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Recent Movements of the Juan de Fuca Plate System

RoBIN RIDDIHOUGH'

Earth Physics Branch, Pacific Geoscience Centre, Department of Energy, Mines and Resources
Sidney, British Columbia

Analysis of the magnetic anomalies of the Juan de Fuca plate system allows instantaneous poles of
rotation relative to the Pacific plate to be calculated from 7 Ma to the present. By combining these with
global solutions for Pacific/America and “absolute” (relative to hot spot) motions, a plate motion
sequence can be constructed. This sequence shows that both absolute motions and motions relative to
America are characterized by slower velocities where younger and more buoyant material enters the
convergence zone: “pivoting subduction.” The resistance provided by the youngest portion of the Juan
de Fuca plate apparently resulted in its detachment at 4 Ma as the independent Explorer plate. In
relation to the hot spot framework, this plate almost immediately began to rotate clockwise around a
pole close to itself such that its translational movement into the mantle virtually ceased. After 4 Ma the
remainder of the Juan de Fuca plate adjusted its motion in response to the fact that the youngest
material entering the subduction zone was now to the south. Differences in seismicity and recent uplift
between northern and southern Vancouver Island may reflect a distinction in tectonic style between the
“normal” subduction of the Juan de Fuca plate to the south and a complex “underplating” occurring as
the Explorer plate is overridden by the continent. The history of the Explorer plate may exemplify the
conditions under which the self-driving forces of small subducting plates are overcome by the influence of
larger, adjacent plates. The recent rapid migration of the absolute pole of rotation of the Juan de Fuca
plate toward the plate suggests that it, too, may be nearing this condition.

INTRODUCTION

The Juan de Fuca plate is one of the last continuing rem-
nants of the Farallon plate, which converged with the western
margin of North America over the last 150 million years. The
collision of the Pacific-Farallon ridge with the American plate
between 25 and 30 Ma led to the independence of the Juan de
Fuca plate at about 20 Ma. (Ma is used here to denote age in
million years before present.) Since that time its area has pro-
gressively diminished as the bounding, southern triple junction
has migrated northward (for a recent review, see Riddihough
[1982b]). A series of detailed magnetic anomaly maps [Raff’
and Mason, 1961; Potter et al., 1974; Currie et al., 1982] pro-
vide a uniquely comprehensive data base with which to study
the seafloor spreading and plate motions of the Juan de Fuca
plate region since 10 Ma. In general, the ridge and spreading
changes are characterized by reduction in spreading rate and
clockwise ridge and plate rotation [Riddihough, 1977, 1980;
Carlson, 19814]. The principal period of change appears to
have occurred between 6 and 3 Ma.

The pattern of ridge segmentation and rotation observed in
the magnetic anomalies was first suggested by Menard and
Atwater [1968] as being a response to interaction between the
oceanic plates and the continental (America) plate. Certainly,
the proximity of the Juan de Fuca plate convergence zone to
the ridge (Figure 1) makes some form of interaction extremely
likely. Examinations of the forces driving plate motions [e.g.,
Forsyth and Uyeda, 1975; Solomon et al., 1975] conclude that
the buoyancy of the subducted slab and the resistance to sub-
duction at the convergence zone are important components of
the forces controlling plate movement. The probable effect on
small plates close to triple junctions was detailed by Menard
[1978] in the idea of “pivoting subduction.” The local com-
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plexity of movements near the two triple junctions at the
north and south ends of the Juan de Fuca plate system (Figure
1) [e.g., Davis and Riddihough, 1982; Silver, 1971; Carlson and
Stoddard, 1981] is certainly indicative that in the extreme case,
plate motions respond in a complex interactive manner.
However, as emphasized by Hyndman [1972] and recently
discussed in more detail by Dewey [1980], Uyeda and Kana-
mori [1979], and Molnar and Atwater [1978], many aspects of
plate motion can only be examined through their motions
relative to the underlying asthenosphere. In a subduction
zone, plates move down into the mantle so that at least part of
the driving or resisting buoyancy force is a function of the
speed of the plate relative to the asthenosphere. A full exami-
nation of local plate interactions must therefore involve docu-
mentation of “absolute” as well as “relative™ motions.

PoOLES OF RELATIVE MOTION OF
THE JUAN DE Fuca SYSTEM

Assessments of the geometry of present and recent conver-
gence between the Juan de Fuca plate and the America plate
[e.g., McKenzie and Parker, 1967; Atwater, 1970; Silver, 1971;
Riddihough, 1977] have usually been based on completing a
plane vector triangle between Juan de Fuca/Pacific spreading
assumed as parallel to the Blanco [racture zone and Paci-
fic’/America motion derived from global solutions or the San
Andreas—Gull of California system. To the extent that the NE
Pacific region is small, this approach gives solutions which are
essentially correct but which mask any geographical vari-
ations in interaction rates.

Attempts to establish poles of relative rotation between the
Farallon (later Juan de Fuca) and Pacific plates using spread-
ing rate variations and fracture zone orientations for periods
before 25 Ma [Franchetau et al., 1970; Handschumacher, 1976]
showed that such poles lay in the Bering Sea—Canada Basin
region. One of the first attempts to determine a contemporary
pole of motion for the Juan de Fuca plate was that of Morgan
[1972], which was interpreted by Carlson [1976] as indicating
a pole of relative Juan de Fuca/Pacific motion to the south-
west of the plate near 30°N, 140°W. By contrast, Carlson
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[1976] used four earthquake fault plane solutions (two on the
Blanco fracture zone and two on the Medocino fracture zone)
to determine a pole to the northeast of the plate at 57°N,
119°W.

Independent determinations using spreading rate variations

RIDDIHOUGH: MOVEMENTS OF THE JUAN DE FucA PLATE

“

. QUEEN ..:°:¢
- CHARLOTTE::
\"; IS.

Dellwood

Smts.

Scott
Smt&

Explorer
Ridge
g Explorer \
Plate ,/\

Sovanco

\

PACIFIC

PLATE

1302

Fig. 1. Location map of the Juan de Fuca plate system.

6981

and Blanco fracture zone orientation [Riddihough, 1980] and
numerical inversion via magnetic anomaly superposition [Ni-
shimura and Hey, 1980; Nishimura et al., 1981] have located
the present Juan de Fuca/Pacific pole near 15°S, 150°W, to
the southwest of the plate. Hey and Wilson [1982] have more
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recently calculated a sequence of pole positions to form the
basis for their study of propagating rifts (see also Nishimura et
al., [1984]). This is further discussed below.

Method: Magnetic Anomaly Analysis

If plate tectonics were always to occur in a geometrically
simple manner (with orthogonal and symmetric spreading),
then spreading rates along a ridge system would decrease sys-
tematically toward the pole of rotation, fracture zones would
always occur along small circles centered on the pole of rota-
tion, and ridge segments and linear magnetic anomalies would
always follow great circles passing through the pole. Further,
the sense and differences in azimuth of equivalent anomalies
on either side of a ridge system (fanning) would indicate the
direction and amount of cumulative angular rotation between
the two plates involved (Figure 2, left). In practice, divergences
from such ideal behavior are widespread. Nevertheless, the
geometrical concepts have formed the foundation of many
plate tectonic analyses and often offer the only route to the
determination of individual plate motions. Over the Juan de
Fuca system, accurate contoured maps of magnetic anomalies
with predominantly north-south orientation in a high mag-
netic latitude provide an opportunity to attempt to use such
concepts in detail.

