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Abstract.

As the Mendocino Triple Junction migrates northward along the California

margin it is widely presumed to leave a “slab-free” or “asthenospheric” window in its
wake. A 250-km-long south-north seismic refraction-reflection profile crossing the
transition from transform to subduction regimes allows us to compare and contrast crust
and upper mantle of the North American margin before and after it is modified by
passage of the Mendocino Triple Junction. From the seismic data we have determined
that (1) the crust is laterally homogeneous in velocity to a depth of 20 km (interpreted by
us as Franciscan complex), (2) below 20 km depth the crust is characterized by velocities
of =7.0 km/s for the southern half of the profile and by velocities of =7.0 kmy/s for the
northern half, (3) regions of high reflectivity in the crust occur below ~20 km depth
throughout the profile, and (4) the North American crust is thickest (~35 km) in the
center of the profile and thins to ~25 km at either end. From the gravity data we have
determined that (1) asthenospheric densities (3.2 g/cm®) occur subjacent to the North
American crust in the center of the profile, and (2) a wedge of lithospheric mantle density
material (=3.2 g/cm?®) is required on the southern end of the profile. We interpret these
combined results to indicate that our profile crosses the southern edge of the Gorda plate
and that directly adjacent to this edge is an asthenospheric window with overlying mafic
rocks in the crust. These mafic rocks and a reforming lithospheric mantle increase in

thickness southward.

1. Introduction

Northern California tectonics are governed by the interac-
tions of the Pacific, Gorda, and North American plates. (We
use the term Gorda plate while recognizing that recent work
suggests that Gorda deformation zone may be more appropri-
ate [Wilson, 1989].) The three plates come together at the
Mendocino Triple Junction (MTJ) (Figure 1), a transform-
transform-trench triple junction that was initiated at 25-29 Ma
by the collision of a Pacific spreading center with the North
American continent [Amwater, 1970]. As the Juan de Fuca-
Pacific plate boundary migrates northward relative to North
America, subduction along the Cascadia subduction zone is
replaced by the transform boundary of the San Andreas fault
system (Figure 1). Today, the MT]J is defined by a broad on-
shore region near Cape Mendocino [Clarke, 1992] and pro-
vides a unique laboratory to study plate interactions at a triple
junction. The transition from a subduction regime to a trans-
form regime has long been recognized from geological studies,
and its subsurface manifestations have been recognized from
upper mantle velocity tomography and potential field studies.
How this transition is accommodated on a detailed crustal and
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lithospheric scale, however, is only now being examined with
seismic refraction and reflection techniques.

In the currently most popular model for evolution of the
MT], first formulated in a rigid-plate model by Dickinson and
Snyder [1979], an important consequence of MTJ migration is
that the North American plate slides off the Gorda plate,
leaving in its wake a void that is filled by upwelling astheno-
sphere, referred to as the slabless window or slab gap [Dick-
inson and Snyder, 1979; Severinghaus and Atwater, 1990]. Sup-
porting evidence for a slabless window exists from heat flow
data [Lachenbruch and Sass, 1980], gravity and magnetic data
[Griscom and Jachens, 1989; Jachens and Griscom, 1983],
teleseismic P wave delay studies [Benz et al., 1992; Verdonck
and Zandt, 1994; Zandt, 1981; Zandt and Furlong, 1982, shear
wave velocities [Levander and Kovach, 1990], and changes in
volcanism [Dickinson and Snyder, 1979; Fox et al., 1985; Fur-
long, 1984; Johnson and O’Neil, 1984; Zandt and Furlong, 1982].
These studies further suggest that (1) the observed upper man-
tle low-velocity zone is smaller and displaced to the east com-
pared to that predicted by rigid-plate models; (2) the Gorda
slab is fragmenting along its southern edge; (3) arc volcanism
is being replaced by bimodal volcanism that exhibits a north-
ward decrease in age; and (4) the eastern boundary of the
Pacific plate has migrated eastward through a series of jumps
of the Mendocino Triple Junction. Some of these complexities
may be explained by introducing more complex rheologies and
thermal distributions into the simple rigid-plate model of Dick-
inson and Snyder. For example, thermomechanical modeling
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Figure 1. Generalized geologic map of northern California. Squares, instrument locations, which commonly
overlap to form solid lines; stars, shot point locations; BSF, Bartlett Springs fault; CSZ, Cascadia subduction
zone; MAF, Maacama fault; MFZ, Mendocino fracture zone; SAF, San Andreas fault; SEDGE, southern
edge of the Gorda slab as determined from this study. Inset shows tectonic setting of the Mendocino Triple
Junction Seismic Experiment. Wiggly lines, seismic profiles; large arrows, plate motion relative to fixed North
America; MTJ, Mendocino Triple Junction; GV, Great Valley.

