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Crustal structure of the northwestern Vizcaino block and Gorda
Escarpment, offshore northern California, and implications for
postsubduction deformation of a paleoaccretionary margin
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Abstract. The Vizcaino block is an anomalously shallow region of the western U.S. continental
margin located southwest of the Mendocino triple junction. It originated as part of the
accretionary prism of the North America plate and was transferred to the Pacific plate in the
Miocene as the Pacific-North America plate boundary migrated ~130 km eastward, forming the
Gorda Escarpment at its northern boundary. We present hybrid crustal models for the
northwestern part of the Vizcaino block derived from marine seismic and gravity data. The
velocity and density structure of the northwestern Vizcaino block are compatible with
paleoaccretionary complex material similar to San Simeon/Patton terrane overlying oceanic crust
or a mafic layer. The most significant result of our modeling is an abrupt increase in Moho dip
from ~5° to ~20-30° beneath the western edge of the Oconostota ridge along the northwestern
margin of the Vizcaino block. This Moho dip is steeper than observed anywhere along the
Cascadia subduction zone, indicating postsubduction deformation. We suggest that the
paleotrench was deformed by compression, which reactivated preexisting thrust faults in the upper
crust and thickened the crust within this apparent weak zone. At least part of the deformation
predates late Pliocene Pacific-North America plate convergence and may result mainly from
north-south compression between the Pacific-Juan de Fuca plates across the Mendocino transform
fault. North-south compression continues today and may dynamically support the uplifted
northern margin of the Vizcaino block, although the primary locus of deformation shifted to the

relatively weak Gorda plate sometime prior to 3 Ma.

1. Introduction

The active Cascadia margin north of the Mendocino triple
junction has a shallow-dipping Moho and base to the
accretionary prism. In contrast, results from several transects
across the paleoaccretionary prism making up the California
margin show steeply dipping lower crust and Moho segments
[e.g., Tréhu, 1991; Meltzer and Levander, 1991; Howie et al.,
1993; Holbrook et al., 1996; Miller et al., 1992, 1996],
indicating postsubduction deformation. Marine seismic and
gravity data from the Mendocino Triple Junction Seismic
Experiment [Tréhu et al., 1995] allow further investigation of the
tectonic process causing this deformation in the northwestern
Vizcaino block. The hybrid velocity and density crustal models
derived in this study image the lower crustal deformation along
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strike and address the question of why deformation is focused
along the seaward part of the accretionary wedge. Resolution of
the Moho dip and its trend is better in this study than in many of
the earlier studies because of the range of strikes along which
this feature has been sampled.

1.2. Vizcaino Block

The Vizcaino block forms an unusually wide, triangular-
shaped, shallow region on the continental margin (Plate 1a)
offshore northern California whose tectonic history and
basement structure has been the subject of considerable
speculation. It is bounded by the Mendocino transform fault to
the north, the San Andreas fault zone to the east, and the Navarro
discontinuity to the southwest, and it approximately follows the
continental slope and change of trend in magnetic anomalies at
its western margin (for a summary, see McCulloch [1987a, b,
19897). Its western margin is characterized by a buried basement
high, known as the Oconostota ridge, which is approximately
parallel to topographic contours.

Vizcaino block basement is juxtaposed against the onshore
King Range terrane (middle Miocene [McLaughlin et al., 1982])
and coastal Franciscan belt (Cretaceous to Eocene accretionary
complex [Blake and Jones, 1981]) along the San Andreas fault,
and abuts against the Salinian terrane (Cretaceous plutonic
terrane [Mattinson, 1978]) and Franciscan or San Simeon
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terranes (Cretaceous-Oligocene accretionary complex
[McLaughlin et al., 1994]) at the Navarro discontinuity. The
Vizcaino block is presently part of the Pacific plate and is
migrating northward relative to the North America plate along
the present-day San Andreas transform fault system [Atwater,
1970, 1989]. At present, much of the transform motion in the
San Andreas fault system appears to be taken up in the Coast
Range east of the San Andreas fault along the Maacama and
Bartlett Springs faults [Castillo and Ellsworth, 1993]. Seismicity
in the offshore region, an indication of present-day tectonic
deformation, is concentrated along the Mendocino transform
fault and within a triangular region in the southeast corner of the
Gorda plate adjacent to the Vizcaino block (Plate 1a). The
Vizcaino block therefare appears to represent a rigid part of the
Pacific plate.

The Vizcaino block basement is believed to have formed in an
accretionary prism. This conclusion is supported by lithologic
basement samples from four localities in the western part of the
Vizcaino block [McCulloch, 1987a; McLaughlin et al., 1994], a
deep reflection interpreted to be the top of the subducted plate
beneath the western margin [McCulloch, 1987a; Henstock et al.,
1996, 1997; Godfrey, 1997], and multiple basement ridges
throughout the western part of the Vizcaino block (Plate la;
yellow lines) that have been interpreted as blind thrusts similar to
those observed in accretionary complexes [Godfrey, 1997]. The
satellite-derived free-air gravity anomaly data over the western
margin show a gravity low (Plate 1b), typical for a subduction
zone trench. This low, however, is less prominent than the
observed gravity low along the Cascadia trench north of the
Mendocino transform fault or the paleotrench south of the
Vizcaino block in central California (Plate 1b). One objective of
this project was to determine whether this is entirely due to
differences in the accretionary prism geometry or if structural
deviations from a typical paleotrench boundary are required in
the underlying crust.

1.2. Gorda Escarpment

The morphology of the Mendocino transform fault changes at
about 126°W. East of 126°W, the Mendocino transform fault is
at the base of the Gorda Escarpment, a steep, north facing
escarpment where the Vizcaino block is elevated up to 1.5 km
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above the Gorda plate seafloor (Plate 1a). This topographic step
is opposite of what is predicted from the age difference between
the Pacific (old) and Gorda (young) plates. West of 126°W, the
seafloor of the Pacific plate is, on average, 1 km deeper than the
adjacent Gorda seafloor, consistent with the age and density
contrast between the two plates [Engebretson et al., 1985], and
the transform is immediately north of a 5-15 km-wide ridge
known as the Mendocino Ridge. Basalt cobbles dredged from the
ridge and submersible observations indicate that the Mendocino
Ridge was once above sea level [Krause et al., 1964; Duncan et
al., 1994] and has since subsided. Ages of rock samples from the
Mendocino Ridge west of 126°W range between 7 and 22 Ma,
indicating that Gorda plate material was obducted onto the
Pacific plate [Duncan et al., 1994]. In contrast, the only dated
sample from the Gorda Escarpment is Cretaceous [Fisk et al.,
1993]. These observations suggest that the evolution of the
Gorda Escarpment is connected with the development of the
Vizcaino block and may have an uplift and subsidence history
that is different from that of the Mendocino Ridge west of
126°W. A second objective of this study was to determine
whether the basement ridge along the Gorda Escarpment is
gravitationally compensated by a crustal root.

