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ABSTRACT

The Ventura basin lies within the east-west—
trending active fold-and-thrust belt of the
western Transverse Ranges, California. This
basin has been the site of significant earth-
quakes on structures within it and bordering
it. The purpose of our study is to identify the
main structures in the basin and its borders
and to quantify their rate of deformation. Our
study includes the onshore and offshore Ven-
tura basin, the arcuate basin-bounding Oak
Ridge reverse fault, and the Oxnard shelf to
the south. Shortening, fault-slip, and crustal-
block motions were studied using a three-di-
mensional map-restoration technique. Struc-
ture-contour maps on the 6 Ma surface and
other horizons were digitized and restored to
the initial horizontal state by unfolding them
using the computer program UNFOLD and
then fitting the unfolded surfaces across faults.
Comparing the restored and present configu-
ration allows us to estimate total net finite dis-
placements relative to a fixed horizontal refer-
ence line.

Average post-5 Ma shortening rates esti-
mated from our restoration are slower than
both post—1 Ma rates and present rates deter-
mined by global positioning systems. Most
shortening due to folding in the onshore basin
is post—-1 Ma, although slip on the Oak Ridge
fault has occurred both before and after 1 Ma.
Displacement due to faulting and folding in-
cludes left-lateral strike-slip motion on the
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nard shelf is bordered to the south by moun- dered by the north-dipping San Cayetano and Red
tains and islands that have been previously in- Mountain reverse faults on the north and by the
terpreted as folds above thrust-fault ramps. south-dipping Oak Ridge reverse fault on the
This onshore-offshore block moves as one con-south (Yeats, 1983, 1988; Huftile, 1991; Huftile
tinuous thrust sheet. Similarly, beyond the and Yeats, 1995). The Red Mountain fault extends
well-studied onshore fault, a kinematically westward offshore north of and parallel to the
continuous offshore Oak Ridge—Mid-Channel Pitas Point-North Channel fault system (Kamer-
left-oblique fault system is interpreted to con- ling and Sorlien, 1999). These north-dipping
tinue at least an additional 100 km westward faults form a left-stepping en echelon array
beneath the Santa Barbara Channel. (Gratier et al., 1999). This onshore-offshore sys-
tem is characterized by high rates of Plio-
cene—Quaternary north-south contraction and
rapid Quaternary fault slip and may be capable of
relatively frequent large earthquakes (Namson
and Davis, 1988; Huftile and Yeats, 1995; Hor-
nafius et al., 1996). South of the Oak Ridge fault,
The western Transverse Ranges province tiie Oxnard shelf has been only slightly deformed
southern California is characterized by east-westiuring late Cenozoic time, and it can be consid-
trending folds and faults that contrast with the resred a relatively stable block (Yeats, 1987). The
gional northwest-southeast structural trends th&@xnard shelf is bounded to the south by an arcu-
predominate in California (Fig. 1). The province isate south-dipping Miocene normal fault (Sulphur
bounded on the east by the San Andreas fa8prings fault in Fig. 1, called the proto—Simi fault
and on the nortand south by northwest-south-of Huftile and Yeats, 1996).
east—trending structures of the Coast Ranges andlhe anomalous structural trends in the western
California borderland. These active northwestfransverse Ranges are due to both clockwise
southeast faults constitute part of the Pacific—Norttrustal rotation and compression within a re-
American plate boundary, the most active particstraining bend in the San Andreas fault. Paleo-
pating structure being the San Andreas fault. Theagnetic data have been interpreted to indicate
Ventura basin is an elongate depression that biseatsout 95° of clockwise vertical-axis rotation of
the western Transverse Ranges between Point Ctime western Transverse Ranges since about 17 Ma
ception and the San Gabriel fault. It formed in postKamerling and Luyendyk, 1985; Luyendyk,
Miocene time and is superposed on Miocene rift991). This rotation was accompanied by regional
basins and on a Mesozoic—early Cenozoic foreakdiocene extension on both sides of the rotating
basin (e.g., Yeats, 1987). The post-Miocene stratdocks (Kamerling and Luyendyk, 1985; Legg,
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INTRODUCTION

northeast-southwest coastal segment of the alone range from 2 km thickness in the west th991; Crouch and Suppe, 1993; Sorlien et al.,

Oak Ridge fault and associated clockwise ro-
tation of the adjacent Ventura basin. The Ox-
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8 kmin the east (Figs. 2 and 3; Yeats, 1988). 1999b). Rifting of Baja California from mainland
The western portion of the Ventura basin unMexico and creation of the restraining bend of the

derlies the northern Santa Barbara Chann&lan Andreas fault resulted in initiation of north-

(Fig. 1). In the east (onshore), the basin is bosouth transpression across the plate boundary at
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MAP RESTORATION OF CENOZOIC STRATA ACROSS THE OAK RIDGE FAULT

about the end of the Miocene (5.3 Ma; e.g., Atwasion of half-graben basins into anticlines in otherstructures absorbed the post-Miocene strain in the
ter, 1989). This transpression has resulted in corti¥eats, 1987; Clark et al., 1991; Seeber and Soventura basin region? and (2) What was the rate
mon reactivation of diversely striking Miocenelien, 2000 [GSABulletin, this issue]). It is this of strain on these structures? These questions beal
normal-separation faults as reverse-separati@ost-Miocene strain that is the subject of our patpon the structural history of the region, the
faults, broad downwarping in places, and inverper. We are pursuing two questions: (1) Whaprocesses by which this basin has deformed, and
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Figure 1. Regional fault map of the western Transverse Ranges, including the Santa Barbara Channel, California. The locatiorisigéire 6 (A-A'),
the published cross sections in Figures 3 and 7 (B-Brough F—F'), cross section S&S in Shaw and Suppe (1994), cross section K&N in Kamerling
and Nicholson (1996), and cross section R by Redin et al. (1998) are shown. P—Pagenkopp fault; MCT—Mid-Channel trend; #—thedroggint for
Figures 4 and 5. The region that we unfolded is indicated by the dot pattern. Part of the San Cayetano fault is shown at ittt cutoff of the top of
the Fernando Formation. Faults are from Jennings (1994), Kamerling and Sorlien (1999) for the offshore Red Mountain fault, andstistudy.
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Figure 2. Present-day, deformed depth maps of four horizons for the restored region (see Legend). The horizons are projectedevbmded
(erosion is restored). Contours at an interval of 305 m (offshore) or 152 m (onshore) were digitized for unfolding. The onsho@gsare available
at http:/quake.crustal.ucsb.edu/hopps, and a map of the top of the Monterey Formation similar to our interpretation was publistéy Heck
(1998). This figure was recontoured by hand at a 500 m interval. The top of the Fernando Formation is generally just above tt\alhorizon of
Yeats (1988) in the west part of the Ventura basin, although it is older in the east; the top of the Repettian Stage is Pliodepeof the Monterey
Formation is ca. 6 Ma, and top of the Sespe Formation is about late Oligocene (ca. 26 Ma; older in west and younger in east). VAArttVa
Avenue anticline; vert.—an area of vertical beds at the east edge of the figure.
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Figure 3. Depth sections, located in Figure 1, t top Monterey Fm. I2.7 ki
that are simplified and/or modified from pub- |  Block boundary B B' I