suggests that the boundary at depth between the Pacific and
North American plates should step inboard with time as the
slabless window cools and new material is accreted to the edge
of the Pacific plate [Furlong et al., 1989]; recent results suggest
that such a process may be occurring in the San Francisco Bay
region [Brocher et al., 1994]. Alternatively, the slabless window
model may be fundamentally incorrect for northern California.
Bohannon and Parsons [1995] recently questioned the long-
standing paradigm of a slabless window for the MT]J region. On
the basis of analysis of plate motions and geometries, Bohannon
and Parsons suggest that coastal California should be underlain
by a stalled slab rather than a slabless gap; in their model a
slabless window may exist but would be much farther inland.

Our study focuses on the transition from subduction to
transform tectonics by analyzing a SE-NW trending wide-angle
reflection profile herein referred to as line 9 (Figure 1). These

data were part of the first phase of the Mendocino Triple
Junction Seismic Experiment (MTJSE) collected in 1993
[Beaudoin et al., 1996; Godfrey et al., 1995; Tréhu et al., 1995].
During this 1993 field season we collected 650 km of onshore
seismic refraction data: line 1 sampling the transform regime;
line 6 sampling the subduction regime; and line 9 sampling the
transition from transform to subduction regimes (Figure 1).
The MTIJSE is a multiyear, multiinstitutional effort to study
the lithospheric response to MTJ passage by comparing and
contrasting the subduction regime to the transform regime.

2. Tectonic and Geologic Setting
2.1, Plate Geometry and Cascadia Seismicity

As the Gorda-Pacific plate boundary migrates northward
relative to North America, subduction along the Cascadia sub-
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duction zone is replaced by the transform boundary of the San
Andreas fault system (Figure 1). North of the MT]J, the tec-
tonics are governed by the subduction of young (~5 Ma)
Gorda plate obliquely beneath North American plate along the
Cascadia subduction zone. South of the MT]J the tectonics are
governed by the transform boundary between the Pacific and
North American plates, the San Andreas fault system. Off-
shore, the boundary between the Pacific and Gorda plates
defines the Mendocino fracture zone which juxtaposes the
young Gorda plate with the older (~26 Ma) Pacific plate.
Kinematic modeling of northward convergence of the Pacific
plate with the Gorda plate indicates that the southeastern
portion of the Gorda plate, nearest the MTJ, is undergoing the
greatest amount of compressional strain in a north-south di-
rection [Wilson, 1986], further complicating our understanding
of the MT]J region.

The MTJ region has experienced over 60 earthquakes of Mg
= 5.5 since 1853 [Oppenheimer et al., 1993]. Recent analysis of
the physical characteristics of the Cascadia subduction zone
and seismicity of the Juan de Fuca-Gorda plate and surface
deformation indicate the Cascadia subduction zone may be a
well-coupled or fully locked system with potential for large
(M5 = 8) subduction zone earthquakes [Carver and Burke,
1989; Clarke and Carver, 1992; Heaton and Hartzell, 1987]. In
the subduction regime, earthquakes are common to depths of
40 km and largely result from internal deformation of the
subducting Gorda slab and slip along the Mendocino fracture
zone [Castillo and Ellsworth, 1993]. In contrast, in the trans-
form regime, earthquakes are normally shallower than ~15 km
and reflect the right-lateral motion between Pacific and North
American plates [Castillo and Ellsworth, 1993].

2.2. Geologic Overview

Northern coastal California records a history of subduction
and accretion that has been active since at least the Early
Cretaceous [Dickinson, 1981]. The overriding North American
plate in the MTJ region consists of accretionary wedges of the
Mesozoic-Cenozoic Franciscan complex [e.g., Blake et al.,
1985] overlain by the Eel River Basin, a Cenozoic forearc basin
[Clarke, 1992] (Figure 1). The Franciscan complex increases in
age and metamorphic grade inboard and is largely composed
of metasedimentary rocks. It has been divided into three belts:
the Coastal belt, consisting predominantly of a Tertiary accre-
tionary complex; the Central belt, a tectonic mélange of Early
Jurassic to Tertiary(?) age; and the Eastern belt, Jurassic to
Cretaceous blueschist-facies rocks (Figure 1) [Blake et al.,
1985]. Onshore, the Eel River Basin consists of up to 4 km of
Miocene and younger sedimentary rocks that lie unconform-
ably on Coastal and Central belt Franciscan complex [Clarke,
1992]. Line 9 is roughly parallel to the geologic strike of the
region and is therefore approximately in the same Franciscan
subterrane throughout its length (Figure 1).