1.3. Plate Tectonic History

The present-day structure of the Vizcaino block and Gorda
Escarpment is the integrated result of plate boundary processes
since the Oligocene. Numerous workers have reconstructed the
plate boundary evolution in time and space based on offshore
magnetic anomalies, fault offsets in California, and other
geologic constraints [e.g., Atwater, 1970; Graham and
Dickinson, 1978; Engebretson et al., 1985; Atwater and
Severinghaus, 1989; Drake et al., 1989; Sedlock and Hamilton,
1991; Fernandez and Hey, 1991; Lonsdale, 1991; Wilson, 1993;
McLaughlin et al., 1994; Nicholson et al., 1994; Bohannon and
Parsons, 1995; McCrory et al., 1995]. The four important stages
of plate boundary evolution in the history of the Vizcaino block
are subduction, extension, transfer to the Pacific plate, and
Pacific plate motion (Figure 1). The Farallon plate subducted
beneath the North American continent until about 27-25 Ma
(Figure la) , when the Pacific-Farallon ridge reached the trench.
Spreading and subduction of the ridge beneath the accretionary

Plate 1. (top) Map of the Mendocino triple junction region. Red (data presented in this paper) and white lines mark
the R/V Ewing ship tracks along which seismic and gravity data were collected during the 1994 Mendocino triple
junction seismic experiment. Gray line is a seismic reflection line of 1977 vintage shown in Figure 9. SAFZ, San
Andreas fault zone; MTF, Mendocino transform fault; ND, Navarro discontinuity; PFZ, Pioneer fracture zone; VB,
Vizcaino block, OR, Oconostota ridge, PA, Point Arena; BSF, Bartlett Spring fault; MF, Maacama fault. Faults to
the east of the SAFZ and the Cascadia trench are from Castillo and Ellsworth [1993]. The western margin of the
Vizcaino block is shown as a dashed line [after McCulloch, 1987a]. Open triangles mark the approximate location
of the paleotrench south of the ND; solid triangles mark the position of the Cascadia trench. (a) Bathymetry
(National Geophysical Data Center CD-Rom release 1.0, Geophysics of North America). Basement sample
locations shown as yellow stars [McCulloch, 1987a] and basement ridges after Godfrey [1997] shown as yellow
lines. DSDP Site 173 is marked by a yellow square, ODP Site 1022 is marked by a yellow circle. Solid dots are
carthquakes with M>3 (northern California earthquake data center, 1970-1996). The inset locates the map region
and Vizcaino block in California. (b) Global marine gravity data [Sandwell and Smith, 1997]. The solid box marks
the region of the Moho kink discussed in this study. (bottom) Velocity models of lines 3S, 4 and 5 incorporating
basement depth and sediment velocities from MCS data. The portion of the model constrained by seismic data is
colored. OR, Oconostota ridge; PAB, Point Arena basin. (c) Velocity model of line 3S. Note the absence of a
continuous deep reflector between km 15 and 45. In this region basement topography is rough and energy gets
scattered in the deeper section. (d) Velocity model of Line 4. Only one instrument recorded the data, and the model
is constrained by the intersecting lines 3 and 5 velocity models. (¢) Velocity model of line 5. The crust south of the
Gorda Escarpment is twice as thick as to the north and increases abruptly beneath the Gorda Escarpment.
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Figure 1. Cartoon of the plate boundary evolution (adapted from Bohannon and Parsons [1995] at 30, 20, 10, and
0 Ma) highlighting the important phases in Vizcaino block history since the Qligocene. Locations of the cross
sections are indicated by the solid line on the map view. Ages in Ma are upper and lower bounds for the given
processes. MFZ, Mendocino fracture zone; PFZ, Pioneer fracture zone; JDFP, Juan de Fuca plate; NAP, North
America plate; PP, Pacific plate. (a) Subduction phase; subduction of the Farallon plate beneath the North-
American continent until the ridge collided with the trench about 27-25 Ma. The Vizcaino block is part of the
accretionary wedge at the western margin of the North America plate north of the Mendocino fracture zone. (b)
Extensional phase; following ridge collision about 27-25 Ma, the Pacific plate and the Pacific-Farallon ridge likely
continued subduction and ridge spreading [McLaughlin et al., 1996] until about 20-16 Ma. The ridge possibly
continued to move eastward and could have caused relative high heat flow, magmatic underplating and the
formation of the Point Arena basin in its wake. (c) Transfer phase; offshore transform initiated 20-18 Ma possibly
on a detachment surface beneath the accretionary wedge (dashed line in cross section) and connected the
Mendocino fracture zone with the northward extension of the Pacific-Farallon ridge system to the south by
initiating the San Andreas-Pilarcitos fault system [after McLaughlin et al., 1996]. The detachment region beneath
the accretionary wedge marked in gray grows eastward with time. At about 12-10 Ma, the San Andreas fault is the
master fault and the Vizcaino block is now part of the Pacific plate. (d) Pacific plate phase; the Vizcaino block
moves with the Pacific plate along the San Andreas fault system. About 3.5 Ma, near Point Arena, the San Andreas
fault changed its trend to a more northerly direction responding to a clockwise change of Pacific-North America
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relative plate motion.

prism may have continued until 20-16 Ma [Severinghaus and
Atwater, 1990; Bohannon and Parsons, 1995; McLaughlin et al.,
1996] (Figure 1b).

Between 20 and 12 Ma, there was a change from oblique
subduction to transform motion on the San Andreas fault system.
The evolution of transform motion in time and space during this
period is poorly constrained, McCrory et al. [1995] speculated
that between 20 and 16 Ma, transform motion initiated along a
subsurface detachment at the slab-accretionary complex interface
and that this low-angle transform boundary propagated eastward
and upward (Figure 1c) forming the Gorda Escarpment in its
wake. It remains uncertain if the eastward migration of the plate
boundary was a continuous process through time or occurred in
distinct steps [e.g., Dickinson and Snyder, 1979; McCulloch,
1987b; Drake et al., 1989; Griscom and Jachens, 1989; Sedlock
and Hamilton, 1991; Smith et al., 1993; McLaughlin et al., 1994,
1996].

About 12-10Ma the primary locus of transform motion
apparently shifted to the Pilarcitos/San Andreas fault system
[McLaughlin et al., 1996). Griscom and Jachens {1989] propose
that an offshore transform fault west of the present-day San

Andreas fault zone was active until about 5 Ma. The apparent
absence of strike-slip type deformation in seismic reflection data
from the 6-10Ma Delgada fan [Drake et al, 1989] and
underlying late Miocene sediments that overlie the Vizcaino
block [Hoskins and Griffiths, 1971; McCulloch, 1987a; Drake et
al., 1989; Godfrey, 1997; Ondrus, 1997)], however, has been
used to argue against this interpretation. Godftey et al. [this
issue] present evidence that the present-day Mendocino triple
junction may have been at its present location relative to the
Mendocino transform fault significantly earlier than 11 Ma.