Although transform fracture zones commonly represent one
of the most important constraints in determining plate mo-
tions, the Sovanco and Blanco fracture zones (F.Z.) (Figure 1)
present a number of problems. The Sovanco F.Z. is not clearly
defined by bathymetry, magnetic anomalies, or seismicity [e.g.,
Milne et al., 1978]. The Blanco F.Z. may have had an ex-
tremely complex history [Hey and Wilson, 1982] and appar-
ently contains a number of different segments of varying
orientation including “pull-apart” basins (R. W. Embley, per-
sonal communication, 1984). For the purposes of examining
the recent history of the Juan de Fuca system, neither fracture
zone provides a clear record of past spreading directions.

For this study, all data were determined from magnetic
anomaly orientation and spacing. Anomaly ages were assigned
using the work by Ness et al. [1980], and individual anomalies
or sequences disturbed by transforms or known “pseudo-
faults” were discounted. Anomalies were grouped into epochs
of 1 million years duration, and measurements were made as
in Figure 2 (right).

For Juan de Fuca relative to Pacific (JDF/PAC) plate
spreading, it was assumed that the great circle containing the
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epoch pole of Juan de Fuca/Pacific plate motion could be
determined from the azimuths of anomalies on the Pacific
plate. (Those on the Juan de Fuca plate will have been cumu-
latively rotated.) This method assumes orthogonal spreading;
however, any random deviations from this condition should
be compensated by sampling. In practice, the 95% confidence
limit on mean azimuth within all epochs except 4.5 Ma
(+3.1°) was £2° or less. Nevertheless, an arbitrary confidence
limit of +5° was assigned to this determination. Clearly, this
method does not allow for systematic oblique spreading along
the whole ridge for periods of 1 million years or greater.

Spreading rates were measured perpendicular to anomalies
as in Figure 2 (right) and projected onto the Pacific plate
anomalies representing the epoch great circle (ridge) in swaths
of approximately 1° of colatitude. An example of the results
for epoch 3.5 Ma is shown in Figure 3. Plate tectonic geome-
try requires that ideally these spreading rates will conform to
a sine function of colatitude. A simple test shows that for all
points on such a curve the linear slope over a distance of less
than 7° will differ from the slope of the sine function at the
mean center point by less than 0.5%. For the present analysis,
therefore, the slope was determined by linear regression, 95%
confidence limits being assigned by the standard methods for
small samples. With the slope and spreading rate at the mean
point (with confidence limits) known, the colatitude and rota-
tion rate of the pole can be uniquely determined. From this
and from the great circle the pole can be calculated.

Instantaneous epoch poles determined in this manner, rela-
tive to the Pacific plate, are shown in Figure 4. The resulting
“sector-shaped” 95% confidence limits are a consequence of
the independent determination of colatitude and azimuth.

Juan de Fuca/Pacific Poles

Figure 5 compares the instantaneous poles derived in this
paper with those of Hey and Wilson [1982] calculated from
the finite rotations necessary to rotate isochrons on the Juan
de Fuca plate onto the corresponding isochrons on the Pacific
plate. Considering the uncertainties in the techniques, the re-
sults compare quite closely. One significant departure is in
timing, Hey and Wilson [1982] consider that there was a
“drastic shift” in Juan de Fuca/Pacific motion between the
times of anomalies 3a and 3 (around 5 Ma). In fact, detailed
studies of anomaly azimuths [Riddihough, 1977, Figure 3;
Carlson, 1981a, Figure 5] show that while there may be a
slight increase in the rate of clockwise anomaly rotation at 5
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Fig. 2. Pole determination parameters from magnetic anomalies used in this study. (Left) Theoretical geometry of
spreading. (Right) Application to observed magnetic anomalies.
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Fig. 3. Spreading rates along the Juan de Fuca ridge at 3.5 Ma.
Colatitude is measured in degrees (111 km) along strike of magnetic
anomalies on the Pacific plate; error bars are 95% confidence inter-
vals on rates and the mean (open circle and bar); dashed lines are
95% confidence limits on the slope.

Ma, the major change is between 3 and 4 Ma (Figure 6). At
this time, most “fanning” ceases. Nishimura et al. [1984] con-
sidered that the major change occurred between 2.4 and 5.4
Ma with the instantaneous pole remaining in its present posi-
tion since 2.4 Ma.

The key to the timing discrepancy may lie in the argument
that when plate motions change, it may take a finite amount
of time for the central rift creating the magnetic anomalies to
adjust to the new direction of spreading. Hey and Wilson’s

Fig. 4. Juan de Fuca/Pacific poles determined from this study.
Numbers are epoch dates in million years before present (Ma). The
95% confidence limits are keyed to each pole position by symbols.
For derivation, see text.
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[1982] reconstructions assume that spreading remains oblique
after a pole change (anomalies are thus created parallel to the
old ridge) until a propagator passes through and reorients the
ridge system. A difficulty with this is that, as noted earlier,
anomaly azimuths of the same age along the Juan de Fuca
ridge are remarkably consistent. Further, the most striking
contemporary ridge propagation in the region (the Cobb pro-
pagator) separates ridge sections which differ in orientation by
no more than 1° or 2°,

Studies of detailed ridge structure [e.g., Macdonald, 1982]
indicate that the “crustal accretion” and “neovolcanic” zone
where spreading actually occurs may be less than 2 km wide,
although off-axis volcanism does exist and the active faulting
zone may exist to + 10 km of the axis. The speed with which a
ridge can change orientation without propagation and the
extent to which preexisting structure constrains changes are
unclear. The fact that propagators break into old crust in an
apparently continuous manner [Hey and Wilson, 1982] sug-
gests that the constraints may not be strong. For the present
studies, therefore, it is assumed that anomaly orientations
averaged over l-million-year time periods are perpendicular
to plate motions during the same period and not those of a
significantly earlier time.

Significant features of the pole positons in Figure 4 are the
eastward drift up to 4.5 Ma and then the rapid increase in
distance away from the plate. This movement results in the

JDF/AM
O JDF/HS
| JDF/PAC
#* Heoy & Wilson (1982)
a Nishimura et al. (1981)
A Nishimura et al. (1984)

Fig. 5. Mean instantaneous Juan de Fuca/Pacific (JDF/PAC),
Juan de Fuca/America (JDF/AM), and Juan de Fuca/hot spot
(JDF/HS) poles derived in this paper. Numbers are epoch dates in
Ma. Poles derived by other authors are shown for reference, together
with contemporary Pacific poles from Minster and Jordan [1978].
Coastline is as at present.
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Fig. 6. Magnetic anomaly azimuths plotted against age for three
sections of the Juan de Fuca ridge system. Open circles are azimuths
on the plates to the east of the ridge; solid circles are from the Pacific
plate.

nearest emergent pole of the rotation axis being to the south
rather than the north of the plate since approximately 2 Ma.
Confidence limits for the epoch-3.5-Ma pole put the closest
pole as definitely to the north; limits for the 0.5-Ma pole
constrain it to the south of the plate by that time.