North of the present-day MTJ, the Franciscan belts along
the Cascadia subduction zone are overlain by the Klamath
terrane, composed of arc-related rocks of Paleozoic to Late
Jurassic age [{Harper, 1980]. Accretion of the Klamath terrane
to the North American margin occurred during the Late Ju-
rassic [Blake and Jayko, 1986]. The contact between the Klam-
ath terrane and the Eastern belt Franciscan is thought to be an
east dipping thrust fault [cf. Beaudoin et al., 1996; Tréhu et al.,
1995]. South of the present MTJ and Klamath belt, continent-
ward accretion of the Franciscan was limited by crustal-scale
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wedging beneath the older Great Valley forearc basin and its
ophiolitic basement [Godfrey et al., 1997].

3. Modeling: Technique, Results, and Errors

The model presented herein is the result of inverse modeling
of travel times of both refracted and reflected arrivals [Hole,
1992; Hole and Zelt, 1995] (Plate 1). The model presented has
an overall absolute value rms fit of 82 ms to first arrivals. In
addition to travel time modeling, we have also incorporated a
depth-migrated single-fold image of the precritical reflections
from offsets of =30 km, and gravity modeling, to constrain
possible tectonic models.

3.1. Velocity and Interface Modeling

The velocity modeling was carried out in two stages. First,
travel times for Pg, defined as the diving wave in the crust,
were picked, and these travel times were inverted for velocity.
The final inversion model has a 1 km square grid velocity
parameterization and a 20-km-horizontal X 4-km-vertical
smoothing operator applied. The Franciscan complex has few
coherent seismic reflectors. Hence we are unconcerned with
midcrustal events in this data set since they are isolated fea-
tures (observable on fewer than three shot gathers; for a de-
tailed discussion of the effect the Franciscan complex has on
the wave field, see Lendl et al. [1997]). Once the crustal velocity
structure is established, we can infer first-order discontinuities
from the presence of steep gradients, although the method is
not designed to have explicit velocity discontinuities. Our in-
version method does allow the placement of a reflector within
the model by “floating” the interface over the velocity field to
minimize reflection travel time residuals without updating the
model velocities. Hence we introduced interfaces for the basal
crustal and Moho reflections based on the wide-angle reflec-
tions along the profile. The modeled locations of these reflec-
tors coincide with many of the high-amplitude reflections on
the depth-migrated single-fold image (see below).

3.1.1. The subduction regime (model coordinates ~110-
250 km). The Franciscan complex between shot points 906
and 911 exhibits the largest amount of lateral variation along
the profile (Plate 1). Lateral variations in velocity as large as
0.5 km/s in 25 km are modeled from refracted arrivals in the
upper 10 km beneath shot points 907, 908, and 909. There is no
evidence of higher-velocity Klamath rocks beneath these shot
points [Beaudoin et.al., 1996; Tréhu et al., 1995]. Beneath 10 km
depth the velocity field is laterally uniform to 20 km depth (the
6.5 km/s contour). However, it is likely that variations of the
scale observed in the upper 10 km are present but not resolved
[Lendl et al., 1997]. Refracted arrivals sampling deeper in the
model define a gently SE dipping velocity boundary to ~35 km
depth. Mantle diving rays, arrivals with apparent velocities
=7.6 km/s, are observed from shot points 903, 905, 906, 909,
and 911 (Figure 2). Lower crustal and mantle ray coverage
from these arrivals is limited to a region between coordinates
~95 km and ~215 km.

Reflections from the lower crust and Moho are observed in
both the wide-angle (Figure 2) and depth-migrated single-fold
data (Figure 3). The depth-migrated single-fold image defines
a segment of an intracrustal interface with an apparent dip of
~10° SE. Wide-angle reflections from shot points 906 and 907
(Figure 2) are modeled as an interface that is coincident with
the depth-migrated single-fold image at a depth of 25-29 km
between model coordinates 125 and 150. The inverse method
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Figure 2. Record sections from line 9. Heavy black lines represent calculated travel times for all arrivals
used in the velocity and interface inversion. Thin black lines represent calculated travel times for the gravity
Moho (see text). Data are filtered from 2 to 16 Hz and trace normalized. Time is reduced by 6 km/s. Pg, crustal
diving wave; PcP, reflections from the lower crustal layer; PmP, reflections from the Moho; Pn, mantle diving
wave.