The uplift of both the Mendocino Ridge and Gorda
Escarpment may have been a result of compressional stresses
across the transform caused by changes in relative plate motion,
[e.g., Riddihough, 1984; Wilson et al., 1984; Duncan and
Clague, 1985; Cox and Engebretson, 1985; Wilson, 1988, 1993]
and by differences in thermal and viscoelastic properties of the
adjacent oceanic lithospheres [Bonatti, 1978]. The latter are
partly controlled by the age difference between the plates, which
changed polarity at about 12 Ma [Engebretson et al., 1985].
North-south compression increased considerably after the
inception of the Blanco transform (about 6 Ma) and continues to
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the present-day [Wilson, 1993]. Part or all of the present-day
north-south compression is absorbed by the Gorda plate, where
the curvature of magnetic patterns and shorter magnetic
anomalies on the east side versus the west side of the Gorda
ridge indicate intermal deformation [e.g. Silver, 1971,
Riddihough, 1980; Wilson, 1986, 1989; Stoddard, 1987,
Denlinger, 1992). That the morphology of the Gorda Escarpment
is different from that of the Mendocino Ridge west of 126°,
whereas the same tectonic forces are active, suggests that it is
strongly affected by the crustal structure of the Vizcaino block.

2. Data Acquisition, Processing, and Modeling

We present large-aperture seismic and gravity data collected
over the northwestern part of the Vizcaino block, the Gorda
Escarpment, and the Gorda plate during the 1994 phase of the
Mendocino Triple Junction Seismic Experiment [Tréhu et al.,
1995]. The R/V Ewing recorded multichannel seismic (MCS),
potential field and bathymetric data along 14 profiles. Results
from three of these profiles are presented in this study (Plate 1a).
Four ocean bottom seismographs (OBS) and four ocean bottom
hydrophones (OBH), deployed from the R/V Wecoma, recorded
shots from the R/V Ewing tuned air gun array along lines 38S, 4,
and 5 (Plate la, marked in red). We construct hybrid crustal
models using the MCS data to constrain sediment thickness
along the profiles, the large-aperture data to constrain the P wave
velocity and thickness of the crust where permitted by the ray
coverage, and gravity data to extend constraints on the geometry
of the lower crust and Moho. Details of MCS processing and
interpretation are discussed elsewhere [Godfrey, 1997, Godfrey
et al., this issue; T. Henstock, personal communication, 1997; A.
S. Meltzer, personal communication, 1997]. Magnetic field data
are not discussed in this paper since the magnetic field variation
over the Vizcaino block is small along lines 38, 4, and 5 south of
the Mendocino transform fault. The magnetic field of the Gorda
Escarpment where crossed by line 5 is well modeled assuming an
average susceptibility of oceanic crust. Directly north of the
Mendocino Ridge, magnetic lineations from the Gorda crust
trend obliquely to line 5, and two-dimensional (2-D) modeling is
not valid.

2.1. Modeling the Large-Aperture Seismic Data

Large-aperture data coverage is best on line 5, along which 6
instruments recorded data (Plate 1a). At the intersection of
lines 4 and 5, OBH 24 recorded air gun shots from both lines. On
line 3S only 2 of 3 instruments deployed recorded data. Air gun
shots on lines 38, 4, and the middle section of line 5 were shot at
20 s intervals (about 50 m) to optimize the MCS data. This
resulted in bands of previous shot noise (PSN) that interfere with
crustal arrivals in the OBH/OBS record sections (Figure 2). Shot
spacing at both ends of line 5 was 50 s (about 130 m), which is
preferable for large-aperture data when seafloor depths are
greater than 1000 m [Christeson et al., 1996]. Although the
signal-to-noise ratio on the OBHs was generally higher than on
the OBSs, the OBHs were more strongly affected by PSN
(Figure 2). PSN could be reduced, but not eliminated, by
applying an F-k filter to the data after shifting the data to align
traces along the previous shot instant [Christeson et al., 1996].

After applying a time domain band-pass filter (4-30 Hz), gain
amplification as a function of range and a 6.5 kms" reduction
velocity to the OBHs/OBSs data, and after adding 2 adjacent
traces when data were shot at a 20 s interval, travel-time picks
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were digitized from the record sections. A strong multiple
(marked m, Figure 2) arriving with a time delay equal to the two-
way travel time (twtt) through the water column above the
instrument is apparent on all instruments. The amplitude of this
arrival is often stronger than the first arrival, and it was used to
verify and extend the range of first-arrival picks.

A starting model for 2-D inversion of travel times [Zeltr and
Smith, 1992] for line 3S utilized basement depths taken directly
from a depth-migrated reflection profile [Henstock et al., 1996].
The starting models for lines4 and 5 were constructed from
bathymetric and time-migrated MCS data. For lines 4 and 5,
seafloor to basement travel times were converted to depth
assuming a constant velocity gradient of 0.7 kms'km’ and a
constant velocity of 1.8 kms™ at the top of the sediment layer.
This velocity gradient is an average of the velocity gradients
obtained from 1-D travel time modeling of near-offset data for
the line 5 instruments. In addition, the velocity model at the
northern end of line 5 was constrained in the inversion by
velocity information from line 6 [Tréhu et al., 1995].

Velocity models (Plate 1c-1e) were determined through an
iterative forward/inverse modeling approach in which the initial
inversion was performed for a three layer model (water,
sediment, and crust) with velocities in the water and sediment
layers fixed and velocity nodes to be determined by inversion
placed at 20-km intervals along the top and bottom of the crustal
layer. Because velocities between nodes increase linearly,
velocity discontinuities and gradient changes in the crust were
modeled by introducing additional layers, and the data were
reinverted after the addition of each layer.

The introduction of an upper crustal layer, allowing relatively
low velocities and a high-velocity gradient in the upper basement
of the Vizcaino block, reduced the travel time misfit for lines 3
and 5. Constraints on the velocity and thickness of the lower
crust of the Gorda plate on line 5 were included as indicated by
results from line 6, where reversed arrivals are observed from the
lower crust and upper mantle [Tréhu et al., 1995]. The modeled
Pn and PmP arrivals were not included in the inversion. The
Moho depth of lines3 and 4 were constrained by MCS and
gravity data, where possible. The final models for lines 38, 4,
and 5 contain two, one, and three crustal layers, respectively.
Final travel time misfits are summarized in Table 1.

2.1.1. Line3S. Line 3S lies entirely within the Vizcaino
block, extending diagonally from its western boundary at
125.2°W, 39.7°N to the coast near Cape Mendocino (Plate 1a).
The profile is orthogonal to the Oconostota ridge and mapped
basement ridges, providing a cross section of the Vizcaino block.
Water depth decreases gradually from west (3km) to east
(0.5 km) along the profile, with a relatively rapid decrease
between km 13 and 18 (the seaward edge of the Vizcaino block)
(Figure 3a). The basement is shallowest between km 18 and 38,
corresponding to the Oconostota ridge. A deep sedimentary
basin (the Point Arena basin) overlies the eastem end of the
profile, and sediments thicken west of the Oconostota ridge.