Explorer/Pacific Poles

The change in Pacific plate anomaly (ridge) rotation at
around 3 Ma can be seen in Figure 6 to occur for all three
major sections of the ridge system (Gorda, Juan de Fuca, and
Explorer). However, for the Explorer ridge it involves an
almost 10° jump in azimuth followed by continuing rotation,
not a cessation. It appears that at this time the Explorer plate
became independent and no longer pivoted around the same
pole relative to the Pacific plate as the rest of the Juan de
Fuca system. This is supported by the following facts:

1. All anomalies on the eastern side of the Explorer ridge
are “fanned” clockwise in relation to those on the west, indica-
ting a nearby pole to the southwest with a rapid angular
rotation.

2. The Explorer ridge spreading rate for epoch 3.5 Ma is
much larger than that of the northern Juan de Fuca ridge.
This is inconsistent with a single pole to the north.

3. The Pacific plate anomaly azimuth changes of Figure 6
could only be accommodated within a single plate system by a
sudden westward Explorer ridge jump followed by continuing
westward migration with a rotation pole to the north. This is
inconsistent with point 2.

Hyndman et al. [1979] named the transform between the
Explorer and Juan de Fuca plates the Nootka Fault and esti-
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mated that it came into existence around 7 Ma (see also Riddi-
hough [1977]). However, determination of the pole of rotation
sequence presented here shows that this may not be geo-
metrically necessary and that the 3-4 Ma initiation is to be
preferred.

A sequence of mean Explorer/Pacific (EX/PAC) poles from
3.5 Ma to the present is shown in Figure 7 and listed in Table
1. These were calculated using spreading rates and anomaly
azimuths for the Explorer ridge [Riddihough, 1977] combined
with the average Explorer/Pacific rotation rate determined
from the fanning shown in Figure 6. As there is insufficient
Explorer ridge length to observe the decrease of spreading rate
toward the pole, the latter provides the necessary third param-
eter to determine the pole.

This process introduces a number of errors, not the least
being the assumption of a constant rotation rate. Figure 8
shows the EX/PAC pole error space for epoch 0.5 Ma esti-
mated using + 5° great circle error and 95% confidence limits
on the rotation rate from the fanning regression.

Gorda/Pacific Poles

Riddihough [1980] confirmed that the South Gorda ridge
began to spread at a significantly different rate from the North
Gorda ridge betweeen 2 and 3 Ma. Spreading on the North
Gorda ridge can be fitted to the same pole of rotation as the
remainder of the Juan de Fuca plate up to the present. The
South Gorda ridge must therefore have had a separate pole of
rotation relative to the Pacific plate since at least 3 Ma. Riddi-
hough [1980] showed that significant anomaly fanning be-
tween Gorda South and the Pacific plate stopped at about 1
Ma. Thus the pole must have become much more distant for
epoch 0.5 Ma.

The question of whether or not the anomaly distortion of
the Gorda plate is produced by fanning or some form of inter-
nal deformation is being actively debated [e.g., Silver, 1971;
Riddihough, 1980; Carlson and Stoddard, 1981]. At this stage,
the poles of Figure 7 and Table 1 (calculated as for the Ex-
plorer ridge) are presented as the geometrical consequence ol
the fanning interpretation rather than the final answer to this
problem.

“Absolute” Poles of Motion

Calculation of instantaneous absolute or “hot spot” poles
for the Juan de Fuca system involves reconstructing the posi-
tion of the instantaneous JDF/PAC pole at the epoch con-
cerned relative to the hot spot framework and solving the
vector addition with the Pacific/hot spot (PAC/HS) poles. A
number of PAC/HS poles have been calculated using hot spot
traccs within the Pacific plate [e.g., Minster and Jordan, 1978;
Minster et al., 1974; Chase, 1978; Turner et al., 1980; Duncan,
1981; McDougall and Duncan, 1980]. In comparing the orien-
tation of seamount chains and features within the immediate
region (in particular the Cobb, Scott, and Dellwood seamount
systems; Figure 1), model AM1-2 of Minster and Jordan
[1978] seems to produce the closest fit. This is the pole used in
all absolute motion calculations in this paper. The resulting
mean absolute poles calculated in this manner for the Juan de
Fuca, Explorer, and Gorda South systems are listed in Table 1
and are shown in Figures 5 and 7.

The main features of the Juan de Fuca/hot spot (JDF/HS)
poles are that they occur close to the Juan de Fuca plate to
the northwest until 4.5 Ma, then shift to the southeast, and
progressively migrate northwestward toward the plate. The
Explorer/hot spot (EX/HS) and Gorda/hot spot (GO/HS)
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Fig. 7. Mean instantaneous poles for the Explorer and Gorda South plates, PAC, Pacific; HS, hot spot framework;
AM, America plate framework; EX, Explorer; GS, Gorda South; JF, Juan de Fuca. Numbers are epoch dates in Ma;
directions of plate rotation are shown by arrows. Coastline is as at present.

poles may occur extremely close to or within the Explorer and
Gorda plates and consistently involve clockwise rotation.

Poles of Motion Relative to the America Plate

Calculation of mean poles relative to the American plate
can be carried out through reconstruction and vector addition
using a Pacific/America pole. A number of authors have calcu-
lated such a pole for the present, but there remains some
uncertainty as to its applicability for periods older than 5§ Ma
[e.g., Molnar and Atwater, 1978; Engebretson, 1982]. This un-
certainty is of undoubted importance in assessing motions of
the Juan de Fuca plate relative to the America plate. However,
for consistency the poles listed in Table 1 (shown in Figures 5
and 7) have been calculated assuming model RM2 of Minster
and Jordan [1978] back to 6.5 Ma. (Using RM2, Nishimura et
al. [1984] recently calculated a present Juan de Fuca/America

(JDF/AM) pole at 29.11°N, 112.72°W at 1.05°/Ma; this com-
pares closely with the 0.5-Ma pole shown in Table 1.)

Confidence Limits for Pole Determinations
and Relative Motions

The asymmetric, “sector-shaped” confidence limits for in-
stantaneous JDF/PAC and EX/PAC poles shown in Figures 4
and 8 result from the calculation methods. To estimate confi-
dence limits for JDF/AM, JDF/HS, Explorer/America
(EX/AM), and EX/HS poles, the bounding and mean pole
positions (and rotation rates) were convolved with the quoted
mean poles and 2¢ limits on latitude, longitude, and rotation
rate for RM1 and AM1-2. Ninety-five percent confidence
limits on the resulting matrices of poles are shown in Figures
8 and 9 for epoch 0.5 Ma. (It should be noted from Figure 4
that these 0.5-Ma confidence limits are probably the smallest
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TABLE 1.
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Mean Instantaneous Rotation Poles of the Juan de Fuca Plate System