models this interface with an rms residual of +0.31 km in face that is 35-36 km deep at model coordinate 100 km and
depth (Figure 4a). Wide-angle reflections from the Gorda shallows northwestward to 26—27 km at model coordinate 230
plate Moho are observed on shot points 904-911 (Figure 2). km. The inverse method models this interface with an rms
Both forward and inverse modeling position a dipping inter- residual of +0.96 km in depth (Figure 4b).
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3.1.2. The transform regime (model coordinates ~0-110 these data are Pn arrivals that sample the mantle south of
km). Crustal refracted arrivals from the transform regime model coordinate ~100 km (shot points 901 and 902 did not
define a laterally uniform Franciscan complex down to 20 km  propagate to distances =140 km).
depth. This depth coincides with the 6.5 km/s contour as in our Basal crustal reflections from the depth-migrated single-fold
model for the subduction regime. Refracted arrivals from data are grouped in two sets, a shallow set that roughly follows
deeper in the model are confined to an arrival observed on  the 6.5 km/s contour and a gently NW dipping set that is ~5 km
shot points 901 and 907 that define a higher velocity, ~7.0-7.5 deeper (Plate 1 and Figure 3). Wide-angle reflections from
km/s, between model coordinates ~30-90 km. Absent from shot points 901, 904, and 905 define a short reflector between
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Figure 3. Depth-migrated single-fold image from precritical reflections at offset of =30 km; a arrows are
reflections interpreted as top or near-top of Gorda crust, and b and ¢ arrows are basal crustal reflections.
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Figure 4. Splined interfaces for (top) lower crustal and (bot-
tom) basal crustal reflectors (shown as heavy black lines in
Plate 1), midpoints, and residuals for the interfaces modeled
using the inversion technique.

model coordinates ~40-55 km that coincides with the shal-
lower set of reflections from the depth-migrated single-fold
section. This interface has an rms residual of *0.93 km in
depth (Figure 4a). Two deeper reflectors are modeled from the
wide-angle reflections in this region of the transform regime.
The first, sampled by shot points 901 and 903, is at a depth and
a dip that agree with the single-fold data. This segment is
modeled with an rms residual of *0.64 km in depth (Figure
4b). The second segment, defined by shot points 903 and 906,
dips gently to the NW, coincides with the single-fold data, and
extends from model coordinate ~55-90 km. The inverse
method models this segment with an rms residual of +0.46 km
in depth (Figure 4b). Ray coverage for this segment does not
overlap with the deepest reflection north of model coordinate
100 km.

3.2. Constrained Gravity Modeling

Prior to collecting the MTISE data, little was known about
crustal structure in northern California. Existing data included
unreversed seismic refraction data [Warren, 1981], seismic re-
fraction data north of the MTJ [Beaudoin et al., 1994], crustal
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tomography [Verdonck and Zandt, 1994], and mantle tomog-
raphy [Benz et al., 1992]. This restricted models of the gravity
field to making broad assumptions based on these sparse data
and observations of Benioff zone seismicity [e.g., Jachens and
Griscom, 1983]. With our new seismic data we are able to
refine the crustal structure used in these earlier models and
hence to utilize the gravity data to further constrain various
models of lower crustal/upper mantle geometry.

3.2.1. Jachens and Griscom model (Figure 7a). Jachens
and Griscom [1983] modeled the isostatic residual gravity field
along six profiles oblique to line 9 (Figure 5). Five of their
profiles and our line 9 all sample a pronounced gravity low of
=50 mGal below regional average. Lacking any control on
crustal thickness Jachens and Griscom assumed a uniform
North American (Franciscan) crustal thickness of 20 km (Plate
2a) above Gorda plate lithosphere to the north, and astheno-
sphere (slabless-window model) to the south. The essential
components of their model are (1) a low-density tabular body
(Gorda crust and mantle juxtaposed against asthenosphere to
the south) creating a gravity decrease to the north; and (2) a
wedge of higher density (relative to Franciscan) Klamath rocks
on the northern end of their profiles to create a gravity in-
crease at the northern end of the model. Their introduction of
the Klamath terrane into the model was largely unconstrained
at the time of their writing. Although the Jachens and Griscom
assumption of constant crustal thickness has the merit of sim-
plicity, here [Beaudoin et al., 1996; Godfrey et al., 1997; T. I.
Henstock and A. Levander, Lithospheric evolution in the wake
of the Mendocino Triple Junction: Structure of the San An-
dreas fault system at 2 Ma, submitted to Journal of Geophysical
Research, 1998, hereinafter referred to as Henstock and
Levander, submitted manuscript, 1998] as elsewhere in Cali-
fornia [e.g., Fuis and Mooney, 1990] crustal thickness increases
by 5-10 km from the coast to 100 km inland, rendering their
conclusions invalid.