For this profile, we focus on using limited seismic data in
conjunction with gravity data to explore a range of possible
models for the Moho configuration beneath the Oconostota
ridge. This work complements efforts by Henstock et al. [1996]
to determine structure beneath the triple junction region using
MCS, OBS, and onshore-offshore data along two long profiles
that cross approximately at the triple junction. We present a
detailed analysis of a subset of the seismic data used for their
model.
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Figure 2. Processed record sections (see text for details) of ocean bottom instruments recording (a) and (b) line 38,
(c) line 4 and (d)-(i) line 5 MCS air gun shots. Shot spacing for line 5 instruments is indicated at top. PSN,
previous shot noise; m, water multiple; EQ, M,, 5.0 earthquake located offshore Petrolia, California [Braunmiller
et al., 1997]. Calculated arrival times for the velocity models in Plate 1 (c)-(e) are shown by the solid lines. White
arrows indicate possible lower crustal or Moho reflections not constrained by our line 3S velocity model. Possible
mantle arrivals on OBS C3 and OBH 18 (marked ‘?’) beneath the Gorda plate are obscured by PSN.

The large-aperture seismic data only sparsely sample the crust
(Plate 1c). OBS C4 (Figure 2a) recorded diving waves (Pg),
sampling the upper 4-6 km of basement. A possible wide-angle
reflection from the mid crust beneath the northeastern end of the
line is marked by white arrows (Figure 2a) and is consistent with
onshore-offshore observations, which require a thick layer of

high-velocity lower crust at a depth of 9km beneath the
northeastern end of line 3S [Henstock et al., 1996]. OBS Al
(Figure 2b) recorded Pg arrivals to an offset of 75 km, sampling
the lower crust to a depth of 18 km. Ray coverage in the lower
crust is limited to km 30 to 60 in the model. An arrival that may
represent a reflection from either the top of the oceanic crust or
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Table 1. RMS Values of Velocity Models based on Pg Arrivals
(Plate 1¢c-1¢) and Gravity Models (Figure 7)

Models Line 3S Line 4 Line5
Velocity model 0.13 0.077 0.097
Gravity models

Model I 2.83 35 3.1
Model 11 1.78 2.87
Model 111 1.94

Misfits in s (velocity) and mGal (gravity).

from the Moho is marked by white arrows (Figure 2b), but due
to our limited ray coverage in the lower crust, we cannot
uniquely model it.

A lateral velocity change in the basement rocks at about
km 40 to 50 is required to model the near-range arrivals of
OBS C4, which are only slightly asymmetric despite a
pronounced decrease in sediment thickness west of the
instrument (Figure 3a). In order to match these arrivals, a 2-km-
thick layer with velocities of 3.5-4.5 kms' was added just
beneath the basement west of OBS C4 (Plate 1c). The thickness
of and velocity in this layer agree with an intermediate velocity
layer modeled at the southern end of line 5 and on the western
part of line 4 (see discussion of these lines below). Beneath this
depth, velocities increase approximately linearly with depth. A
dip in the velocity contours beneath OBS C4 may be an artefact
of uncertainties in the detailed configuration of the base of the
overlying layer.

2.1.2. Line4. Line4 extends for 70 km across the
northwestern part of the Vizcaino block, crossing line 5 at km 7
and line 3 at km 50. Almost the entire line lies within the region
of the Oconostota ridge. MCS data define the top of the
basement (Figures 3b and 3c), and no deeper reflections are
observed. Basement topography is rough, and the general
appearance of the data is similar to that of line 3S west of km 40
and line 5 south of the Gorda Escarpment.

OBH 24, located at the intersection of line 4 with line 5,
recorded Pg and possible PmP and Pn arrivals to an offset of
60 km (Figure 2c). With only one receiver, we cannot resolve
dipping structure and velocity gradients uniquely, although
comparison with models for lines 3S and 5 help constrain the
model. The resulting velocity model (Plate 1d) fits the data well
(Table 1). Beneath the sediments, an intermediate velocity layer
(3.5-4.5 kms™) of 2 km thickness overlies a layer with velocities
of 5.0 to 7.4 kms™.

2.1.3. Line 5. Four OBHs and two OBSs recorded air gun
shots along the 120-km-long line 5 (Plate 1a). South of the
Gorda Escarpment, the profile lies in the Vizcaino block and the
seafloor rises from 3 km at the southern end of the profile to
1.5 km depth at the Mendocino Ridge. It then drops steeply to
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the 3-km-deep Gorda plate ocean floor. MCS data constrain the
sediment thickness along the profile (Figure 3d). Sediment
thickness increases toward the ridge from the south between km
20 to 40 and pinches out against the ridge crest. North of the
ridge, the basement is offset by large faults that cut through the
sediment and, in at least one case, offset the seafloor. No deep
reflections are observed.

Rapid bathymetric and sediment thickness changes dominate
the record sections (Figures 2d-2i). Modeled arrivals in the
Vizcaino block are diving waves (Pg) through the crust
(OBH 24, OBSC3, OBH 18, OBH 17 south, and OBSCl
south). Shots from the southern end were recorded as far north as
OBS C1 (offset of 76 km). F-k filtering enabled us to verify
travel time picks between offsets of 28-45 km on OBH 24, where
previous shot noise (PSN) obscured the arrivals on the unfiltered
data (Figure 2d). The final velocity model south of the ridge
(Plate l¢) has a 1.5-km-thick intermediate velocity layer (2.5-
4.5 kms™) that is underlain by rocks in which velocity increases
approximately linearly from 5 to 7.4 kms'. The thick crust
extends beneath the Mendocino Ridge to the Gorda Escarpment,
north of which crustal thickness decreases abruptly.

The northern instruments were in an area of rough basement
topography, leading to large diffractions, considerable scattering
of seismic energy, and maximum observed offsets of about
30km (OBH 22, OBS C1 north, OBH 17 north). Instruments
north of the ridge are modeled by upper crustal velocities of 5-
6 kms" overlying a lower crust with velocities of 6.5-7.6 kms™'.
The mid-crustal boundary is at 6.7 km depth, and the Moho is at
10 km depth (Plate 1e). Moho depth is constrained primarily by
results from line 6 [Tréhu et al., 1995] and is consistent with a
possible PmP arrival on OBH 18 and Pn arrival on OBH 17
(Figures 2f and 2g).

We can compare our velocity model at the southern end of
line 5 to results from the Deep Sea Drilling Project (DSDP) Site
173 at the intersection of lines 4 and 5 (Figure 4). The 0.4-km-
thick sediment layer in our velocity model is in agreement with
the drilling results [Kulm et al, 1973). The top of our
intermediate velocity layer has velocities of 2.5-4.5 kms™ and
coincides with the recovery of andesitic basalt at the bottom of
the drill hole at 330 m. The velocities in this 1.5-km-thick layer
are compatible with velocities of highly porous basalt or
consolidated sediments and are observed in Franciscan/San
Simeon terrane offshore central California [Howie et al., 1993;
Holbrook et al., 1996]. The lateral extend of the andesitic basalt
found in DSDP Site 173 remains uncertain.