lished sections. SL is sea level. All sections are .
. 1.2 kml Line-length change SL

the same scale and have no vertical exaggera | | of indicated layer

tion. The top of the Monterey Formation is at Hanging-wall and footwall

the base of the dotted post—6 Ma interval, and cutoff unfolded layer

the 1 Ma horizon is at the base of the striped

post—1 Ma interval. The top of the Monterey +

Formation and (in one case) the 1 Ma horizon

are represented by alternating gray- and

black-line segments. These segments are laic

flat and drawn in the same gray and black pat- 2 - ~

tern above the profile. The amount of shorten- // FostiMa Post~6 Ma|:| Post=26 Ma

ing due to faulting and folding can be deter- t 1 Ma horizon 3.1km

mined at any location along a profile by —

matching the line segments. This shortening is f top Monterey Fm. 4.4 km

along a profile and need not correspond to the — R

change in map-view area found from unfold-

ing. Cross section B-Bis simplified from SL

Huftile and Yeats (1995). Wells in block 361

near Oxnard and Ventura (Fig. 1) and a

nearby industry seismic-reflection profile con-

firm the general shape and depth of the top of

the Monterey Formation across the Oak Ridge

fault. Cross section C—Cis shown in Figure 7.

D-D' is from Yeats (1988), and E—Eis from

Yeats (1983). D*-D* is the Suppe and Med-

wedeff (1990) modification of the Yeats (1988)

D-D' cross section. Post—1 Ma shortening due t top Monterey Fm. 4.7 km

to folding can be estimated from older horizons _— i

because the beds are parallel in D*~D*SMT E S N N

is South Mountain thrust of Suppe and Med- s =V’§<;\ S SsL I

wedeff (1990). The arrow indicates that 3 km 1P E;EE. //

of slip is predicted using fault-propagation fold ‘

theory (the distance between axial surfaces o 37

where they intersect the fault). On cross sec- Q Ventura basin 4T N\

tion D-D' and E-E, the top of the Sespe For- 3‘ 2 km e e s

mation (late Oligocene) is unfolded south of the = c 2 km

fault (*—hanging-wall cutoffs), and a horizon Con ~ [7 o ~ ’7

above the 1 Ma horizon is unfolded north of L

that fault (*—footwall cutoffs). The post-6 Ma

shortening (the horizontal distance between

the + on the sections) was approximated by adding the stippled block in Figure 5. Our modification of D-filom the original in Yeats (1988) in-

cludes planar downdip projection of the Oak Ridge fault and interpretation of the 6 Ma horizon, based on a basin strike sectianYeats (1983).

This modification is essentially identical with that of Huftile and Yeats (1996). The San Cayetano fault (SCF) is not includadhe line-length

restoration of E-E. Cross section F—FHs modified from Yeats et al. (1994).
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the seismic hazards to be expected here. A focfilsal state can be compared in order to estimat®n). This assumption is applied in two different
of our analysis is the role of the Oak Ridge fault ithe finite deformation and displacement. This apvays: (1)cross sections-conservation of layer

post-Miocene deformation. proach also allows the geometric and kinematiength and area in cross sections, anth@)s—
compatibility of the structures to be tested. Majayer length and surface-area conservation of
METHOD restoration techniques (Schwerdtner 1977; Colfelded sheets (Gratier et al., 1991).
bold, 1979) complement the balanced cross-sec-Balanced cross-section techniques search for
Comparison of Three-Dimensional Map tion techniques (Dahlstrom 1969; Hossackhe best compatibility of the structures at depth
Restoration to Cross-Section Balancing 1979). Both approaches assume mass, volum®iithin a plane-strain assumption), whereas sur-
and surface or length conservation. face-unfolding techniques test map compatibility