As seen in Plate 2a, Bouguer gravity along line 9 can be
modeled incorrectly using a model similar to that of Jachens
and Griscom (rms residual of 4.8 mGal). “Incorrect” because,
unlike the profiles of Jachens and Griscom, line 9 does not
cross any exposed Klamath rocks. Furthermore, the velocity
field presents no indication of significant velocity differences,
and hence inferred density differences, in the upper ~20 km of
crust (Plate 1) [cf. Beaudoin et al., 1996]. Without the Klamath
body, this “Jachens and Griscom”-type model does not fit the
observed Bouguer gravity (Plate 2a). We are therefore com-
pelled to evaluate a suite of models, based on our velocity
model, that vary only in lower crustal or upper mantle geom-
etry in order to determine permissible plate geometry beneath
line 9.

3.2.2. Gravity models derived from the velocity model.
Below we discuss additional constraints that gravity modeling,
based on our velocity model, offers to understanding lithos-
pheric structure in the vicinity of the Mendocino Triple Junc-
tion and in particular along the southern edge of the Gorda
slab. A smoothed version of our velocity model was converted
to MacRay format for the gravity modeling [Luetgert, 1992].
Features in these density models that are held constant are the
density structure of the Franciscan rocks above 20 km depth
and the apparent dip of the Gorda plate. In all of these 2.5-D
models, the thickness of Gorda lithosphere is based on a
trench age of 5.3 Ma and a half spreading rate of 38 mm/yr for
the last 5 Myr [Riddihough, 1984] giving an approximate age of
8 Ma and thickness of ~30-35 km for the lithosphere beneath



125° 124°

BEAUDOIN ET AL.: SOUTHERN EDGE OF THE GORDA SLAB

30,109

41°

-50)

Profile E-E'

39°N | : 901 A
[ || | ]
0 , 100 km T20

T g
W
V00 Lk »'

Figure 5. Bouguer gravity in the region of line 9 [after Oliver et al., 1980]. Dashed lines represent profiles
modeled by Jachens and Griscom [1983]. Shaded are regions of = —100 mGal anomaly. Stipple is region of =

—50 mGal anomaly.

line 9. A density contrast of 0.04 g/cm® is used across the
lithosphere-asthenosphere boundary.

3.2.2.1. Direct conversion (Plate 2b): Our first model is a
direct conversion of the velocity model to density using a sim-
ple velocity-density conversion appropriate for Franciscan
rocks [see Godfrey et al., 1997, Figure 7) (Plate 2b). From this
model it is evident that the apparent dip of the Gorda slab
(corresponding to yellow and orange colors in Plate 2b) will
provide much of the needed northward increasing Bouguer
anomaly on the northern end of line 9. The large mismatch on
the southern end indicates that further adjustment to the lower
crust or upper mantle is required in this region. This model has
an rms residual of 26.4 mGal.

3.2.2.2. Adjusted gravity Moho (Plate 2¢): The first logi-
cal modification to our direct conversion model is to adjust the
gravity Moho to coincide with the modeled reflector depths
from the wide-angle reflections. This is justified because the
tomographic inversion smoothes this contrast, as discussed
above. A density discontinuity was therefore introduced to
coincide with the basal crustal reflectors. With this change, the
observed Bouguer anomaly is remarkably well matched (rms
residual of 9.7 mGal), implying that most of the gravity anom-
aly can be accounted for by structure in the lower crust. The
predicted anomaly is only weakly sensitive to the variations in
mantle geometry if the mantle density remains constant along
the profile.

3.2.23. Preferred model (Plate 2d): Finally, we introduce
a lateral change in upper mantle density as predicted by the
slab window model. The lack of Pn arrivals from shot points
901 and 902 (Figure 2) and the extent of modeled ray coverage
(see Plate 1) suggest a zone of increased scattering, intrinsic
attenuation, or both that affects energy propagation through
the center of our model [cf. Beaudoin et al., 1996]. We attribute
this zone of attenuation to the southern edge of the Gorda slab
(SEDGE). With this in mind, our preferred model introduces
a slab edge (SEDGE) that coincides with the envelope of ray
coverage (Plate 1; dashed white line, Plate 2). By introducing
this 3.20-3.23 g/cm® tabular body on the northern end, we are
required also to include a sub-Moho 3.20-3.23 g/cm® high-
density wedge on the southern end of the profile to fit the
observed gravity. The boundary between Gorda crust and the
southern basal crustal layer was aiso adjusted from model
coordinate 110 km to 95 km to better fit the gravity low in the
center of the profile. The final model has an rms residual of 5.8
mGal with the largest misfits between model coordinates 90—
130 km. Removing either the high-density wedge at Moho
depths on the southern end or the Gorda mantle slab on the
northern end degrades the fit (rms residuals of 11.7 mGal rms
and 20.0 mGal rms, respectively, Plate 2d).