We used elastic finite difference wave field modeling (code
developed by Rodrigues and Mora [1992], adapted by Lend!
[1996], summary by Lend! et al. [1997]), to verify the model
along line 5. For this calculation, the velocity model was gridded
at a 50-m spacing, and an explosive point source with a

Figure 3. (a) Line 38 bathymetry from ship data and top of basement from depth migrated MCS data. (b) Migrated
multichannel seismic data along MCS line 4 show several basement ridges. Sediment horizons above the ridges are
deformed and interrupted. (c) Line 4 bathymetry from ship measurements and top of basement from MCS data
along line 4 constrain the velocity and gravity models. (d) Migrated near-trace data for line 5 shown with
amplitudes corrected for spherical spreading. The top of the basement is well defined along the entire profile. The
pattern of uplift and tilting of sediments on the Mendocino Ridge is similar to that reported by Silver [1971]. A
more detailed discussion of stratigraphy based on MCS data is presented by Godfrey et al. [this issue]. (e) Line 5
bathymetry from ship data and top of basement from time migrated MCS data (A. S. Meltzer, unpublished data,
1997). See text for details of the twtt to depth conversion. Bathymetry and sediment thickness changes between 0

and 2 km along the profile.
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Figure 4. Blow up of MCS data for lines 4 and 5 at their intersection and DSDP Site 173. Depth of the middle/late
Miocene boundary converted from twtt is approximate, and no distinct sediment horizon is apparent.

maximum frequency of 10 Hz was put at each instrument
location. The wave field was recorded at 50-m intervals on the
surface (i.e., the opposite of the actual experiment geometry).
The synthetic record section for instrument OBH 17 shows a
close match to the data (Figures 5 and 2g). The travel time
advance resulting from propagation through the ridge matches
the data satisfactorily, and the relative amplitudes of direct

waves, multiples, shear and converted waves are reproduced. We
conclude that our model generally explains the amplitude of the
observed wave field even in the complicated ridge area.

2.1.4. Velocities. We compare velocities in our models to
velocities derived for the onshore Franciscan, offshore
Franciscan/San Simeon (paleoaccretionary complex assemblages
of pre-Miocene age) and onshore Salinian (granitic batholith)

TT1/6.5 km/s

TT/6.5 km/s

-50 -40 -30 -20

-10 0 10 20 30

RANGE (km)

Figure 5. Amplitude plots of (top) synthetic and (bottom) observed record sections of OBH 17; m, multiple caused
by reflection at the water surface directly above the instrument; S, shear wave through the ridge; p-s, P-to-S
conversion at basement. For comparison see also the record section in Figure 2g.
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Figure 6. Velocity-depth profiles of lines 3S, 4, and 5 of the
velocity models shown in Plate 1 (c)-(e). The resolution of our
velocity models is best in the top 6 km and decreases with depth.
The indicated regions (see legend) mark the range of velocities
for Salinian terrane onshore [Walter and Mooney, 1982; Howie
et al.; 1993], Franciscan terrane onshore [Walter and Mooney,
1982; Howie et al., 1993; Holbrook et al., 1996], and Patton/San
Simeon terrane offshore [Howie et al., 1993; Holbrook et al.,
1996]. All velocity profiles are normalized to the top of the
basement as 0 km. Velocities between 6.5 to 7.5 kms™ are too
high for Salinian, Franciscan, or San Simeon/Patton terrane and
represent mafic material or underlying oceanic crust.

terranes (Figure 6). Basement along lines 38S, 4, and 5 (south of
the Mendocino transform fault) is likely composed of material
similar to the Franciscan and San Simeon terranes. The velocity-
depth profile for line 3S at km 30, representative of the western
part of the Vizcaino block, has velocities in the upper crust
typical of those for San Simeon/Patton terrane. In contrast,
velocities at a given depth at km 55 are slightly higher and are
consistent with Franciscan or Salinian terrane, which are
typically 6-6.3 kms™. Velocities in the lower crust along line 3S,
however, are too high to be accretionary complex material, and a
tectonically or magmatically underplated mafic layer is likely. A
reflection at 6-7 s twtt is apparent on a 1977 U.S. Geological
Siirvey MCS reflection line located 10-20 km west of line 5
[McCulloch, 1987a; Godfrey, 1997]. Using our vélocity-depth
profile, this reflector coincides with the 6 kms™ contour at about
9km depth, supporting the interpretation of tectonically
underplated oceanic crust.

2.2. Modeling the Gravity Data

We modeled free-air gravity anomalies recorded by the R/V
Ewing along the MCS profiles and merged with the navigation at
1-min time intervals. The E6tvos corréction was applied, and the
1980 theoretical gravity field was removed. Data correction
procedures and instrumentation on the R/V Ewing are described
by Diebold [1995]. Gravity data derived from satellite altimetry
[Sandwell and Smith, 1997] supplement the ship-board
measurements at the track ends. A 5-10 mGal shift of the global
marine gravity data was necessary to overlap the data sets; this is
within observed shifts between global marine gravity data and
ship board measurements [Sandwell and Smith, 1997]. In
addition to the free-air anomaly, we calculated a Bouguer
dnomaly by removing the effect of the topography and sediment
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layer by replacing them with material of average crustal density
(2.75 gem? in this study). The Bouguer anomaly reflects density
variations beneath the sediment layer and can be compared to
other gravity profiles with different topography and basin
structure.

The main goals of the gravity modeling were to test and
extend the velocity models, putting limits on the Moho where it
is not imaged by the seismic data. We did not attempt to match
the observed data exactly and focused on explaining long
wavelength variations, which reflect density variations beneath
the sediment layer. Starting gravity models incorporated
bathymetry, changes in sediment thickness, and layer boundaries
from the velocity model. The average velocity within layers of
variable velocity was used to determine density. Velocity was
converted to density using laboratory and field measurements
summarized in Table 2. The crust was split into middle and
lower crustal layers with densities of 2.75 gem™® and 2.9 gem®.
Lithospheric and asthenospheric densities were derived by
adding density contrasts of 0.4 and 0.36 gcm?* respectively to the
density of the lower crust (Table 2). Two-dimensional gravity
modeling and inversion to obtain the crust-mantle boundary was
done with GM_SYS software (Northwest Geophysical
Associates, Corvallis, Oregon), following the theory of Talwani
et al. [1959]. RMS values for the models outlined in this study
are summarized in Table 1.

2.2.1. Line 3S. We constrained the depth to the Moho at the
northeastern end of line 3S to be 20km based on a deep
reflection observed on the MCS data at about 8 s twtt [Henstock
et al., 1996]. This event is nearly continuous on MCS line 38
from km 45-76 [Henstock et al., 1996). It is also seen on other
profiles crossing the northeastern Vizcaino block [Godfrey,
1997; Godfrey et al., this issue}.