The use of geological strata as crustal defor- Restoration of cross sections and maps anecluding, for example, the fit between restored
mation markers implies that the strata can be rboth based on the flexural folding assumptiohanging-wall and footwall cutoffs along faults
stored to their initial state and that the initial andconstant layer thickness during the deformaGratier and Guillier, 1993). Information on the
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finite displacement deduced from the two methally and sequentially fit to their neighbors acrosthe slip is transferred beyond the structural trend
ods is different. Balanced cross sections give iffiaults using an interactive graphics prograniSuppe, 1983). This slip is accounted for by
formation on the displacement in vertical planegGratier and Guillier, 1993). In areas such as thehortening only if the map or cross-section
Due to the required plane-strain assumption/entura basin with steep fold limbs and thrustestoration includes the entire thin-skinned sys-
restoring a series of parallel balanced cross semverlap, it is more likely to miss part of a layertem. Map restoration can examine lateral changes
tions gives parallel displacement directions ithan to draw excess area, and therefore voids areslip on a fault-bend fold if, for example, it is
map view. The map restoration technique givesraore frequent than overlaps. Manual fitting altinked by a tear fault to a restored fault-propaga-
map view of the finite displacement that includetows one to incorporate the confidence of the irtion fold.
nonparallel displacement vectors. Map restorderpretation of thrust overlap or the width of steep Map restoration can be applied as a kinematic
tion is theoretically more correct for regions withfold limbs and allows reinterpretation of thetest for the diverse interpretations of the structure
block rotation because the balanced cross-sectiamailable data. of the Oak Ridge trend and modeled blind faults
technique assumes plane strain parallel to the Comparison between the restored and presentits south. In particular, we contrast the inter-
section and no vertical axis rotation. Mapstate allows the finite displacement field to be@retation that the onshore Oak Ridge fault is
restoration techniques have been applied that udewn with respect to the fixed reference line. Esinimportant and has been passively folded by a
a simple two-dimensional untilting (Audibert, timates of local block rotations with respect to théault propagation fold (e.g., Suppe and Medwed-
1991; Rouby et al., 1993) or that use a three-dieference line are obtained by rotating the flaieff, 1990) against the model for an active high-
mensional unfolding process (UNFOLD pro-tened block outlines to achieve a best fit betweamngle reverse fault (e.g., Yeats, 1988). The off-
gram; Gratier et al., 1991). neighbors. The results are local estimates shore part of the Oak Ridge trend has been
shortening for each block and a regional distreated as an active axial surface, not a post-
Unfolding of Deformed Horizons to Estimate  placement field derived from fitting all blocks by Miocene reverse fault (Shaw and Suppe, 1994).
Strain translation and rotation. Strike-slip motion can bélternatively, the Oak Ridge oblique-reverse
inferred if a fault is arcuate or if the fault termi-fault continues offshore (Huftile and Yeats, 1995;
The details of the computer program UN-ates and the horizontal motion is accounted fédtamerling and Nicholson, 1996; Stone, 1996).
FOLD and the technique of map restoration havey shortening or extension. For example, the
been published (Gratier et al., 1991, 1999 osgri fault dies out into tight folds on its easANALY SIS AND INTERPRETATION
Gratier and Guillier, 1993), and only a generaside near Point Arguello and Point Conception
description of the technique is given here. Struglocated in Fig. 1). Flattening these folds restores We determined the net finite strain since 6 Ma
ture-contour maps of a reference competent laygght-lateral motion on the Hosgri fault (Sorlienfor a set of deformed fault blocks mapped within
are digitized and gridded for each fault blocket al., 1999a). the Ventura basin, both onshore and offshore be-
The XYZ grid is organized as neighboring trian- Unfolding and map restoration is analogous toeath the Santa Barbara Channel (Fig. 2). Ideally,
gles, and the computer program UNFOLD laysaking a folded and torn rug, unfolding differenthe geometry of a single 6 Ma horizon would be
the triangles flat. Misfits between the flattenegieces of that map, and then fitting the flat piecesnown through the entire region. This is not the
triangles and the holes defined by its neighbotsack together. If the map of the rug can be urcase due to the extreme vertical motions across on-
are minimized by translation and vertical axis rofolded without stretching or creasing it, then theshore Vlentura basin. The 6 Ma horizon is eroded in
tation in an iterative process (Gratier et al., 1991jnap and our assumptions of area and volunike hanging walls of the major reverse faults and is
The program UNFOLD produces a map of a missonservation (no layer-parallel shortening otoo deeply buried to map beneath parts of onshore
fit statistic and an average value of this statististretching) are permissible interpretations. Mapentura basin. If two horizons are parallel, unfold-
(see Gratier and Guillier, 1993, for details). Theestoration can be applied as a kinematic test rieg either will result in identical estimates of short-
value of the misfit can be compared to that olating one cross section or profile to the next, iening. Published cross sections indicate that the
tained by unfolding a folded piece of paper (@rder to quantify the lateral evolution of slipmapped horizons that we restored are subparallel
layer with no stretching parallel to the neutrablong arcuate faults and folds. In cases with the a ca. 6 Ma horizon in the particular areas in
surface; Gratier and Guillier, 1993). The progransurved map-view displacement field associateguestion; it is irrelevant if these layers are nonpar-
also calculates the percent of shortening for eagtith local block rotation, the balanced cross-se@llel elsewhere. Despite having to make these ad-

individual fault block. tion technique cannot be used, and map restoljastments, the 6 Ma reference horizon is the most
Given accurately contoured maps and layeion is the only way to balance the structures. reliable for regional reconstructions that include
surface-area conservation, the main errors in map eroded areas, partly because it includes the total
restoration come from uncertainty about the exfhree-Dimensional Map Restoration and Neogene contraction. This restoration of total
act location of the faulted edges of the surfac&hin-Skinned Structural Models transpressional deformation serves as a reference
particularly where reverse faulting creates over- for studies of younger strata (Kamerling et al.,

laps. If too little surface overlap is interpreted for Both three-dimensional map restoration and998; Sorlien and Kamerling, 1998).

the reverse or thrust fault, a void will appear irtross-section restoration quantify shortening. For Map restoration is especially applicable to the
the map restoration and cross sections can teck-skinned tectonic models (planar faults cutventura basin, where the Oak Ridge fault is arcu-
reinterpreted to eliminate that void (example iing entire brittle crust; Yeats, 1993) and thinate, and the cross-sectional geometry changes
Gratier and Guillier, 1993). Automatic fitting skinned fault-propagation fold models (e.g.dramatically along strike (Fig. 3). The assump-
programs are available that seek a balance b&uppe and Medwedeff, 1990), all the fault slip ision of no layer-parallel stretching is met because
tween gaps and overlaps in the outlines of the rabsorbed by folding or thrust overlap along theery low values (0.005) of the fitting statistics
stored blocks (Audibert, 1991; Rouby et al.structural trend. This shortening would be rewere obtained for our unfolding of the horizons
1993). In our approach, one edge of the deformestiored during either cross-section restoration @m Figure 2, similar to the values expected by flat-
(present) map is chosen as a fixed reference lirtaree-dimensional map restoration. However, itening a folded piece of paper (see Gratier and
and the outline of each unfolded block is mantthe thin-skinned, fault-bend fold model, most ofGuillier, 1993, for discussion of permissible val-
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Figure 4. Present-day fault and fold blocks (thin black polygons) that were unfolded. The black arrows give the net finite desgement with re-
spect to a line along the southern edge of the unfolded region. The displacements are inferred by comparing unique points erptesent-day
map to the same point on restored surfaces (Fig. 5); The numbers shown as % indicate the horizontal shortening in all directithrag is quanti-
fied by unfolding for each block, and this number does not include shortening due to faulting. The direction of maximum horizaitshortening
is perpendicular to fold trends (Fig. 2). Thrust overlap of the top of the Sespe Formation (south) over the top of the Fernarkeiymation (north)
in the eastern part of the study area is represented by the checkerboard pattern. An unrestored block (zig-zag fill) is alsovgh. Straight north-
south and east-west boundaries are limits of unfolded blocks, not faults, and are shown dashed. Boundaries that are faults avestas solid lines
and are also drawn in Figure 1. P—Pagenkopp fault; SP—Santa Paula. Land areas are shown as light-gray shading, and cross sedtions
Figures 3, 6, and 7 are shown as dashed medium-gray lines.

