-
duction, such as occurs along the Juan de Fuca plate, will
result in s strong coupling between oceanic and continental
tithonphere. The tight coupling built into our model will give
an approximation for the situation of Vancouver [sland. The
sccond model was calculated for the case when there is an
extermnal force, from ridge push, exerted on the oceanic plate.
In this model, we assume a 20 X 10° Pa (20 bar) viscous force
acting on the occanic plate from the upper mantle opposing the
mation of the plate. A1 the convergent margin, an additional
20 % 10* Pa (20 bar) frictional force acts on the top of the
occanic plate.

Figure 15 shows the instability distribution of the model and
the distribution of the earthquakes thal have occurred in that
region. By comparing Fig. 14 with Fig. 15, it can be scen that
the zone located beneath Vancouver Island became more
unstable. The unstable zone that is enclosed by the contours
can also be recognized by the fact that the earthquake foci con-
cenirate in that region. The observed seismicity occurming in
the area is onc of the constraints on the model.

The force from manile convection can also be considered a3
2 passible driving force for the motion of the oceanic plate. In
the next madel, we assumed that there is about 10* Pa (10 bar)
viscous force on the hase of the oceanic plate, This witl give
the cifiect that mamie convection is actively involved in the
driving mechanism. Figure 16 shows the distribution of the
instability for this model. Again in 1his model, the contours are
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Fic. 15. Instability distribution for model with ridge-push force exerted on oceanic plate.
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F1G. 16. Distribution of instability for madel with an active viscous drag oa the bottorn of the oceanic plate by the asthenosphere.

concentrated on the top of the subducting plate. The contours
with values of 0.4, 0.5, and 0.6 are all concentrated in the
region located beneath Vancouver Island, and they do not
show up m Lhe right side of the model or at the decp part of the
subducting plate. This result implics that under the applied
force from gravitational nidge pushing and manile convection,
the region located beneath Vancouver lsland is more unsiable
than the rest of the model.

Conclusions

Comparing the instability analysis in models |, 2, and 3, one
of the things we should notice is that the unstable zonc at the
top of the subducting plaie, iocated beneath Vancouver Island,
is probably caused by stress due to nidge push and mantle con-
vection. The gravitational pull of the dense subducied slab
does not seem (o affect that region very much. If this is true,
the state of the tectonic stress of that region, caused by mlcr-
action beiween the oceanic plate and the continenlal plate
under ihe forces due to ridge push and eantle convection,
should be predominantly horizontal. If this is correct, it should

influence the focal mechanism of normal depth earthquakes in
the Vancouver [sland megion.

The downward siress in the area, deduced from earthquake
focal mechanisms, is nonh-couth compressive (Rogers
1979). The plate motion is northeast, and the perpendicular to
the Juan de Fuca ridge points slightly south of east, Clearly,
the dyanmics of the arca are complex and should be modelled
in three dimensions. The ridge-push force we consider is a
component of the true force in the direclion perpendicular 10
the subduction zone. It is the component parallel 1o the direc-
tion of plate motion and probably contains componcnts of
mantle imeraction. Until a three-dimensional model of this
area is built, the interpretation of the model results should be
approached with caution.

Although it is accepted by most geophysicisis and geologists
that the Explorer and Juan de Fuca plates subduct beneath
Vancouver Island, the lack of a Benioff canthquake zone is still
controversial. The lack of a Benioff zone in the Vancouver
Islund region would suggest that po such gravitational pul| acts
on the decp pan of the subducting plate. Heat flow in south-
west British Columbia suggests that onc of the possible reasons
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for high heat flow fanther inland could be the upwelling of
magma and the convective transport of heat from a sinking
slab. Melting may commence when the slab reaches a depth of
about 100 km. The area below the critical temperature for
carthquakes is above 70 km in the sinking slab {Keen and
Hyndman 1979). Riddihough and Hyndman {1976} also sug-
gesied that the canhquakes occur in the limited depth where
the core of the subducting plate remains cool and altows brittle
fracture. Because the sinking slab starts to melt at such a
shallow depih, it will not generaie a pulling force on the 10p
plate. Taber and Smith's (1985) study on the focal mechanism
of the canthquakes in wesiern Washingon suggested that
shallow events at the top of the subducting plate may be duc 10
body forces within the plate as the plaie is pulled down by
gravity. Davies (1980) discussed other factors, such as resis-
tance at the leading edge of a slab and mantle resislance, that
could oppose gravitational pull. These are forces [rom great
depihs, which are not considered in our model.

Acknowledgmenis

This work was camied out with support from the Natural
Sciences and Engineering Research Council of Canada. We
are grateful for access to unpublished information on the ther-
mal and gravity models of T. Lewis and J. F. Sweeney.

of subducted lithosph Tournal of

P

Davies, G. F. 1980. Mech
Geophysical Research, 18, pp. 6304 —6318.

EiLs, R. M., Spence. G. D, Cowes, R. M., Walnson, D A,
Jones, I, F.. Green, A. (., ForsyTH, D. A, Mamn, . A
Bermy, M. 1., Mereu, R. F.. Kanasewich, E. R., CumMing,
G. L.. Hainat, Z., Hynowan, R, D, McMechan, G. A, and
Lomcarevic, B. D. 1983. The Vancouver lsland Seismic Project:
8 CO-CRUST onshore —offshore study uf & convergent margin. Cana-
dian Journal of Earth Sciences, 20, pp. 719-741.