The Bouguer anorhaly (Figure 7b) decreases by 150 mGal
from west to east. This change is 3 times greater than the change
in free-air gravity (50 mGal, Figure 7a). We interpret this signal
to primarily reflect the change in Moho depth along the profile.
Three different density models that all incorporate bathymetry
and sediment thickness and which are compatible with the
gravity data are shown in Figures 7¢-7e. All 3 gravity models
show (1) an east dipping, lower crustal layer between km 0 and
15 (dip <= 5°), (2) a transition zone between km 15 and 30 with
a steeply dipping Moho (model I=21°, model II = 30°, model
IIT = 54°), (3) an abrupt lateral change in density at some depth
in the crust or uppermost mantle between km 40 and 50. This
density change is needed to account for a 20-mGal increase in
the free-air gravity anomaly. Model I (Figure 7c) assurhes a low-
density body (2.55 gem™® versus 2.75 gem?®) at a shallow level

Table 2. Velocity-Density Conversion References

Material type Density References
. (gem®)
Sediment 2.0-2.3  Nafe and Drake [1957]
Franciscan 275 Stewart and Peselnick [1977]
Upper oceanic crust  2.75 Christensen and Salisbury [1975]
Lower oceanic crust 2.9 Christensen and Mooney [1995]
Upper mantle 33 based on 0.4 gem” density confrast
to lower crust
[Jachens and Griscom, 1983]
Asthenosphere 3.26 based on -0.04 gem® density

contrast to upper mantle
[Jachens and Griscom, 19831
Densities were obtained by using the average velocities from the
velocity models and converting to an average density using data from
the appropriate reference.
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Figure 7. Observed (circles) and calculated (solid line) free air
and Bouguer anomalies and density models for lines 38, 4, and
5. Altimetry data extend the profiles at the track ends. Average
block densities are given in gem”. (a) Free-air anomaly along
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line 3S of three possible density models shown in Figures 7(c),
7(d) and 7(e). Note the-20 mGal change in free-air gravity
between km 40-50. (b) Bouguer anomaly of line 38 is dominated
by the density anomaly of the dipping oceanic crust. (c) Density
model I along line 3S has a 2-km-thick low-density body of
2.55 gem® in the upper crust of the Oconostota ridge. (d) Density
model II along line 3S has a higher-density lower crust east of
the Oconostota ridge. (¢) Crust in model III along line 3S has an
average density of 2.8 gcm™ and therefore explains the change in
free air anomaly as a change in depth to the Moho. (f) Free-air
anomaly of the line 4 density model. It changes only 30 mGal
along the profile. (g) Bouguer anomaly along line 4. (h) Density
model of line 4. Moho dips 7° eastward to model km 50. (i)
Free-air anomaly for the line 5 density model with (solid line)
and without step in lithosphere thickness (dashed line) across the
MTF. (j) Bouguer anomaly along line 5 is dominated by a broad
low in the south indicating a thick crust and abrupt thinning at
km 50. (k) Density model along line 5 has a shallow dipping
Moho to km 0, Moho depth increases to 15 km and the thick
crust extends under the ridge crest. The Gorda plate edge is at
km 55, and the Moho is flat to the north. Densities between km
60 and 90 km are lower than in the adjacent basement blocks.
The data are equally well modeled with a block of 2.65 gem” in
the upper crust (model I in Table 1) or alternately thickening and
thinning lower crust (dashed line, model II in Table 1). (I) Same
as density model in Figure (k), but incorporates a step in
lithosphere according to the age contrast of Pacific and Gorda
plates.
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beneath the Oconostota ridge, as suggested by our velocity
model. The observed Moho dip of 20° beneath the Oconostota
ridge is a minimum value; a shallower dip would require
unreasonable low-density values. Alternatively, the density
contrast can be modeled by a relative density high in the lower
crust east of model km 45 (model II, Figure 7d), which is
compatible with the velocity model derived from the onshore-
offshore seismic data [Henstock et al., 1996]. Model III was
determined from inversion of the gravity data for Moho position
assuming no lateral density variations within the crust and
illustrates the change in crustal thickness needed to fit this end-
member case (Figure 7e). Since we do not expect a westward
increase in crustal thickness and both models I and II are
supported by seismic data, our preferred model is a combination
of models 1 and II with relative weights presently poorly
constrained.

2.2.2. Line 4. The free-air anomaly (Figure 7f) changes by
only 40 mGal along the profile. The Bouguer anomaly decreases
from west to east, reflecting the increase in Moho depth. Moho
dip increases from 4° to 7° at km 8. Between km 8 and 50, Moho
depth increases linearly from 12 to 17 km, and east of km 50, the
Moho is flat. We did not force the models to agree at the
intersections with lines 3S and 5, and therefore the mismatch
between the models gives a qualitative measure of model
uncertainty. A mismatch in Moho depth of about 3 km between
the gravity models for lines 3S and 4 can be partly removed by
introducing an additional low-density layer in the line 4 model
upper crust, which supports the existence of an intermediate-
velocity layer beneath the basement along line 4. We did not
include this layer in our gravity model since it is only based on
modeling the large-aperture data near OBH 24. The observed dip
of 7° along the line 4 profile contrasts with the steep dip on line
3S in this region, suggesting that line 4 trends obliquely to the
sharply dipping structure modeled on line 3S.

2.2.3. Line 5. The free-air gravity anomaly along line 5 is
dominated by large anomalies over the Mendocino Ridge (50-
70 mGals), over a bathymetric high on the Vizcaino block
(10 mGal) and over a basement high on the Gorda plate
(20 mGal) (Figure 7i). The Bouguer anomaly is dominated by
the change in Moho depth south of the Gorda Escarpment, where
a broad low of 50 mGal outlines the thick crust of the Vizcaino
block (Figure 7j). In addition, the Bouguer gravity has a 10 mGal
low between km 60 and 100.

The density model (Figures 7k and 71) derived from the
velocity model needed three changes to fit the data satisfactorily:
(1) A northward dipping Moho (maximum dip 10°) beneath km
0 and 15, (2) on the Gorda plate, either a low-density block
(Figure 7k) or, alternatively, thinning and thickening of the
oceanic crust between km 70 and 100 (dashed line, Figure 7k),
(3) a contrast in upper mantle densities corresponding fo a
lithosphere-asthenosphere boundary calculated from the age
contrast [Fowler, 1990, p. 238] between the Gorda (5-6 Ma) and
Pacific (27 Ma) plates.
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3. Discussion

The density and velocity models along all three profiles
indicate an abrupt increase in Moho dip at the western margin of
the Oconostota ridge and a thickened upper crust within the
Oconostota ridge. Along line 3S, the dip of the Moho changes
abruptly from <5° at the western end of the profile to 20-30°
(density models I and II, Figures 7c and 7d) over a distance of at
most 16 km beneath the seaward boundary of the Vizcaino block
and Oconostota ridge. Line 4 is entirely within the Vizcaino
block in the region of the Oconostota ridge but trends obliquely
to it. The part of line 5 that is south of the Mendocino transform
fault also crosses the Oconostota ridge obliquely. The Moho
kink modeled beneath the Oconostota ridge on lines 4 and 5 has
true dips of 17° and 20°, respectively, when corrected for
obliquity (Table 3). This is consistent with the minimum value of
Moho dip modeled along line 3S (model I). If the Moho dip
along Line 3S is in fact larger than 20°, it would imply an
increase in Moho dip along strike, but this cannot be resolved
with our data set. This Moho dip is much steeper than that
observed beneath the accretionary complex anywhere in the
active Cascadia subduction margin [Tréhu et al., 1994, 1995,
Flueh et al., 1997; Parsons et al, 1998], suggesting that the
relict subduction boundary making up the western boundary of
the Vizcaino block has been significantly deformed.