Our preferred model has four main features: (1) The North
American crust is thickest in the center of the profile. This
thickening of low-density rocks in the middle of the profile is
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Plate 2. Gravity models along line 9. Dotted white line, the ray coverage of our velocity model (see
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Jachens and Griscom [1983] model (profile E-E’ in Figure 5) rotated and modified to fit the Bouguer
gravity along line 9. (b) A direct conversion of the velocity model to density. (c) Same as Plate 2b with
the Moho adjusted to match basal crustal reflectors. (d) The best fit model with changes made to
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mantle on the north and postulated lithospheric mantle wedge on the south. (e) Variations in location
of southern edge of Gorda slab.
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reflections (heavy black lines), regions of high reflectivity from the depth-migrated single-fold image (ha-
chured), velocity model ray coverage (dotted white line), and hypocenters for 1984-1994 from the Northern
California Seismic Network catalog within 7.5 km of the profile (octagons, hypocenters have errors in depth
of =2.5 km and lateral position of =<1.5 km). Below are three possible explanations for the body of mafic
material at the base of North American crust and immediately adjacent to the Gorda slab. (b) Decompression
melting and rapid quenching adding material to the North American plate. (c) A preexisting feature of the
North American plate. (d) Slow decompression melting coupled with tectonic off-scraping and assembly of the

basal crustal material as part of the Pacific plate.

based on the well-sampled, low velocities observed in the in-
verse model. (2) On the southern end of the profile the high
velocities at 23 km depth are modeled with 0.1 g/cm® density
increase relative to the Gorda crust densities. This layer’s
thickness is based on reflections from both the wide-angle and
depth-migrated single-fold image. (3) Gorda lithosphere is ex-
tended only as far south as model coordinate ~110 km where
mantle lithosphere densities grade into asthenospheric density
over 10 km (e.g., centered about model coordinate 105 km).
(4) A high-density wedge is present at Moho depths beneath
the southern end of our profile. However, the thickness of this
wedge is poorly determined.

3.2.2.4. Southern edge of the Gorda slab (Plate 2e¢). In
this final model we test the sensitivity of our preferred model

to the location of the southern edge of the Gorda plate
(SEDGE). Using our preferred model (Plate 2d) as a starting
point, we have calculated gravity along our profile for three
models and compare it to both the observed Bouguer gravity
along line 9 and the calculated gravity from our preferred
model. In these models the southern edge of the Gorda slab is
moved from model coordinate 105 km by —50 km (rms resid-
ual of 7.9 mGal), —25 km (rms residual of 6.4 mGal), and +25
km (rms residual of 6.3 mGal). We conclude that our preferred
location of SEDGE could be in error by *25 km but that a
shift of 50 km is precluded by our modelling.

In summary, first-order features from the velocity model
that we demonstrate are needed to fit gravity data are the
thickening of the overlying Franciscan terrane near the center
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of our profile, the existence of a higher-density (relative to
overlying Franciscan) lower crustal layer on the southern end
of our profile, and the truncation of the Gorda plate near the
center of our profile. Furthermore, given these features con-
strained by our seismic study, the gravity model requires the
presence of high-density material below the Moho on the
southern end of our profile.

Discussion

Travel time tomography using first arrivals along line 9 pro-
duces a model of relatively uniform velocity (<6.5 kim/s) crust
to depths of ~20 km (Plate 1). We interpret these velocities to
indicate that Franciscan rocks extend to at least 20 km beneath
our profile [Thompson and Talwani, 1964]. At depths greater
than 20 km, south-to-north variations in both the velocity field
and model ray penetration are observed. In our “transform
regime” between shot points 903 and 905, high velocities (7.0-
7.5 km/s) occur at 23 km depth. A similar onset of higher
velocities (an increase from ~6.5 to 7.0 km/s) is modeled along
crossing profile line 1 [Godfrey et al., 1997, Henstock and
Levander, submitted manuscript, 1998]. Dip on this “layer” is
poorly constrained. In our “subduction regime” from shot
points 906 to 910, velocities >7.0 km/s define a southward
dipping zone from 22 km depth beneath shot point 910 to 28
km depth beneath shot point 906.