Relative to

Relative to

Relative to

Pacific Plate* Hot Spot Framework?} Americat
Epoch,
Ma °N W °/m.y. °N W °/m.y. °N °W °/m.y.
Juan de Fuca
6.5 735 121.8 +142 57.3 1950 +0.59 570 2003 +0.83
5.5 69.5 1240 +1.54 56.1 176.4 +0.69 56.9 1859 +093
4.5 65.7 1183 +1.87 58.8 150.2 +098 60.6 162.5 +1.19
35 74.9 80.0 +0.96 —19.8 826 —-0.22 421 2449 +043
25 736 12.3 +0.71 21.0 106.1 —-047 -4.7 929 —-0.50
1.5 —11.7 145.3 —0.61 385 117.7 ~1.16 284 110.2 —-1.07
0.5 -99 146.1 —-0.62 392 119.4 -1.18 294 111.7 —1.09
Explorer
35 40.2 1349 -3.1 45.7 1254 -39 430 1234 —38
2.5 421 137.1 -31 47.6 127.6 -39 452 125.3 —-38
1.5 435 136.3 -31 49.0 1273 -39 46.7 124.7 —38
0.5 42 135.7 -3.1 500 1274 -39 47.8 124.5 -38
Gorda South}
2.5 38.1 127.8 —13.5 40.0 126.1 —145 393 125.4 +142
1.5 390 128.0 —13.2 409 126.2 —140 40.2 125.5 —140
0.5 300 129.2 -1.1 46.9 114.5 -19 41.2 108.0 —1.7

Poles are given in relation to Pacific, hot spot framework, and America considered fixed in their
present positions. Pole named is the emergent pole closest to the Juan de Fuca plate. Rotations are —,

clockwise, and +, anticlockwise viewed from the pole.
*For confidence limits, see Figure 4.

tCalculated using Pacific plate motion as determined by RM1 and AM1-2 of Minster and Jordan

[1978].

{Poles assuming no internal deformation of Gorda South plate (see text).

of the set being considered.) These simplified confidence limits
tend to be slightly smaller than the conventional elliptical
limits [e.g., Minster and Jordan, 1978] and are also non-
symmetric about the third pole determined by the vector addi-
tion of the two mean poles (e.g, JDF/PAC and Paci-
fic/America (PAC/AM)). In terms of the significance to be
given to the resulting motions of the Juan de Fuca plate
system, they nevertheless provide at least a minimum assess-
ment of the probable errors. For Juan de Fuca plate motions
at 0.5 Ma, they suggest errors of +7 mm a~! and +7° rela-
tive to America and +10 mm a~! and +20° relative to the
hot spot framework for a point in the center of the plate.
Explorer plate motions are less certain, having probable errors
for 0.5 Ma of +15mm a~! and + 12° relative to America and
+15mm a~! and +100° (for a point near Brooks Peninsula
that is within the confidence limits of the absolute pole posi-
tion (Figures 1 and 8)). By comparison, similar calculations for
the errors of JDF/AM motion at 3.5 Ma give +13 mm a~!
and +17°.

ABSOLUTE MOTIONS OF THE JUAN DE FucA SYSTEM

Figure 10 presents a sequential picture of the absolute (rela-
tive to hot spots) plate motions of the Juan de Fuca plate
system since 7 Ma. The motions are shown on a geometry of
the plate system relative to the present coastline and use the
mean calculated poles of Table 1 subject to the uncertainties
discussed above. This reconstruction does not include the ac-
creting history of the Blanco F.Z. by accumulating propagat-
ing offsets as proposed by Hey and Wilson [1982]. For the
understanding of the motions of the rigid plate system over
the mantle and relative to the margin, this may not be critical.
America absolute plate motion is as given by AM1-2.

For the period from 7 to 4 Ma, motion of the plate is to the
northeast with the slowest motion off Vancouver Island. The
occurrence of the slowest rate at the northern end is in agree-

ment with the concept of Menard [1978] that the youngest
material (where the ridge is closest to the subduction zone)
provides the greatest resistance to subduction. In effect, the
plate tends to pivot about such a point.

Between 4 and 3 Ma there is a dramatic change. The
youngest northern portion of the plate that was providing the
maximum resistance breaks off and begins to move indepen-
dently as the Explorer plate. (The approach of the eastern end
of the Sovanco F.Z. to the margin may have contributed to
this.) It immediately begins to move about a very local pole so
that its motion into the convergence zone is severely reduced.
Even with the probable error limits of pole positions, by 2.5
Ma it may be rotating about a point within itself such that in
a translational sense it is no longer moving systematically
toward the former subduction zone. This type of “spinning”
motion continues to 0.5 Ma. The pole uncertainty limits in-
clude the possibility that in the hot spot framework it could be
moving away from its subduction zone with the America
plate.

At the time that the Explorer plate becomes independent,
the Juan de Fuca plate becomes notably smaller, and the
point of maximum resistance to movement provided by the
youngest material entering the subduction zone shifts to some-
where in the Cape Blanco area. By epoch 2.5 Ma, the mean
absolute velocity of the plate has dropped to 40% of its pre-
vious value, and the slowest motion has shifted to the south-
east in conformity with Menard’s [1978] concept. The velocity
of the plate continues to reduce until epoch 0.5 Ma. The abso-
lute velocity determined from the mean pole now varies from
20 mm a~! near Vancouver Island to 10 mm a~! near Cape
Blanco, the pole of absolute rotation being in northern Cali-
fornia. However, considering the uncertainties discussed
above, it is now possible that the velocity of the southern part
of the plate relative to the mantle is close to zero.

A separate pole of motion for the southern Gorda plate is
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Fig. 8. The 95% latitude and longitude confidence limits for epoch-0.5-Ma pole determinations for the Explorer plate.
Circles are pole positions derived from vector addition of mean EX/PAC and PAC/AM or PAC/HS poles, not the mean

of the covariance of confidence limits.

probably significant at least from 3 Ma. As with the Explorer
plate, the resultant motion is clockwise rotation around a pole
close to or within the plate. A similar situation develops, that
of little or no motion toward the Gorda/America convergence
zone, perhaps even motion away from the convergence zone.
The change in the Gorda South pole for epoch 0.5 Ma retains
the clockwise motion but could result in movement that is
significantly away from the subduction zone and the Men-
docino escarpment.

MoTIONS OF THE JUAN DE Fuca SYSTEM
RELATIVE TO AMERICA

Figure 11 presents a sequential picture of the motions of the
Juan de Fuca plate system relative to the America plate on the
same plate layout as Figure 10. Again, these are the motions
given by the mean poles of Table 1 and subject to consider-
able uncertainties. At 6.5 Ma, relative motion is to the north-
east at mean speeds varying from 60 mm a~' along the Van-
couver Island margin to 70 mm a~! south of Cape Men-
docino. As with the absolute motions, the slowest movement is
off Vancouver Island where the youngest material is converg-

ing with the America plate. Over the succeeding 2 million
years, motions remain largely the same.

Even taking into account the large uncertainties, the inde-
pendence of the Explorer plate by 3.5 Ma probably results in a
sharp reduction in convergence rates along Vancouver Island
(Figure 12). In relation to the America plate, the Explorer
plate again rotates clockwise around a local pole probably to
the southeast (see Figure 7), which appears to be migrating
northward and becoming closer to the Explorer plate itself.

After the breakaway of the Explorer plate at 3.5 Ma, the
remainder of the Juan de Fuca plate behaves in relation to the
America plate much as it did when considering absolute mo-
tions. The convergence rate probably declines from its 4.5-Ma
value at all points along the convergence zone (Figure 12). By
epoch 2.5 Ma, the JDF/AM pole has shifted to the southeast
of the system, so that the slowest convergence is in the Cape
Blanco area where the youngest material is entering the sub-
duction zone. Convergence probably continues to decline to
the present, and the pole moves toward the plate.