ues of the fitting statistic). Finite displacement isration of the top of the Monterey Formation, andpnshore

shown with respect to a southern reference-linteerefore, its overlap across reverse faults is minor

location within the little-deformed onshore andzero to perhaps 100 or 200 m; Fig. 6). Numerous well data and outcrop information
offshore Oxnard shelf block because a reference Steep dips along the Mid-Channel trend (MCTwere used by Hopps et al. (1995) to construct the
line along the northern edge of Ventura basion Fig. 1; see Kamerling and Nicholson, 1996pnshore maps on Quaternary and Pliocene hori-
would be in the middle of a deformation belt. Weare poorly imaged in seismic reflection datazons north of the Oak Ridge fault and on the top
are studying the Oak Ridge fault in this papemaking the structure difficult to interpret. Be-of the Sespe Formation (late Oligocene—early
and the displacement arrows in Figures 4 anddause of this, we did not map or unfold a faulMiocene?) immediately south of that fault
near this fault do not represent any deformatioblock along the Mid-Channel trend (wavy patterrfNicholson et al., 1997; see Fid) 20ur reference

along the north margin of Ventura basin. in Fig. 4). The unrestored shortening across thi®rizon is the approximate age equivalent of the
block and its boundaries is seen as a gap in tha. 6 Ma top of the Monterey Formation (called
Offshore unfolded map (stipple in Fig. 5). It is still possi-the Modelo Formation south of the Oak Ridge

ble to unfold and restore a rug with a hole in it afault; Yeats, 1988). South of the Oak Ridge fault,

We modified and restored a structure-contouong as we know how to connect the unfolded ruthe ca. 6 Ma horizon is eroded away at many lo-
map of the top of the Monterey Formationat either side of the hole, and especially if we alscations; there, the top of the underlying Sespe
(ca. 6 Ma; Barron, 1986) in the Santa Barbarknow how wide the hole is at several locations. Aormation was used. Cross sections indicate that
Channel. This map had been constructed by Grasignificant shortening along profile A-fFig. 6) the top of the Sespe Formation and the ca. 6 Ma
McHattie and others at Mobil Oil Corporation.beyond what was restored is highly unlikely. Théorizon are nearly parallel in the hanging wall im-
Correlation of electric (gamma, resistivity, andfitting of blocks west of the “hole” should there-mediately south of the Oak Ridge fault (BB
spontaneous potential) and stratigraphic (“mud’ore be accurate. Section B=&hd our interpre- D-D', and E-E Fig. 3). If two horizons are par-
logs confirmed that the depth of the Monterey tofation of a nearby industry seismic-reflection proallel, folding must have occurred after deposition
is correct at wells. We checked the Mobil correlafile and wells indicate that the gap should bef the upper horizon, and unfolding either of them
tions of the top of the Monterey Formation througlabout 2 km to the east of the hole (Figs. 3 and 5)ill produce identical estimates of shortening.
an ~2 km grid of industry multichannel-reflectionAbout 2 km of shortening across the west-nortifherefore, the majority of resolvable deformation
data. The resulting structure-contour map (offshomeest—striking Mid-Channel trend (the “hole”) isin this area is post—6 Ma, and the top of the Sespe
part of Fig. 2) is similar to that recently publishedncorporated in our fitting of unfolded blocks. ———— ) )
by Heck (1998). Interpretation of seismic-reflecThis amount of shortening is consistent Witrablelgnnfhueb:lr?tgergein:{)ﬁtﬁ‘)r?/(/jlg;ﬂ;i:i?ﬂgtr;lsl Sézbaggﬂ-/
thn profll_es indicates that, except _for the Oak:ros_s sections (Ka_me_rllng and Nicholson, 199€h0pps/. These maps and cross sections are shown at low
Ridge-Mid-Channel trend (latter is MCT ofRedin etal., 1998; indicated by “K&N” and “R,” resolution; the 1:48 000-scale data are still proprietary
Fig. 1), faults are high angle with small vertical seprespectively, in Fig. 1). but are available to researchers under signed agreement.
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Figure 5. The retro-deformed (unfolded) fault blocks (gray outlines). The stippled blocks (with heavy dots) represent additidishortening that
was added during fitting of the unfolded blocks. These stippled blocks include the shortening across the Mid-Channel trend thats not mapped
or restored. It represents the part of the thrust overlap of the ca. 6 Ma horizon not accounted for in Figure 4 (checkerboard paith), and it also
includes the length of a vertical-to-overturned fold limb near the east edge of the restored area (FiH-ig. 3). The finite displacement vectors are
the same as in Figure 4. Figure 5 can be compared with Figure 4 on a light table using common reference lines.