Within the North American crust, line 9 indicates a deep-
ening (~10 km) of the 7.0 km/s velocity contour in the center
of our profile. A similar result, interpreted as thickened North
American crust along the eastward projection of the Mendo-
cino fracture zone, has recently been reported by Verdonck and
Zandt [1994]. Verdonck and Zandt interpret their model to
indicate that the Gorda slab is flexing downward 6-12° to the
south and that the local thickening of the North American
crust is either due to compressional forces associated with
Pacific plate convergence or underthrusting of the accretionary
complex along the Cascadia Subduction Zone. Our line 9
model is only 10° oblique to the local trend of the Cascadia
Subduction Zone, and therefore we expect no more than half
of the crustal thickening to be attributed to moving downdip,
southward along our profile (~4-5 km depth variation be-
tween shot points 911 and 906 for a 10° obliquity and a 12° dip
on the Gorda slab). If, however, the Gorda slab is flexing
southward as suggested by Verdonck and Zandt, our data
suggest a maximum of 5° southward flexing. We prefer to
interpret the overthickened North American crust as tectonic
thickening in response to the northward convergence between
Pacific and Gorda plates rather than underthrust accretionary
complex [Beaudoin et al., 1996; Tréhu et al., 1995] because we
are forced (Plate 3) to adopt a similar tectonic thickening
model to explain our uppermost mantle observations.

Reflections from the lower crust and Moho are observed in
both the wide-angle and depth-migrated single-fold data (Plate
1 and Figure 3). North of shot point 905, a south dipping zone
of high-velocity material is coincident with south dipping re-
flectors interpreted as Gorda plate Moho. The high-amplitude
reflections above Gorda plate Moho (arrows on Figure 3) are
interpreted to originate at or near the North American—Gorda
plate boundary. This interpretation is consistent with models
for MTISE line 6 [Beaudoin et al., 1996; A. M. Tréhu et al.,
manuscript in preparation, 1998], earthquake hypocenters, and
projected Gorda slab depth [cf. Beaudoin et al., 1994]. Utilizing
both the wide-angle reflection modeling and the depth-
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migrated single-fold section, we can trace the Gorda crust
reflections from shot point 911 to just south of shot point 907,
coincident with the termination of Gorda slab seismicity (Plate
3a). At this point we are unable to determine whether the
reflectivity beneath shot point 906 is genetically associated with
the reflective band to the north or with the more diffuse but
locally strong, reflectivity to the south. However, based on
first-arrival ray coverage and the wide-angle reflections, Gorda
Moho extends beyond these Gorda crust reflections to be-
tween shot points 905 and 906 (Plate 3a). Finite difference
modeling of amplitudes of Pn and PmP on shot point 911
supports this interpretation [Lend!, 1996].

We interpret the deep structure beneath line 9 determined
from seismic and gravity data to indicate that the southern
edge of the Gorda slab is between shot points 905 and 906
(Plate 3a). Changes in Gorda crust reflectivity and cessation of
slab-associated seismicity ~30 km north of this edge may be
due to either changes in slab continuity or a change in lithol-
ogies and therefore impedance contrast and coupling, across
the North American—Gorda plate boundary. On the basis of
our velocity and gravity modeling our model is generally com-
patible with that of Jachens and Griscom [1983], in which the
Gorda slab extends as far south as approximately shot point
904, although our preferred model places the southern edge
about 25 km farther north.

The lower crust/upper mantle reflectivity and velocity struc-
ture observed near the southern end of line 9 is consistent with
that modeled for line 1, which intersects our profile north of
shot point 902 (Plate 1) [Godfrey et al., 1997; Levander et al.,
1998; Henstock and Levander, submitted manuscript, 1998].
The ~5 km of mafic material (6.5 km/s = I/, = 7.5 km/s)
overlying mantle can be interpreted as either tectonically un-
derplated oceanic crust [cf. Benz et al., 1992] or magmatically
accreted mafic material [cf. Furlong et al., 1989]. We cannot
distinguish between these two models on the basis of velocity
alone.