GreeN, A. G., CLowes, R. M., Yorati, C. 1., Seencer, C.,
KanasewicH, E. R., Branpon, M. T._ and Brown, A. 5. 1986a.
Reflection mapping underplated ocesnic lithosphere and the sub-
ducting Juan de Fuca plate. Nature {London), 319, pp. 210-212.

Greewn, A. G., BErny, M. 1., Srencer, C. P, Kanasewicw, E. R.,
Chiu, S., CLowes, R. M., Yorart, C. J.. Stewaar, D. B.,
Uncer, I. D, snd Poosg, W. H. |980b. Recem seismic rellection
studics in Canada. American Geophysical Union, Geodynamics
Senies, Vol. 13, pp. 85-97

JAEGER, ). C., and Cook, N. G. W. 1979. Fundamentals of rock
mechanics. Flescher & Sons 1.1d., Norwich, England.

Kanamoxi, H. 1977, Scismic and aseismic slip along subductioa
zones and their lectonic implicstions. Im Island arcs, decp-sca
trenches and back-arc basins. Edited by M. Talwani and W. C.
Pilmann, 11i. American Geophyuical Union, Maurice Ewing Series
1. pp. 163-174.

1930. The stute of sress in the Eanh's lithosphere. fn
Physics of the Eanh’s interior. Edired by A. M. Dziewonski and
E. Boschi. North-Holland Co., Amsterdam, The Netherlands, pp.
531552,

Keen, C. E-, and Hynoman, R. D. 1979 Geophysical review of the
contineotal margins of eastem and westen Canada. Canadian Jour-
nul of Eanh Sciences, L6, pp. 712747,

Kinsy, 5. H. 1977, Staic of siress in the lithosphere: inference from

flow lzws of olivine. Pure and Applied Geophysics, 115, pp.
245-258.

Leens. D. K.. KauseL, E. G., and Knoross, L. 1974, Vaniations of
upper mantle structure under the Pacific Ovean. Science, 186, pp.
141 -143.

Li, Q. 1986, Analysis of instabilty of the Vancouver Island litho-
probe seansect. M.Sc. thesis, University of Albena, Edmonion,
Aha.

McKenzie. D. P. 1969 Plate sectonics. In The nature of the solid
Eanh. Edied by E. C. Robenson. McGraw-Hill, New York, NY,
pp. 142752,

McMEcHaN, G. A.. and Spence. G. B 1983, P-wave velocity
structure of the Eanh's crust beneath Vancouver Isiand, Canadian
Joumnal of Earth Sciences, 20, pp. 742-752.

Mine, W. G., RoGeas, G..C.. RippinoucH, R. P., MCMECHAN,
G. A., and Hynoman, R. D. 1978, Sexsmicity of wesiem Canads.
Canadian Journal of Eanth Sciences, 15, pp. 1170—1193,

Mounar, P.. FReEDMAN, D., and SHin, ). 1979. Lengihs of inter-
mediate and decp seismic zoncs and 1emperatures in downgoing
slabs of lithosphere. Geophysical foumal of the Royal Astronomi-
cal Socicty, 56, pp. 41 —54.

RipoinoucH, R. P. 1977, A model for recem plate interaciions off
Canada’s wesi coast. Canadian Joumal of Eanh Sciences, 14, pp.
384396,

1979. Gravity and siructure of an active margin-—British

Columbia and Washing Canadian Joumal of Earth Sciences,

16, pp. 359-363,

1984, Recent mavements of 1he Juan de Fuca plate sysiem.
Joumnal of Geophysical Research, 89, pp. 6980 - 6994,

Ripoimouch, R. P., and Hrnoman, R D, 1976, Canada’s active
westem margin: the case for subduction. Geoscience Canada. 3,
pp. 384 -396.

Rocens, C. C. 1979, Eanhquake fault plane solutions near Van-
couver Jsland. Camadian Journal of Eanh Sciences, 16, pp.
52353

STackY, R. A. 1973, Gravity snomalies, crustal structure, and platc
tectonics in the Canadian Cordillera. Canadian Journal of Eanth
Sciences, 10, pp. 615-628.

Stacev, F. D. 1977. Physics of the Eanh. 20d ed. John Wiley &
Sons, New York, NY.

Tasen, J. )., and SwiTH, S. W. 1985. Seismicity and focal
mechanisms associated with the subduction of the Juan de Fuca
plate beneath the Olympic P la. Wash Bulletin of the
Seismological Society of Amenca, 75, pp. 237-249.

Turcotte, D. L. 1974, Are wansform faults thermal contraction
cracks? Joumal of Geophysical Research, 79, pp. 2573~ 2677,

Urise-CarvasaL, A. 1984, Seismic stabiliny studies near the Middle
Amenca Trench. Ph.D. thesis, University of Albena, Edmomion,
Ala.

Warts, A. B., Booing. §. H., and STecxLER, M. S. 1980. Observa-
Lioas of flexure and the siate of stress in the oceanic lithosphere.
Joumal of Geophysicat Research, 85, pp. 63696376,

WiENs, D. A., and STEIN, §. 1983, Age dependence of oceanic intra-
plate scisricity xnd impti for lithosphenc evolution. Joumal
of Geophysical Research, BB, pp. G456 — 6468,

Yosate, . M., CLowes, R. M., Brows, A 5., Baanoon, M. T,
Massey, N, W. D., Green, A. G, S*ENCER, C., KANASEWICH,
E. K., and Hynosan, R. [3. 1985, Lithoprobe phase §: southem
Vancouver Isiand: preliminary analyses of reflection seismie pro-
files and surface geological studics. fn Cument rescarch, pan A.
Geological Survey of Canada, Paper 83-1A, pp. 543-554.