Northeast of the Moho kink on line 3S, the Moho flattens at a
depth of about 20 km, and we observe a lateral density change
within the crust 10-15 km east of the Oconostota ridge. This
density change can be modeled either as a change in crustal
material, as thinning of the upper crust, or as thickening of the
lower crust (or some combination thereof) and coincides with an
apparent change in crustal reflectivity and the appearance of a
deep reflector to the northeast [Henstock et al., 1996; Godfrey,
1997; Godfrey et al., this issue]. In contrast, no regionally
coherent deep reflections are observed on any of the profiles
crossing the northwestern region of the Vizcaino block.

Beneath the Gorda Escarpment, the density model of line 5
(Figure 71) indicates abrupt crustal thinning to the north.
Matching the long-wavelength data requires that the Mendocino
transform fault continues vertically through the plate
lithospheres, similar to Wilson's [1989] gravity models across the
Mendocino Ridge west of 126°. The high velocities and lack of a
crustal root beneath the Mendocino Ridge suggest that it was
formed by uplift and tilting of the Vizcaino block in response to
Pacific-Gorda compressive forces.

The low-density block and/or Moho variation beneath the
basement high on the Gorda plate modeled on line 5 (Figure 7k)
are not imaged in the large-aperture seismic data. Neither of our
density models are compatible with the high being a flexural
bulge, as this would result in a relative density high. The
basement high may have formed either through thrusting and
thickening of the Gorda crust in response to north-south
compression, similar to the crustal thickening beneath the

Table 3. Geometry of Lines and Apparent and True Dips of Moho Kink

True Dip of Moho Kink , deg

Line Apparent Moho Dip Along Trend Angle of Line to N45°E,
of Line, deg deg
3 20-30 (Figures 7c and 7d) 0 20-30
4 7 (Figure 7f) 58 17
5 10  (Figure 7k) 45 20
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Figure 8. (a) Three-dimensional cartoon of the crustal structure
'in the northwestern part of the Vizcaino block. The Moho dip
abruptly increases to about 20° in the north and 20-30° to the
south. The section ends at the southwest-northeast trending
line 3S, where our data set ends. The lower crust is shown in
dark gray and anything above in lighter gray. The approximate
region of the Oconostota ridge is marked in light gray. Mapped
basement ridges after Godfrey [1997] are solid lines, dotted
where uncertain. Arrows show direction of compression. (b)
Sketch of line 3S, which is a cross section of the Vizcaino block.
We suggests that compression shortened the lower crust, kinked
it, and thickened the upper crust along preexisting thrust faults;
faulting and folding the upper crust and sediments. At model
km 45, we see a crustal change and possibly thickening of the
oceanic crust or mafic layer.

Oconostota ridge, or it may be a relict structure created by an
excess of magmatism at the spreading center. We prefer the first
explanation because the basement high corresponds to a
southwest-northeast trending seafloor ridge visible in Gloria
sidescan data [EEZ-SCAN84 Scientific Staff, 1986], which is
approximately coincident with a persistant lineation in the
pattern of Gorda plate seismicity and with the aftershock zone of
a magnitude 7 intraplate event that occurred in November 1980
[Smith et al., 1993].

4. Tectonic Implications

Our primary result is that the paleosubduction zone preserved
along the seaward edge of the Vizcaino block has been
significantly deformed. This is suggested by the increase in
Moho dip from about 5° west of the Oconostota ridge to 20-30°
beneath the western margin of the Vizcaino block and the
Oconostota ridge. This dip is consistent on all three profiles
when the apparent dip is corrected for the obliquity of the
profiles relative to the northwest trend of the structure indicated
by global marine gravity (Plate 1b and Table 3) and multichannel
seismic data [McCulloch, 1987a; Godfrey, 1997). Crustal
thickness farther east is approximately constant, resulting in a
kink in the Moho that strikes about N45°W and underlies the
western margin of the Vizcaino block (Figure 8a). This type of
structure is not observed farther north in Cascadia but is
observed on many crossings farther south on the California
continental margin [e.g. Tréhu, 1991; Meltzer and Levander,
1991; Howie et al., 1993; Holbrook et al., 1996; Miller et al.,
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1992, 1996]. It is not observed, however, across the
southwestern boundary of the Vizcaino block [Henstock et al.,
1997]. Offshore central California, the Moho kink has been
attributed to crustal imbrication on thrust faults and/or
deformation along buried transform faults.

In order to reconstruct the tectonic processes that lead to the
Moho kink and thickened crust, we look at several reflection
profiles crossing the Oconostota ridge (red and gray lines, Plate
1a). These profiles show a series of basement ridges overlain by
folded sediments (Figures 3b, 4, and 9). Because of their
similarity to ridges seen in the active accretionary prism of the
Cascadia subduction zone [Goldfinger et al., 1992; Pratson and
Haxby, 1996], Godfrey [1997] suggested that these ridges
formed in an accretionary complex during the subduction regime
and were later reactivated. This outer zone of the accretionary
wedge was relatively young, thin, weakened by preexisting faults
and thermally weakened by the subducted Farallon ridge beneath
it (Plate 1b). It is therefore not surprising that deformation was
focused in this region. Reactivation of these thrust folds clearly
continued until relatively recently (Figures 4 and 9), but the
absence of seismicity or of northwest trending ridges on the
seafloor suggests that they are not active today. We speculate
that the Moho kink represents shortening of the lower crust in
response to the same compression that reactivated the thrust
faults and thickened the overlying accretionary complex material
(Figure 8b). Placing constraints on the time of initiation and
cessation of reactivation, however, is difficult because of the
small number of drill holes in the region, the discontinuous
nature of the seismic reflections, the presence of intervening
basement ridges, and active seafloor erosion (Figures 4 and 9).
High resolution seismic data near the ODP Site 1022 (yellow
circle, Plate 1a) suggest that deformation ceased at about 3.4 Ma
(Lyle et al., 1997).

Another significant result of our modeling is the apparent
thinning of the upper crust and/or thickening of the lower-crust
northeast of km 45 on line 3S (Figure 8b). The trend of this
change in distribution of upper and lower-crustal material is
presently poorly constrained because of sparse seismic data and
because the wavelength of the gravity anomaly on which this
feature is based on is too short to be resolved in global marine
gravity data. Based on a general northwest-trending pattern in
Neogene structures and gravity data (Plate 1a and 1b), we
assume a northwest trend. Possible explanations for the change
in crustal structure include (1) the same compressive event that
resulted in the Moho kink, which might have imbricated and
thickened the lower crust, (2) extension and magmatic
underplating in response to subduction of the Pacific-Farallon
ridge, and (3) lateral variations in crustal structure within the
forearc formed during Farallon-North America plate subduction.
We speculate that higher-velocity and density material 10-15 km
east of the Oconostota ridge may represent a mechanical
backstop that contributed to localizing deformation beneath the
Oconostota ridge (Figure 8b).