The modeled shallow (~23 km) high velocities and densities
in the center of our profile suggest up to 10 km of mafic
material exists at the base of the North American crust imme-
diately adjacent to the southern edge of the Gorda slab. Here
we explore three possible explanations for this body of mafic
material. The first explanation is a localized region of basal
underplating (Plate 3b). Thermomechanical modeling indi-
cates that in ~5 m.y. 5-10 km of basaltic underplate could be
generated after passage of the MTJ by decompression melting
of the rising asthenosphere [Furlong and Fountain, 1986; Liu
and Furlong, 1992]. However, for decompression melting to be
the mechanism creating this layer requires that we invoke
maximum decompression melting, complete melt segregation,
and nearly instantaneous quenching to produce the structure
observed, i.e., conditions that seem unlikely. A second expla-
nation is that this body is a preexisting structure of unknown
origin (Plate 3c), which also seems unlikely since we see no
evidence for similar lower crustal structure north of this region.
It seems an unlikely coincidence that such a preexisting feature
would coincide with the southern edge of the Gorda slab today,
rather than arbitrarily in the past or future. Our preferred
explanation is a model whereby basal underplating is occurring
at expected rates but at a lower rate than required to create the
entire thickness of mafic material modeled here (Plate 3d). As
this new material cools, it is accreted to the eastern edge of the
Pacific plate [cf. Furlong et al., 1989]) and moves northward with
respect to North America. With this northward movement the
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leading edge of this “new Pacific” begins to scrape off addi-
tional material from the base of North America. In this man-
ner, the mafic body is constructed by both magmatic under-
plating and tectonic thickening. Although this model can
explain observations along our profile, inconsistencies exist
when comparing to observations from other wide-angle seismic
profiles [Hole et al., 1998]. Most notable is evidence from
onshore/offshore line 1 that suggests the southern basal crustal
layer, like the overlying North American crust, is faulted and
therefore most likely part of the North American crust [Hen-
stock et al., 1997). This requires that the basal layer be coupled
to the North American plate and hence unable to move north-
ward to act as a bulldozer off-scraping material along its lead-
ing edge.

In our model (Plate 3a) the lithospheric mantle is thinnest
just south of the southern edge of the Gorda plate and in-
creases in thickness to produce a wedge to the south. This
geometry is consistent with a model in which the astheno-
sphere rises to the base of the crust in a slabless window
created by the northward movement of the Gorda plate and
then cools, creating magmatic underplating and new mantle
lithosphere, as a function of time since passage of the triple
junction. Our proposed model for the thickening of the lower
crustal mafic layer overlying the region of thin mantle litho-
sphere implies that this mantle lithosphere and the overlying
mafic crust are welded to the Pacific plate and move north with
it relative to North America. This result supports the offset-
plate-boundary model, as developed by Furlong et al. [1989],
rather than the model of Bohannon and Parsons [1995] which
predicts significantly older, and therefore thicker, lithosphere
adjacent to the subducted Gorda slab.

South of our interpreted SEDGE, the region of thickened
Franciscan complex and basal underplating overlies a zone of
increased scattering, intrinsic attenuation, or both, resulting
from mechanical mixing of lithologies and/or partial melt left
in the wake of the Gorda plate. Our model suggests that there
is newly accreted material at the base of the Franciscan rocks,
perhaps coupled with alteration of the lower crust or assimi-
lation into melt triggered by upwelling asthenosphere [e.g.,
Johnson and O’Neil, 1984; Liu and Furlong, 1992]. This newly
accreted material is at least localized along the southern edge
of the Gorda slab and may extend southward to the end of our
profile. Melts penetrating up into the crust, or lower crustal
fluids released during prograde metamorphism of overlying
North America, give rise to seismic bright spots below shot
point 903 [cf. Levander et al., 1998).

4. Conclusions

The MTISE provides new seismic data that image changes
in crustal and uppermost mantle structure associated with the
passage of the Mendocino Triple Junction. The crustal velocity
model shows, on average, a laterally homogeneous velocity for
the Franciscan terrane and the greatest thickness of =7.0 km/s
lithologies in the center of our profile. The high densities and
velocities at 23 km depth in the center of our profile are
interpreted as newly accreted material at the base of the Fran-
ciscan rocks, perhaps coupled with alteration of the lower crust
or assimilation into melt triggered by upwelling asthenosphere.
This newly accreted material has been tectonically thickened in
response to either underthrust oceanic crust or newly accreted
material that is coupled to the Pacific plate and is therefore
moving north relative to the overlying North American plate.
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Important in our observations and interpretation are the
variations of lower crustal reflectors along line 9 and the thick-
ening of mantle lithosphere to the south. The variations in
lower crustal reflectors and the apparent absorption of seismic
energy from the southern shots support a zone of increased
scattering, intrinsic attenuation, or both, resulting from me-
chanical mixing of lithologies and/or partial melt in the central
region of line 9 beneath the onshore projection of the Men-
docino fracture zone. This zone of attenuation combined with
the southward thickening mantle lithosphere indicates that our
profile crosses the southern edge of the Gorda plate and that
directly adjacent to this edge is an asthenospheric window.
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