Formation can be used as a proxy for the ca. 6 Meelow well control. If there is older footwall fold- km at the coast and across the onshore Ventura

horizon where it is eroded. ing or if the Oak Ridge fault flattens with depthbasin and Oxnard shelf in the east. Folding ab-
Maps of the top of the Fernando Formatiorgi.e., is listric), then we have underestimated shorsorbs about 4 km of shortening above blind faults
(top of the Pico Formation in Hopps et al., 1995gning due to folding and thrust overlap. south of the Sulphur Mountain fault, including
and top of the Repettian Stage were unfolded the Ventura Avenue anticline (Figs. 2, 4, and 5;
north of the onshore Oak Ridge fault (Fig. 2). Th®ISCUSSION Huftile, 1991). This lateral variation in shorten-
top of the Fernando Formation is time transgres- ing is reflected in the total structural relief (eleva-
sive and is older in the east (Yeats, 1977), but it Bold and Fault Compatibility and tion change) of the top of the Monterey Forma-
located just above the 1 Ma horizon of Yeat#echanism of Shortening tion across the restored area due to faulting and
(1988) in the study area. Deformation of the two folding. Structural relief increases from 2 km on

horizons is essentially the same (Fig. 2 for top of Our reconstruction (Fig. 5) is one possible geaross section A—Ain the west to almost 10 km
the Fernando Formation; see http://quake.crustahetric solution that represents the best fit betweam section E-Hn the east (Figs. 3 and 6).
ucsh.edu/vbmrp and Yeats, 1989, and Kamerlingll of the unfolded blocks. The black arrows in Fig- The best-fit modeled southward displacement
et al, 1998, for the 1 Ma horizon). The top of theires 4 and 5 connect the map-view locations of the the footwall cutoff along the Red Mountain and
Repettian Stage is time transgressive, being aadges of the 6 Ma horizon in the fault blocks wittfSan Cayetano faults has been about 6 km with re-
3.4 Ma northwest of the Santa Barbara Channtie present location of these edges. The arrows regpect to the southern reference line (Fig. 4). The
(Clark etal., 1991) and ca. 2.5 Ma in Los Angelegesent the net horizontal displacement with respettodeled displacement does not, however, include
basin (Blake, 1991). Our assumptions only reto the reference line since 6 Ma. The south-tshortening due to slip on the Red Mountain and
quire that folding postdate the Repettian Stage feputhwest displacement ranges from a few hundr&&n Cayetano faults or folding in the hanging walll
the block mapped on that horizon along the nortfmeters in the west, to ~2 km along the Mid-Charmorth of these faults. Post—1 Ma thrust overlap
ern margin of Ventura basin (Fig. 2). The ca. 1 Mael trend, to 5 to 6 km in the east. The local changeeross the San Cayetano fault along'Es-Eore
horizon is very nearly parallel to the underlyingn map-view area for each fault block is given irthan 7 km (Fig. 3), and is at least 9 km since 6 Ma
ca. 6 Ma horizon on published cross sectionBSigure 4; surface area is conserved. Note that thgstuftile and Yeats, 1996). Adding 9+ km to the
(Fig. 5; Huftile and Yeats, 1995, 1996), implyingshortening values are averages for entire unfolde km of shortening restored along Erdsults in
that folding within west Ventura basin is post—cablocks and do not include contraction across faultstal shortening of more than 14 km across Ven-
1 Ma. Post—ca. 6 Ma thrust overlap is interpretedlong the block boundaries. tura basin. Both this thrust overlap and unfolding
from published and unpublished cross sections Both published cross sections and our restorexd the hanging wall were included in the more re-
(Fig. 3; D—D; Nicholson et al., 1997), and this depth-contoured surfaces show that most shogional restoration of Gratier et al. (1999).

overlap is accounted for during the fitting of un-ening in the mapped areas is by reverse faulting

folded blocks by adding a gap (stippled block irand that little shortening has been absorbed IBlock Rotations and Fault Slip

Fig. 5). The ca. 6 Ma horizon has greater verticdblds, except immediately adjacent to the Oak

separation and thrust overlap than the 1 Ma hoiRidge fault and south of the Sulphur Mountain The displacement field drawn in Figures 4 and
zon in D-D (Fig. 3); therefore, fault slip occurred fault (Figs. 1 and 2). Folding represents only & shows that crust moved relatively south from
here between 6 and 1 Ma. We assume that this slgwv hundred meters of shortening in westerthe San Cayetano fault toward the Oak Ridge
occurred without pre—ca. 1 Ma footwall foldingSanta Barbara Channel and slightly more thanfault and was deflected southwest or clockwise
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Figure 6. A north-south—migrated multichannel-seismic reflection profile in western Santa Barbara Channel (location shown ing=iL). The ap-
proximate edges of the fault blocks are shown by heavy vertical black lines on the bottom of the profile. Percentage of shamteim the blocks is
also shown (see Fig. 4). This industry profile is of a more recent vintage than those used to create and evaluate the structm&sur map. Dis-
continuities or reflections that we interpret to be faults form the block boundaries in Figures 4 and 5. The top of the Monter&prmation was un-
folded; little thrust overlap seems possible. This minimal post—6 Ma shortening across the western continuation of the Oak Rieg&l-Channel
fault system helps determine what is possible farther east.

along the nearly vertical, northeast-striking seg- There is independent geologic evidence fadisplacement across the northeast-southwest
ment of the Oak Ridge fault instead of overridindeft-lateral slip on the northeast-southwest part afoastal segment, and do not incorporate the Yeats
the Oxnard shelf. Left-lateral displacement is rethe Oak Ridge fault. Yeats and Taylor (1989) estand Taylor (1989) piercing point or the inferred
quired across this segment of the Oak Ridge fautiated a 3.5 km component of left slip based oshear zone. In our results a minimum 3 km of left
because there is little shortening or extension pesffset of a facies change in the ca. 1 Ma horizoslip on the northeast-striking segment of the Oak
pendicular to the fault. A clockwise vertical axisacross the Oak Ridge fault near Santa Paula (SFRidge fault is linked to oblique left-reverse slip on
rotation of about 6° is seen by comparing the rd-ig. 4), with this facies change being projected ithe west-northwest-striking Mid-Channel trend
stored orientation of the long, narrow block im-the air where eroded south of the fault. Our estoffshore (Figs. 1 and 4).