If, as before, the southern part of the Gorda plate is treated
as rigid, this plate apparently rotates clockwise around a local
pole close to or within the plate through epochs 2.5 and 1.5
Ma. For epoch 0.5 Ma, convergence may cease, and the plate

may move to the northwest at approximately 40 mm a~ 1.
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Fig. 9. The 95% latitude and longitude confidence limits for epoch-0.5-Ma pole determinations for the Juan de Fuca
plate. Dashed oval is 95% confidence interval for JDF/PAC pole from Nishimura et al. [1984].

DisSCUSSION OF PLATE MOTIONS

In summary, the plate motions of the Juan de Fuca system
as shown by the mean rotation poles both in an absolute
(relative to hot spots) and in a relative (to America) sense
show similar characteristics:

1. The rate of motion declines beginning at 4 Ma.

2. The motion pattern is such that the youngest converg-
ing material moves slowest; this pattern is reestablished for
the Juan de Fuca plate after 4 Ma when the Explorer plate
becomes independent.

3. After 4 Ma, all closest rotation poles lie to the south
and progressively move toward the plates concerned.

The errors of pole positions and rotation rates are probably
such as to reduce the significance of characteristic 1 above, but
both characteristics 2 and 3 remain true at the 95% confi-
dence limit.

Driving Forces

The enigma of plate driving forces has been examined, both
theoretically and by the empirical approach of comparing
plate speeds with parameters such as area, ridge length, trench
length, etc. Forsyth and Uyeda [1975] concluded that there
was no obvious relation between plate velocity and area but

that there was a striking correlation between velocity and the
length of trench with subducted slab. Chapple and Tullis
[1977] also concluded that the major driving forces are associ-
ated with subduction, a pull due to the downgoing slab acting
on both upper and lower plates, and a resistance to conver-
gence. Recently, Carlson [1981b] and Carlson et al. [1983]
assessed the balance of forces using multiple linear regression
and concluded again that slab pull is the dominant force in
determining plate velocities.

The data assembled in Figure 10 can be used to calculate
the mean integrated velocities of the Juan de Fuca plate refa-
tive to the hot spot framework since 7 Ma. These velocities
decrease from around 45 mm a~! at 6.5 Ma to 17 mm a~! at
0.5 Ma. Allowing for uncertainties of +20 mm a~! for the
older epochs and +10 mm a~! for the present, this suggests
that the velocity has either remained similar or decreased by
up to 50% during this period. Using the geometry of the plate
system shown in Figures 10 and 11, the total area of the plate
has decreased by approximately 50% during the same period.
The effective ridge length (normalized by total perimeter) has
decreased by approximately 25%, and the effective trench
length has remained almost identical. In qualitative terms,
therefore, the results may be compatible with other global
studies.



6989

RIDDIHOUGH: MOVEMENTS OF THE JUAN DE FUCA PLATE

"§10199A aje[d BONJ 9P UeN[ IO  _B WUI(] ¥ PU® 07 F 1SBJ| I8 Ik Inq 1x3}
21} UI PISSNOSIP aJe SI011 "INy oy u1 paxy st djed eououry jo uonisod ‘syoods reak-uoliu-1 jo syurod 12)Ud0 d1e $31e(] "TedA 1ad s1voUIfIW
are sloqunp “yJomdswely (Jods oY) 2INjosqe oY) 0} SANE[I BJA [ 20Ul widlsks aje[d eonj Sp uen{ Y} Jo SIOIAA UONOW O Brg

N

MNHOMIWVHS N
.10dS 1OH. —

N\

cend N ommni,
\

A\

A\

€T

[0S —




RIDDIHOUGH: MOVEMENTS OF THE JUAN DE FucA PLATE

6990

NHOMINVYHI
31V1d VOIHINY -

*$101004 91e[d BON ] Op UBN[ JOJ ;B Wl /T pue /¥ 1S3 B 318 JNq 1X9) SY) Ul PasSnosIp 3Je s1011g 'syo0da Jeak-uoyrui-| Jo sjuiod I3)uad aIe

sa1B(q 180K 12d s1ojomnfrm a1 s1aquiny ‘a1e[d BoLIaUIY Y} 0) 2ANR[3l BJA £ dduls urdlsds a1eid esng op uenf sy) Jo SI0193A UONOW

Y

11 iy

ey

o

i

A

s e,
- o

#

i

BN SE

<

BN S°S

005

BN S9




RIDDIHOUGH: MOVEMENTS OF THE JUAN DE FUCA PLATE

at 50'N 128'W

mma’'
g
1
——
—e—
——
——
—
8
Lo o
—0—
—_——
—o0—
——
———
———

o
o

} at 46'N 125'W
'_050‘{ { } * 50_-
: P AR
o — 1T — 1 T 1 © A N S e——
s ‘s 2 0 6 4ya 2 ()
o total
o orthogonal
Fig. 12. Interaction rates (in millimeters per year) at two points

near the continental margin versus time. Solid circles, movement rela-
tive to America; open circles, convergence perpendicular to the
margin. Error bars are estimated and may be minimum for older
epochs; see text for explanation.

Nevertheless, it is clear that many of the quantitative rela-
tions determined from global studies do not fit the Juan de
Fuca plate. In particular, the model IV regression of Carlson
[1981b] predicts that the mean velocity of the Juan de Fuca
plate would be 98 mm a~! at 6.5 Ma and 94 mm a~! at 0.5
Ma. Figure 8 of Forsyth and Uyeda [1975] also suggests that
to fit in with the global plate observations, the Juan de Fuca
plate, with a present effective trench length of 40%, should
have a velocity of 100 mm a~?* or greater. Using a plate age at
the margin of 10 Ma, the relation derived by Carlson et al.
[1983] predicts an absolute velocity for the Juan de Fuca
plate of 25-35 mm a~!. This is close to the absolute velocities
calculated from Figure 10. However, plate reconstructions as
in Figure 10 (see also Engebretson, [1982]) suggest that the
ridge has stayed approximately the same distance offshore
since 10 Ma. The age of the plate entering the trench has thus
remained similar. If the mean speed has decreased markedly in
this period, age seems unlikely to be a significant factor.

Quantitatively, it would seem that the balance of forces
controlling Juan de Fuca plate motions may not be the same
balance as for other, larger plates. As plates become as small
as the Juan de Fuca, the simple linear relations between forces
such as those proposed by Carlson et al. [1983] may change
or cease to apply.

Pivoting Subduction

The process summarized in Figures 10 and 11 seems to
support Menard’s [1978] concept of pivoting subduction and
provides a striking example of the rate and style of response of
a small plate system. Some form of resistance at the conver-
gence or subduction zone is apparently an important factor in
determining plate motion in this region. Ironically, because
both absolute and relative to America motions show the same
pattern, it is not immediately obvious whether the predomi-
nant factor is the motion of the Juan de Fuca plate into the
mantle or its interaction with the overlying continental plate.
The latter may provide frictional resistance to convergence;
the former may provide buoyancy resistance as the material of
the oceanic plate moves downward. However, if the detach-
ment of the Explorer plate reflected a balance point between
its resistance to motion and the strength of its attachment to
the remainder of the Juan de Fuca plate, then the fact that its
absolute rather than relative translational movement rapidly
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declined to near zero suggests that it is its motion into the
mantle which provided the predominant resistance.