A third result of our modeling is a new constraint on the
composition of material forming the Mendocino Ridge and the
geometry of changes in crustal thickness associated with the
Gorda Escarpment. The model for line 5 shows that the velocity
and density within the Mendocino Ridge are not resolvable
different from that within the basement of the adjacent Vizcaino
block. Combined with stratigraphic evidence for uplift and tilting
of the Mendocino Ridge [Silver, 1971; Godfrey et al., this issue],
this suggests that the Mendocino Ridge east of 126° is
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Figure 9. Migrated seismic reflection profile collected by the USGS in 1977 [McCulloch, 1987a; Godfrey, 1997,
Godfrey et al., this issue]. Arrows mark the location of the cross cutting basement ridges seen throughout the

northwestern Vizcaino block (Plate 1a). Bottom figure
N45°W trending thrust faults.

constructed from tectonically uplifted accretionary complex
material. We cannot, however, rule out tectonic mixing of
accretionary complex rocks and uplifted oceanic crust. The
configuration of the Moho beneath the Gorda Escarpment
indicates that the Mendocino Ridge is not underlain by a crustal
root and has therefore been formed and maintained dynamically
by compressive forces across the Pacific-Gorda plate boundary.
Reported subsidence of the Mendocino Ridge since 5 Ma [Fisk
et al., 1993] does not contradict our observations but indicates
that compression is decreasing over time. Timing of the uplift
and subsequent partial subsidence of the Mendocino Ridge in
this region is likely related to changes in the amount of
compression across the Mendocino transform fault and to the
degree to which compression is accommodated by intraplate
deformation.

The formation of the Oconostota ridge and underlying Moho
kink and the formation of the Gorda Escarpment and adjacent
basement ridge both suggest compressive stress in the Vizcaino
block during and/or after its accretion to the Pacific plate, but
stratigraphic constraints on the timing of compression are poor.
Because these features likely occurred along preexisting faults,
the direction of the maximum compressive stress is also poorly
constrained.

In order to obtain additional insights into when the
deformation or uplift may have occurred, we return to the plate
tectonic history summarized in Figure 1. In Figure 10, we show
the lithospheric age contrast across the Pacific-Juan de
Fuca/Gorda plate boundary and the component of normal stress
across the Mendocino transform and San Andreas fault zones
and relate these parameters to the tectonic history of the Vizcaino

shows recent sediment deformation above one of the

block as inferred from our crustal models. Figure 10 shows that
compression across the Mendocino transform was small during a
relative stable phase of Pacific plate motion from about 19 to 10
Ma, increased slightly in the period between 10 and 6 Ma, and
has been relatively strong since then. It also shows that the
lithospheric age contrast across the Mendocino transform near its
intersection with the Oconostota ridge flipped 12.5 to 10 Ma and
that Pacific-North America relative plate motion was
transtensional prior to ~3.5 Ma. In spite of strong normal forces
across both plate boundaries at the present time, the lack of
seismicity (Plate la) and sediment deformation since about
3.4 Ma [Lyle et al., 1997] indicates that the Vizcaino block is not
deforming internally under the current stress regime. Since at
least 3 Ma, north-south compression has been absorbed
internally by the Gorda plate [Wilson, 1989] and east-west
compression has been accommodated farther east, within the
Point Arena basin [Ondrus, 1997].

We suggest that most of the internal deformation of the
Vizcaino block resulted from transpression in response to
Pacific-Juan de Fuca/Gorda plate compression (dark gray shaded
regions, Figure 10) when the normal stresses across the bounding
transforms were relatively large (about 6-3 Ma) and/or when the
Vizcaino block lower crust was very young, weak, and
juxtaposed against the older Juan de Fuca plate to the north (18-
12.5 Ma). Internal deformation is less likely in the late Miocene
(6-12 Ma), when both north-south compression and the
lithospheric age contrast were relatively small (light gray shaded
region, Figure 10). The observation that internal deformation of
the Vizcaino block seems to have stopped and been transferred
to the Gorda plate, even though the compressive stress within the



23,810

<---

Exiensional Phase

Early Miocen:

(4]

VELOCITY {cmy)

m—normal to SAFZ
. —7 - ngrmal !(o MTF

——
B Pacific Plats
1 = =~Jyandg Fuca ,

a)

Figure 10. Factors influencing the likelihood of compressional
deformation in the Vizcaino block. At the top, solid lines mark
lower age and dashed lines mark the upper age limit of the
Vizcaino block phases sketched in Figure 1. Normal forces
across the transforms are calculated from stage poles near the
Oconostota ridge-MTF intersection [Wilson, 1993] and just
south of the Mendocino triple junction region [Harbert and Cox,
1989] and are projected to a fault at 90° (MTF) and 319.5°
(SAFZ). The strike of the San Andreas fault north of Point Arena
(since 3.5 Ma) is about 330° and therefore the present plate
motion normal to the San Andreas fault is negligible. Velocity
normal to the MTF of the Pacific-Farallon plates between 19 and
10 Ma was relatively small and uncertain. Age of the Farallon
and later Juan de Fuca plate [Engebretson et al., 1985] are
estimates assuming a constant spreading rate. Pacific plate age is
indicated by the dark gray region which marks the possible time
span of ridge cessation at about 25 to 20 Ma. The horizontal
dotted line marks the onset of Gorda plate deformation
(minimum age). When considering the possible Vizcaino block
deformation in the early Miocene, we assume that the then young
Pacific plate deformed at about the same age. Light gray area
indicates small likelihood for Vizcaino block deformation; dark
gray areas indicate times of likely deformation.

Pacific plate should be larger now than at any time in the past
history of triple junction interaction, suggests that lithospheric
age has a major effect on intraplate deformation.

5. Conclusions

Our data show evidence for significant deformation of the
crust in the northwestern part of the Vizcaino block. The internal
deformation resulted primarily from transpression in response to
Pacific-Juan de Fuca plate compression when normal stresses
across the bounding transforms were relatively large (6-3.4 Ma)
and/or when the Vizcaino block was considerably younger and
weaker than the adjoining Juan de Fuca plate (18-12.5 Ma). This
compression appears to have reactivated preexisting crustal
faults, thickened the crust of the Oconostota ridge, and formed a
kink in the Moho beneath the northwestern margin of the
Vizcaino block. It also tilted and uplifted the Vizcaino block at
its northern margin, forming the Gorda Escarpment and adjacent
basement ridge. A lateral change in structure is observed to the
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northeast of the Oconostota ridge, but it is unclear if this is a
product of the same deformation or was a preexisting feature and
therefore acted as a backstop during the deformation.
Deformation within the Vizcaino block appears to have ceased
and shifted to the Gorda plate sometime prior to 3 Ma. We
suggest that the spatial and temporal shifts of the primary locus
of deformation resulted from changes in relative motions across
the Pacific, Juan de Fuca/Gorda and North America plate
boundaries combined with changes in lithospheric age and age
contrast across these boundaries.
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