mediately north of the Oak Ridge fault to its premate of ~3 km of post—6 Ma southwest displace-

sent orientation (Figs. 4 and 5). Smaller coherentent is less than the Yeats and Taylor (1989)iming and Rate of Deformation

blocks would result in larger local clockwise ropost—1 Ma estimate of left separation in the same

tations in the area of maximum curvature in tharea. Unfolding and restoration of the map of the The top of the Monterey Formation and the
strike of the Oak Ridge fault, and any regional rol Ma horizon of Yeats (1989) by Kamerling et alearly Pliocene horizons are parallel or nearly par-
tation of the block containing our reference ling1998) shows that post—1 Ma left slip must be lesallel over wide areas on offshore reflection pro-
must be added to the local rotations determingban 2 km unless a left-lateral shear zone cuts tfikes (Kamerling and Nicholson, 1996; Redin
from our restoration. Paleomagnetic measur&/ entura basin in the footwall of the Oak Ridgeet al., 1998; Sorlien et al., 1998). Early Pliocene
ments have been used to infer rapid Quaternafgult. The northeast-southwest segment of theompressional-fold growth is interpreted in those
vertical-axis, clockwise-block rotation within the Oak Ridge fault aligns with a northeast-southwestreas where the top of the Monterey Formation is
Ventura basin in this area (Liddicoat, 1992), andegment of the Pagenkopp fault along the nortimot parallel to early Pliocene strata (B-iB
global positioning system (GPS) measuremen&rn margin of Ventura basin (Fig. 1), suggestingig. 3, and A—Ain Fig. 6). We interpret continu-
indicate that these rotations continue today (Dorthat such a left-lateral shear zone is possible (Sdng post—-6 Ma transtension (e.g., McGroder
nellan et al., 1993). This vertical-axis rotatiorlien and Kamerling, 1998). Alternatively, Yeatset al., 1994), if present at all, to have been rela-
provides a mechanism to transfer slip across tlaad Taylor (1989) overestimated the left-lateraively minor and localized, and, therefore, Fig-
Ventura basin and is related to the strong easbmponent of slip. We use the shortening due tore 4 does represent displacement since initiation
plunge of the Ventura Avenue anticline (Fig 2faulting and folding across east-west segments of contraction. Work in and around the western
Sorlien and Kamerling, 1998). the Oak Ridge fault to determine the left-lateralransverse Ranges indicates that contraction did
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not initiate until between 5.3 and 4.5 Ma (Clai
etal., 1991; Schneider et al., 1996). In additic
Repettian Stage (early Pliocene) strata thin ol
folds bounding the northern Los Angeles bas
on cross sections of Wright (1991). Furthermol
Repettian Stage strata onlap the regional fc
limb south of the Oak Ridge fault in the San
Barbara Channel (Fig. 6; Redin et al., 199¢
Thus, the shortening and displacement indica
in Figures 4 and 5 may represent post-5 Ma
formation, and the rates that will be discussed
averaged over 5 m.y.

Average rates of north-south shortening sin
5 Ma are ~1 mm/yr across the onshore resto
region, and ~3 mm/yr if including slip on the Se
Cayetano fault, with an additional 0.5 mm/yr
the folding of Miocene strata in the hanging we
north of the San Cayetano fault is restored (¢
cross section in Yeats, 1983). The maximum ¢
erage slip rate is less than both the post-1
rates of contraction estimated from cross sectic
and less than geodetic estimates of present ¢
traction. Uniaxial northeast convergence acrc
the eastern Santa Barbara Channel (including
offshore Veentura basin) is presently occurring
rates ranging between 4.9 and 6.4 mm/yr (Lars
et al., 1993; Larson and Webb, 1992). GPS d
indicate approximately north-south shortenir
rates across the onshore Ventura basin of at
7 mm/yr (Donnellan et al., 1993), similar to th
post-1 Ma geologic rates. Post—ca. 1 Ma hor'  gjgyre 7. Block diagram of onshore Ventura basin and adjoining areas. The map surface is
zontal shortening ranges from 6.6-8.3 km (negimpjified from Figure 1 but is approximately to scale, although the surface relief is exaggerated.
B-B') to 10.2-11.5 (near FoF(Huftile and  1ne cross sections are modified from Huftile and Yeats (1995; C-cand Yeats (1988; D—E);
Yeats, 1995, 1996). It seems certain that de_fOC—C’ is approximately to scale but has been skewed for the oblique view; D-B not to scale.
mation rates across the Ventura basin are higtg arthquake rupture locations are given by year and are simplified from U.S. Geological Survey

Santa Monica Mountains
detachment thrust and
Los Angeles seismic zone

Faults

Vertical axis rotation
Coastline

Fault slip

Earthquake rupture

during the past 1 m.y. than previously. and Southern California Earthquake Center (1994). Folding is shown only selectively. The loca-
o tions of cross sections from Figure 3 are given by letters. Displacement transfer by clockwise ro-
Structural Compatibility tation of a detached crustal block, combined with motion of a south-directed thrust wedge, is

o ~ represented in the foreground. VAA—\Ventura Avenue anticline.
Map restoration is a tool that allows a kine:

matic test of the diverse interpretations of on-
shore and offshore Ventura basin structure. Theal fault that has been passively folded througb*—D*’, with a greater extension if the fault is
simplified cross sections in Figure 3, all drawn tavertical by a north-verging fault-propagation foldprojected to the ca. 6 Ma horizon (Fig. 3). This
the same scale, show that the structure chang®samson and Davis, 1988; Suppe and Medwe@xtension must be Pliocene in age in the Suppe
dramatically along strike. Yet, the deformation iff, 1990). In the former interpretation, the Oaland Medwedeff (1990) interpretation because the
dependent and, thus, a combination of possibRidge fault cuts steeply to seismogenic depths. Fernando Formation is involved. The maximum
motions of crustal fault blocks that result in thehe latter interpretation, the active south-dippingptal post-6 Ma shortening across D*-i3*then
interpreted shortening on cross sections must €eault flattens at a depth of 5 or 6 km so that a@.2 — 0.7 = 1.5 km. Our modeled 3 km of
ist. Our model is one kinematically possible inearthquake hypocenter on this fault could be Iggost—6 Ma left-slip motion on the Oak Ridge
terpretation, and we explore below some of itsated far south of its surface trace (Fig. 3; D-Cfault near Santa Paula is based on shortening
implications. vs. D*~D*). The amount of post-6 Ma shorten-across east-west segments of that fault, and is in-
ing along D-D (Fig. 3) is 4.4 km in the steep- dependent from and can be compared with the
Displacement Associated with the Eastern and planar-fault model of Yeats (1988). The reinestimated post-1 Ma 3.5 km left separation
East-West—Striking Part of the Oak Ridge terpretation of the same section as a fault-propébs.2 km of true slip) of Yeats and Taylor (1989).
Fault gation fold by Suppe and Medwedeff (1990) rebsing the net 1.5 km shortening in the interpreta-
sults in estimates of 3 km of total reverse slip, dfion of Suppe and Medwedeff (1990, D*~p*
Published interpretations of the onshore Oalhich only about 2.2 km is accounted for asn our map restoration would result in less than a
Ridge fault include a very active steep and planahortening across the associated Quaternary fdtdrd of the left slip interpreted by Yeats and Tay-
fault (Yeats, 1983, 1988; Huftile and Yeats, 1996JD*—D*" in Fig. 3). About 0.7 km of extension lor (1989). The fault-propagation fold model of
or, alternatively, a preexisting north-dipping nor-occurs across a north-dipping normal fault oisuppe and Medwedeff (1990) can only be com-
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patible with the Yeats and Taylor (1989) slip esti- Our map restoration, however, indicates thathe Oak Ridge Structure as a Reverse Fault
mate if there are several kilometers of post—1 Miass horizontal motion is associated with the Oatr Active Axial Surface above the Thrust
left-lateral displacement transfer across Ventuldidge fault at B—Bthan is required by the Ramp

basin from the Pagenkopp fault. The originaHuftile and Yeats (1995) model or than is present

Yeats (1988) interpretation of EHE more com- across east-west segments of the onshore OalHuftile and Yeats (1995) proposed that the off-
patible with the estimate of 3.5 km of left slip; itRidge fault (Figs. 4 and 5). Shortening across ttehore Oak Ridge structure is a reverse fault (see

requires less displacement transfer. Santa Barbara Channel, including the folds analso Kamerling and Nicholson, 1996). Alterna-
faults along the northern margin of the Channetively, the offshore Oak Ridge trend has been in-

Deformation and Displacement in the increases to the east from a hinge located nearpreted by Shaw and Suppe (1994) to be an ac-

Eastern Ventura Basin Point Arguello (Gratier et al., 1999). Shorteningive axial surface that is related to the kink in the

across the Oak Ridge fault and in adjacent foldsypothesized Channel Islands thrust ramp at
Cross section F-Ffrom Yeats et al. (1994), should thus decrease from 4.4 km at Db depth. Slip of 11 km is proposed for this blind

shows a syncline with a vertical to overturne@bout 20% to 3.5 km at BLBFigs. 1 and 3). thrust (Shaw and Suppe, 1994). The Santa Mon-
south limb that is 5 km wide (Fig. 3). An addi-Faulting and folding across the offshore Oalica Mountains and northern Channel Islands have
tional 2 km or more of eroded fold limb must beRidge fault absorbs 2.7 km of shortening, so thdteen proposed to be an anticlinorium resulting
projected into the air in order that the cross sectiamly 0.8 km of excess shortening is available foirom slip on a north-dipping ramp in a continu-
be retro-deformable. Thus, at least 7 km of shortlisplacement transfer on a detachment. ous thrust-fault system (Davis and Namson,
ening is accounted for by this fold limb. The width The 2.4 to 2.5 km of dip slip calculated by1994; Seeber and Sorlien, 2000 [GBAlletin,
of a vertical fold limb is the same as the shorter¥eats (1988) across the Oak Ridge fault sindhis issue]). Part of the north limb of this anticli-
ing absorbed in that limb. Therefore, an additionahe end of deposition of the Saugus Formationorium is seen in Figures 2, 3, and 6.
5 km of shortening was absorbed in the verticgpresumed to be 0.5 Ma in this area) was appar- Our own interpretation of the seismic-reflec-
north limb of this fold. Cross section E«Eig. 3) ently used by Huftile and Yeats (1995) to infetion and well data is that there is a significant
is only 10 km to the west of F5lyet strata in the 2.5 km of displacement transfer on a flat fault tsouth-dipping reverse fault along the offshore
Ventura basin are subhorizontal. The minimunthe west. However, the Oak Ridge fault dips 700ak Ridge trend. We modeled the faults and the
12 km of shortening in the fold on F&terally at section D—Dso that the dip slip is much displacement to be continuous (in space) be-
evolves into about 5 km of thrust overlap acrosgreater than the shortening; the correspondinigzeen the onshore and the offshore Oak Ridge
the Oak Ridge fault, and some of the at least 9 khrorizontal shortening is less than 900 m. Verticdhult and the Mid-Channel trend (Fig. 1). The re-
of thrust overlap across the San Cayetano fautiotions, unlike horizontal motions, can dimin-sults of our map restoration require that the on-
(post—ca. 6 Ma in age). Consequently, lateral conish gradually as a simple tilt or diminish abruptlyshore Oak Ridge fault continues offshore, unless
patibility implies that a tear fault or lateral rampacross a cross fault. Folding in the hanging walhere is a large displacement transfer zone or tear
affects the San Cayetano fault between section§the Oak Ridge fault along section D-@n- fault across the Oxnard shelf between the on-
F—F and E-E This is a good example of lateraltributes up to 0.4 km of shortening (Fig. 3) for ashore and offshore cross sections (D-abd
evolution from folding and high-angle reversemaximum shortening of 1.3 km (0.9 + 0.4 km)C-C; Figs. 3 and 7). No such tear fault or dis-
faulting (F—F) to thrust faulting (E-&, and un- Reducing this value by 20% for the regionaplacement transfer is seen in the pattern of faults
folding and map restoration is an efficient metholinge motion results in a maximum 1 km ofand folds (Figs. 1 and 2). Displacement is trans-
for studying this geometry. shortening available for displacement transfer &¢rred between the Oak Ridge fault and Mid-