The absence of any fault plane solutions showing under-
thrusting [Milne et al., 1978; Rogers, 1979] in the convergence
zone of the Juan de Fuca plate system, the low-energy release
of Juan de Fuca/America convergence [Hyndman and Wei-
chert, 1983], and the steady “back tilting” of coastal areas
[Ando and Balazs, 1979; Riddihough, 1982a; Reilinger and
Adams, 1982] have all been suggested as indicating that Juan
de Fuca/America interaction in this region is continuously
aseismic. Although these observations cannot necessarily be
extended to long-term processes, they do indicate that at least
on a short time scale, conditions of low resistance to Juan de
Fuca/America convergence can exist.

The fact that once the Explorer plate is detached, the re-
mainder of the Juan de Fuca plate adjusts its motion so that
its southern (youngest) part moves slowest is an apparently
strong confirmation of the pivoting subduction concept. How-
ever, a major dilemma is posed by the data of Figure 10: If the
Explorer plate was providing the maximum resistance to Juan
de Fuca motion, why does the mean velocity of the remainder
of the Juan de Fuca plate decrease and not increase when the
Explorer plate becomes detached? One solution to this prob-
lem may be that the resulting decrease in plate size is the
dominant factor in determining plate speed. Another solution
may involve other components of plate motion.

Subduction, Overriding, and “Rollback” Velocities

Dewey [1980] and Uyeda and Kanamori [1979] rationalized
the movements of plates in a convergence zone into three
components. Following Dewey’s notation, these components
are

absolute velocity of the overriding plate;

absolute velocity of the underlying plate (its rate of inser-
tion into the asthenosphere);

rate of rollback at which a trench moves oceanward due
to the rate of “fall” of the subducting plate, V,, into the
asthenosphere. (This is distinct from what might be
termed the “forced” rollback due to the advance of an
overlying plate.)

NeN

BN

Both Dewey [1980] and Uyeda and Kanamori [1979] argue
that the tectonics of a convergence zone are highly dependent
upon the relative values of ¥, and ¥, and are much less depen-
dent upon V,.

Explorer plate. The rapid decline of Explorer plate veloci-
ty and the movement of its pole of rotation has produced a
situation where its present rate of insertion along its own
length into the mantle, V,, may be near zero. Although there
is, presumably, a section of subducted Explorer plate beneath
Vancouver Island, it is not coherently moving down into the
mantle. It seems reasonable to argue that, in fact, the only
reason that this portion of the plate was previously moving
down into the asthenosphere may have been because it was
attached to the older and larger Juan de Fuca plate. Once it
became detached, the sum of forces driving the Explorer plate
changed radically, and it could no longer continue any down-
ward movement. Dewey [1980] stresses that rollback velocity
V. is independent of V,. However, if one of the dominant forces
driving plate motion is the negative buoyancy of subducted
slabs, then it seems likely that, although independent, both V,
and ¥, will approach zero if this buoyancy ceases to be nega-
tive. In the case of the Explorer plate, V, is near zero, and it
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would seem probable that ¥, the “free” rollback velocity, may
thus also be near zero.

In tectonic and structural terms, the result of this situation
could be as in Figure 13. The Explorer plate, having ceased to
descend into the mantle under its own body forces, is still
converging with the America plate and has been overridden
by up to 70 km in a southwesterly direction. It may thus be
effectively underplating the northern part of Vancouver
Island. Such a process would, presumably, involve an in-
creased stress coupling with the overlying America plate and a
contrast in recent vertical movement history. These conditions
plus the complexity of the interaction with the America plate
produced by the local pole of relative movement would seem
to ensure that there should be a strong contrast between the
tectonic processes affecting northern Vancouver Island and
those affecting southern Vancouver Island and the Wash-
ington and Oregon margins. This seems to be true of present
seismicity [Milne et al., 1978; Rogers, 1979], in particular in
the zone where the subducted Nootka Fault [Hyndman et al.,
1979] marks the boundary between the two regimes. Rogers
[1983] has also pointed out that the vertical movement pat-
tern [Riddihough, 1982a] and topography of the northern part
of Vancouver Island are distinct from the areas to the south.

Juan de Fuca plate. The dilemma of the apparently con-
tinuing reduction in motion of the Juan de Fuca plate after
the detachment of the resistive Explorer plate may be resolv-
able if the independence of V, and V, suggested by Dewey
[1980] does hold true for the nonzero condition. As shown
(Figure 10), ¥, for the Juan de Fuca plate apparently continues
to decline after 4 Ma. However, if the Explorer plate was
providing buoyancy resistance to descent into the mantle, then
its removal may have resulted in an increase in ¥ and thus V,,
the trench rollback velocity. Such an increase would not show
in Figure 10 but might be detectable in a vertical cross section
through the Juan de Fuca convergence zone.

RIDDIHOUGH: MOVEMENTS OF THE JUAN DE FUCA PLATE

A series of cross sections derived from seismicity, seismic
refraction, and gravity modeling were constructed by Riddi-
hough [1979] (see also Ellis et al. [1983] and Michaelson
[1983]). All showed an increase in dip or “bend” in the
downgoing slab beneath the Georgia Strait and the Puget
Sound. One of these is shown in Figure 14 (top). Figure 14
(bottom three panels) suggests how such a bend could be pro-
duced by an increase in ¥, and V relative to V,. Previous to 4
Ma, the relation between V, (America absolute velocity, ~23
mm a~!) and V¥, may have been such that the margin was
“compressional” [ Dewey, 1980]. At 4 Ma an increase in V, and
V, produced by the detachment of the Explorer plate could
cause the bend in the plate at the trench to begin to “fall.”
This increase in ¥, might change the characterization of the
margin at this time to something closer to that defined by
Dewey [1980] as “neutral.”

The aseismic nature of the Juan de Fuca plate convergence
zone and the accretionary nature of the Washington-Oregon
margin [e.g., Silver, 1972] seem to be in accord with a neutral
concept {Dewey, 1980]. The initiation of high Cascade vol-
canism [e.g., McBirney, 1978] in the late Pliocene could also
be a response to a change in asthenospheric flow between the
downgoing and overlying slabs in a similar way to that sug-
gested by Barazangi and Isacks [1976] for the Nazca plate.
Certainly, the existence of the bend in the downgoing slab in
the appropriate lateral position (100-120 km from the margin)
to have been produced near 4 Ma seems to be an indication
that a change in rollback velocity at about that time is a
possible occurrence.

However, this explanation does not account for the fact that
globally, most subducting slabs have a “knee bend” at a depth
of between 30 and 50 km [Pennington, 1983]. The association
of the bend in the Juan de Fuca plate with seismicity due to
phase changes [Rogers, 1983] seems to support the concept of
Pennington [1983] that the bend is a response to the increase

OVERRIDING BUT
NO 'SUBDUCTION

EXPLORER
PLATE

JUAN DE
FUCA PLATE
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"SUBDUCTION’
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Fig. 13. Block diagram showing proposed plate configuration and contrast beneath Vancouver Island. “Subduction” is
used here as movement of the underlying plate downward into the asthenosphere.
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Fig. 14. (Top panel) Cross section across southern Vancouver
Island [from Riddihough, 1979]. (Bottom three panels) Sequential
mechanism for the possible production of an observed bend in the
downgoing slab. Sections are fixed in relation to the mantle; America
(AM) moves westward at absolute velocity V,. At 6 Ma the trench
rollback velocity ¥, is less than V,, and compressional convergence
occurs. At 4 Ma, V, increases. This results in an increase in ¥, such
that it equals V, and a steepening of the downgoing slab. The tectonic
style is now neutral [Dewey, 1980], and a bend is produced.

in negative buoyancy produced by the phase changes. Its lo-
cation in the Juan de Fuca plate at a point which could infer
changes in convergent style at around 4 Ma may thus be a
coincidence.

Gorda South

As stressed at the outset, motions for the southern part of
the Gorda plate which apparently moved independently from
3 Ma [Riddihough, 19807 have been calculated assuming rigid
plate tectonics. The possibility of nonrigid, or at least imbri-
cate, distortion within this southern plate section was suggest-
ed by Silver [1971] and has been more recently examined by
Carison [1976] and Carlson and Stoddard [1981]. Analysis of
the 1980 Eureka earthquake [Smith et al., 1981] shows that
northeasterly oriented left-lateral shear does occur and
strongly suggests that imbricate deformation is a probable
explanation.
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The reason for the timing of the independence of this part of
the Gorda plate at 3 Ma is not clear. It was not the youngest
portion of the subducting Juan de Fuca plate at that time,
although the recent detachment of the Explorer plate may
have precipitated a redistribution of stress such that this
corner of the system between the margin and the Mendocino
F.Z. became particularly vulnerable. Being small, once it had
broken away, it would presumably have little or no self-
driving force. It could be argued that the clockwise motion
from 3 to 1 Ma was determined either by northwesterly Paci-
fic absolute motion or by the northwesterly right-lateral shear
applied by Pacific/America relative motion. The increase in
absolute motion by 0.5 Ma and the rapid decrease in spread-
ing on the southern Gorda ridge suggest that by this time at
least, its motion was controlled by the northwesterly moving
Pacific plate. Given the length of the Mendocino F.Z., this
seems reasonable and may be part of the process of northward
migration of the Mendocino triple junction as suggested by
Riddihough [1980].

SuMMARY COMMENTS

Although there are undeniable uncertainties in the poles
and rates of rotation determined for the Juan de Fuca plate
system by the methods used here, the results compare well
with other approaches to the problem and produce a coherent
pattern of plate movements. This pattern is valuable in that it
may show in detail how the movements of a small plate
system are affected by a number of factors, notably by resist-
ance at the convergence zone. It affirms that at least for small
plates, Menard’s [1978] concept of pivoting subduction is
valid. The behavior of the most resistive, Explorer plate por-
tion of the system in eventually becoming detached and ceas-
ing to move down into the mantle is physically rgasonable and
suggests that the dominant resistance to motion is in this case
provided by the asthenosphere. The behavior of the remainder
of the Juan de Fuca plate after the Explorer plate detachment
suggests that vertical and horizontal plate movements relative
to the mantle could be independent.

Recent work on the Winona Basin [Davis and Riddihough,
1982] and continuing debate on the southern part of the
Gorda plate tend to confirm that close to the triple junctions,
small fragments of plates become dominated by the move-
ments of the larger, bounding plates. In the Juan de Fuca
system it seems that an almost continuous succession from
larger, self-driven plates to small, interplate fragments can be
seen. The fact that the absolute pole of motion for the Juan de
Fuca plate itself may now be almost within the subducted
portion of this plate (Figure 5) suggests that it, too, is rapidly
slowing and will soon be controlled by its larger neighbors.
While it is a very small part of the global plate system, it may
thus provide a graphic example of the end points of the plate
tectonic process.

Acknowledgments. The work presented in this paper benefited
considerably from discussions with C. Nishimura and D. S. Wilson,
who kindly provided preprints of their work on the Juan de Fuca
plate. I am particularly grateful for a comprehensive review from T.
Atwater, which resulted in a much more realistic appraisal of the
errors and uncertainties involved in reconstructing the plate motions.
Earth Physics Branch contribution 1125.

REFERENCES

Ando, M., and E. 1. Balazs, Geodetic evidence for aseismic subduction
of the Juan de Fuca Plate, J. Geophys. Res., 84, 3023-3028, 1979.
Atwater, T., Implications of plate tectonics for the Cenozoic evolution



6994

of western North America, Geol. Soc. Am. Bull,, 81, 3513-3536,
1970. ;

Barazangi, M., and B. L. Isacks, Spatial distribution of earthquakes
and subduction of the Nazca plate beneath South America, Ge-
ology, 4, 686-692, 1976.

Carlson, R. L., Cenozoic Plate convergence in the vicinity of the
Pacific Northwest: A synthesis and assessment of plate tectonics in
the Northeastern Pacific, Ph.D. thesis, Univ. of Wash., Seattle,
1976.

Carlson, R. L., Late Cenozoic rotations of the Juan de Fuca ridge and
the Gorda rise: A case study, Tectonophysics, 77, 171-188, 1981a.
Carlson, R. L., Boundary forces and plate velocities, Geophys. Res.

Lett., 8, 958-961, 1981b.

Carlson, R. L., and P. R. Stoddard, Deformation of the Gorda plate:
A kinematic view (abstract), Eos Trans. AGU, 62, 1035, 1981.

Carlson, R. L., T. W. C. Hilde, and S. Uyeda, The driving mechanism
of plate tectonics: Relation to age of the lithosphere at trenches,
Geophys. Res. Lett., 10, 297-300, 1983.

Chapple, W. M., and T. E. Tullis, Evaluation of the forces that drive
the plates, J. Geophys. Res., 82, 1967-1984, 1977.

Chase, G. G., Plate kinematics: The Americas, East Africa, and the
rest of the world, Earth Planet. Sci. Lett., 37, 355-368, 1978.

Currie, R. G, D. A. Seemann, and R. P. Riddihough, Total field
magnetic anomaly, offshore British Columbia, Open File 828, Geol.
Surv. of Can., Ottawa, 1982.

Davis, E. E., and R. P. Riddihough, The Winona Basin: Structure and
tectonics, Can. J. Earth Sci., 19, 767-788, 1982.

Dewey, J. F., Episodicity, sequence and style at convergent plate
boundaries, in The Continental Crust and Its Mineral Deposits,
Spec. Pap., vol 20, edited by D. W. Strangway, pp. 553-573, Geo-
logical Association of Canada, Waterloo, Ontario, 1980.

Duncan, R. A., Hotspots in the southern oceans—An absolute frame
of reference for motion of the Gondwana continents, Tec-
tonophysics, 74, 2942, 1981.

Ellis, R. M,, et al., The Vancouver Island Seismic Project: A co-crust
onshore-offshore study at a convergent margin, Can. J. Earth Sci.,
20, 719-741, 1983.

Engebretson, D. C., Relative motions between oceanic and conti-
nental plates in the Pacific Basin, Ph.D. thesis, Stanford Univ.,
Calif., 1982.

Forsyth, D, and S. Uyeda, On the relative importance of the driving
forces of plate motion, Geophys. J. R. Astron. Soc., 43, 163-200,
1975.

Franchetau, J., J. G. Sclater, and H. W. Menard, Pattern of relative
motion from fracture zone and spreading rate data in the north-
eastern Pacific, Nature, 226, 746-748, 1970.

Handschumacher, D. W., Post-Eocene plate tectonics of the eastern
Pacific, in The Geophysics of the Pacific Ocean Basin and Its
Margin, Geophys. Monogr. Ser., vol. 19, edited by G. H. Sutton, M.
H. Manghnani, R. Moberly, and E. U. McAfee, pp. 177-202, AGU,
Washington, D. C., 1976.

Hey, R. N,, and D. S. Wilson, Propagating rift explanation for the
tectonic evolution of the north-east Pacific—The pseudomovie,
Earth Planet. Sci. Lett., 58, 167-188, 1982.

Hyndman, R. D., Plate motions relative to the deep mantle and the
development of subduction zones, Nature, 238, 263-265, 1972.

Hyndman, R. D., and D. H. Weichert, Seismicity and rates of relative
motion on the plate boundaries of western North America, Geo-
phys. J. R. Astron. Soc., 72, 59-82, 1983.

Hyndman, R. D, R. P. Riddihough, and R. Herzer, The Nootka Fault
zone—A new plate boundary off western Canada, Geophys. J. R.
Astron. Soc., 58, 667683, 1979.

Macdonald, K. C., Mid ocean ridges: Fine scale tectonic volcanic and
hydrothermal processes within the plate boundary zone, Annu. Rev.
Earth Planet. Sci., 10, 155-190, 1982.

McBirney, A. R., Volcanic evolution of the Cascade range, Annu. Rev.
Earth Planet. Sci., 6, 437456, 1978.

McDougall, I, and R. A. Duncan, Linear volcanic chains—Recording
plate motions?, Tectonophysics, 63, 275-295, 1980.

McKenzie, D. P, and R. L. Parker, The North Pacific: An example of
tectonics on a sphere, Nature, 216, 1276-1280, 1967.

Menard, H. W., Fragmentation of the Farallon plate by pivoting
subduction, J. Geol., 86, 99-110, 1978.

Menard, H. W., and T. Atwater, Changes in direction of sea-floor
spreading, Nature, 219, 463467, 1968.

Michaelson, C. A., Three-dimensional velocity structure of the crust

RIDDIHOUGH : MOVEMENTS OF THE JUAN DE FucCa PLATE

and upper mantle in Washington and northern Oregon, M. S.
thesis, Univ. of Wash., Seattle, 1983.

Milne, W. G, G. C. Rogers, R. P. Riddihough, G. A. McMechan, and
R. D. Hyndman, Seismicity of western Canada, Can. J. Earth Sci.,
15, 1170-1193, 1978.

Minster, J. B, and T. H. Jordan, Present-day plate motions, J. Geo-
phys. Res., 83, 5331-5354, 1978.

Minster, J. B, T. H. Jordan, P. Molnar, and E. Haines, Numerical
modelling of instantaneous plate tectonics, Geophys. J. R. Astron.
Soc., 36, 541-576, 1974.

Molnar, P, and T. Atwater, Interarc spreading and Cordilleran tec-
tonics as alternates related to the age of subducted oceanic litho-
sphere, Earth Planet. Sci. Lett., 41, 330-340, 1978.

Morgan, W. J., Plate motions and deep mantle convection, Mem.
Geol. Soc. Am., 132, 7-22, 1972.

Ness, G., S. Levi, and R. Couch, Marine magnetic anomaly time
scales for the Cenozoic and Late Cretaceous: A précis, critique, and
synthesis, Rev. Geophys. Space Phys., 18, 753770, 1980.

Nishimura, C., and R. Hey, A model for the tectonic history of the
Juan de Fuca ridge consistent with the propagating rift and rigid
plate hypothesis (abstract), Geol. Soc. Am. Abstr. With Programs,
12, 145, 1980. :

Nishimura, C., D. Wilson, and R. N. Hey, Present day subduction of
the Juan de Fuca Plate (abstract), Eos Trans. AGU, 62, 404, 1981.
Nishimura, C., D. Wilson, and R. N. Hey, Pole of rotation analysis of
present-day Juan de Fuca Plate motion, J. Geophys. Res., in press,

1984.

Pennington, W. D., Role of shallow phase changes in the subduction
of oceanic crust, Science, 220, 1045-1047, 1983.

Potter, K., J. Morley, and D. Elvers, North Pacific Ocean, magnetic
maps, Natl. Ocean Surv. Sea Map Ser., 12042-12 and 13242-12,
Natl. Oceanic and Atmos. Admin., Boulder, Colo., 1974.

Rafl, A. D, and R. G. Mason, Magnetic survey off the west coast of
North America, 40°N to 52°N latitude, Geol. Soc. Am. Bull., 82,
1267-1270, 1961.

Reilinger, R., and J. Adams, Geodetic evidence for active landward
tilting of the Oregon and Washington coastal ranges, Geophys. Res.
Lett., 9, 401-403, 1982.

Riddihough, R. P., A model for recent plate interactions off Canada’s
west coast, Can. J. Earth Sci., 14, 384-396, 1977.

Riddihough, R. P., Gravity and structure of an active margin—British
Columbia and Washington, Can. J. Earth Sci., 16, 350-363, 1979.
Riddihough, R. P., Gorda plate motions from magnetic anomaly

analysis, Earth Planet. Sci. Lett., 51, 163-170, 1980.

Riddihough, R. P., Contemporary movements and tectonics on
Canada’s west coast: A discussion, Tectonophysics, 86, 319-341,
1982a.

Riddihough, R. P., One hundred million years of plate tectonics in
Western Canada, Geosci. Can., 9, 28-34, 1982b.

Rogers, G. C., Earthquake fault plane solutions near Vancouver
Island, Can. J. Earth Sci., 16, 523-531, 1979.

Rogers, G. C., Seismotectonics of British Columbia, Ph.D. thesis,
Univ. of British Columbia, Vancouver, 1983.

Silver, E. A., Tectonics of the Mendocino triple junction, Geol. Soc.
Am. Bull., 82, 2965-2978, 1971.

Silver, E. A., Pleistocene tectonic accretion of the continental slope off
Washington, Mar. Geol., 13, 239-249, 1972.

Smith, S. W., R. C. McPherson, and N. L. Severy, The Eureka earth-
quake of 1980, breakup of the Gorda plate (abstract), Earthquake
Notes, 52, 44, 1981.

Solomon, S. C., N. H. Sleep, and R. M. Richardson, On the forces
driving plate tectonics: Inferences from absolute plate velocities and
intraplate stress, Geophys. J. R. Astron. Soc., 42, 769-801, 1975.

Turner, D. L., R. D. Jarrard, and R. B. Forbes, Geochronology and
origin of the Pratt-Welker seamount chain, Gull of Alaska: A new
pole of rotation for the Pacific plate, J. Geophys. Res., 85, 6547—
6556, 1980.

Uyeda, S., and H. Kanamori, Back arc opening and the mode of
subduction, J. Geophys. Res., 84, 1044-1061, 1979.

R. Riddihough, College of Oceanography, Oregon State University,
Corvallis, OR 97331.

(Received February 14, 1983;
revised April 30, 1984;
accepted May 1, 1984.)