B-B'. This 1 km of inferred post-Saugus slip orChannel trend by folds, local block rotation, and
Displacement Transfer Between the Onshore the blind fault can be added to the 2.7 km ofonnecting faults so that shortening is at a local
and Offshore Ventura Basin shortening seen on the shallow fault for a total ahinimum at the location of the Shaw and Suppe

3.7 km post—6 Ma slip on the deep offshore Oakl994) cross section (Fig. 5; cross section S&S in

Our estimates for slip on the deep Oak RidgRidge fault. Late Quaternary slip rates on th€ig. 1).

fault beneath eastern Santa Barbara Channel aféshore Oak Ridge fault must be less than half Shaw and Suppe (1994) proposed a north-
half those of Huftile and Yeats (1995), although wehat implied by Huftile and Yeats (1995) to benortheast—striking sinistral-displacement transfer
agree on total post-Miocene slip on the shallowompatible with our restoration and with thiszone along the southeast margin of their Channel
fault. Huftile and Yeats (1995) proposed that a ddéegical argument. The 2.5 km of shorteningslands thrust and did not discuss the relationship
tachment surface near 8 km depth connects the Catcommodated in the Ventura Avenue anticlinef the Channel Islands thrust to the Santa Monica
Ridge fault offshore with folding in the Ventura Av- (Huftile and Yeats, 1995) could be related tdMountains thrust (name used by Dolan et al.,
enue anticline to the north. Using deformation-raté km of north-directed displacement transfed995). If these two proposed north-dipping fault
estimates over the past 0.5 m.y. for the anticlinepmbined with additional shortening related to @amps are not connected, then the interpretation
they interpreted that the detachment has undergosmuth-directed tectonic wedge (Fig. 7). If, on thef Shaw and Suppe (1994) requires a tear fault or
2.5 km of slip since that time. We agree with thether hand, additional left slip is transferredshear zone with 11 km of left slip extending from
Huftile and Yeats (1995) interpretation of sectioracross the Ventura basin from near the Pagetiie San Cayetano fault across the Ventura basin
B-B' offshore (Fig. 3), which shows 2.7 km ofkopp fault to the Oak Ridge fault near Santand cutting the Oxnard shelf. No such structure
shortening associated with the Oak Ridge structuRaula, as discussed above, then the additionzdn be seen with the available data (Fig. 2;
itself. The 2.5 km of slip on the detachment thrugtorizontal motion required by the Huftile andhttp:/quake.crustal.ucsbh.edu/hopps; Heck, 1998).
must be added to this 2.7 km for a total of 5.2 km dfeats (1995) model might be available. Geolognstead, we propose that the Channel Islands
shortening across the deep Oak Ridge fault in theal and geophysical studies should be focusebrust, if it exists, must be the western continua-
interpretation of Huftile and Yeats (1995, showron the area of the inferred left-lateral shear zort®n of the Santa Monica Mountains thrust, with
below the flat detachment on B-B Fig. 3). This to search for direct evidence of its existenca left bend or tear fault between them (also,
translates to 6.0 km of slip on a 30°-dipping fault(Kamerling et al., 1998). J. Shaw, 1997, personal commun.). Our map
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restoration cannot directly evaluate the existence Part of the reason that conflicting interpretacobbold, P.R., 1979, Removal of finite deformation using

of the proposed Santa Monica Mountain—Chartions exist here is that geometric and kinematic 5“2‘7” ;rza‘l'ecm”esz Journal of Structural Geology, v. 1,

nel Islands thrust because we have not restoradalysis has not been done in both cross sectigRuch, J.x., and Suppe, J., 1993, Late Cenozoic tectonic evolu-
across the southern limit of that structure. We caand map view. The use of the map restoration tion of the Los Angeles basin and inner California border-

. . o . : : L land: A model for core complexlike crustal extension: Ge-
say that the hanglng wall of this thrust (if it existsjechnique is demorys@r.ated to be an efficient tool ological Society of America Bulletin, v. 105, p. 1415-1434.
must have a uniform or smoothly west-decrease test the compatibility of folded and faultedpanistrom, C.D.A., 1969, Balanced cross sections: Canadian

ing displacement with respect to the footwalktructures when the plane-strain assumption Journal of Earth Sciences, v. 6, p. 743-757. )
avis, T.L., and Namson, J.S., 1994, A balanced cross-section

over the entire restored area. negd_ed for balapced cross sections is not valid.™ ¢ ¢ 1994 Northridge earthquake, southern California:
This is the case in the Transverse Ranges, where Nature, v. 372, p. 167-169.
CONCLUSIONS the horizontal displacement field map include8°/a, J.F., Sieh, K.E., Rockwell, TK., Yeats, R.S., Shaw, J.,

. . . Suppe, J., Huftile, G.J., and Gath, E.M., 1995, Prospects
common nonparallel displacement directions. o jarger or more frequent earthquakes in the Los Ange-

Our application of the map-restoration tech- les metropolitan region: Science, v. 267, p. 199-205.

. . . . Donnellan, A., Hager, B.H., King, R.W., and Herring, T.A.,
nique pro_dupes a kinematically and geometriACKNOWLEDGMENTS 1993, Geodetic measurement of deformation in the Ven-
cally admissible model for the onshore and off- tura basin region, southern California: Journal of Geo-

shore Ventura basin that relates block motions Jim Galloway (of the Minerals Management_ physical Research, v. 98, p. 21727-21739.

- . . . ._Gratier, J.-P., and Guillier, B., 1993, Compatibili traint
and fault-slip vectors across the entire 160-knService), Ron Heck, Marc Kamerling, Craig ra 'i; fmdeg r;nd fua'u'ﬁéd strata and"gliil'a{ig{] 3?':;;?‘35

long region. Within the studied area, the totaNicholson, and Nano Seeber provided geologic  placement using computational restoration (UNFOLD

i H & i H i program): Journal of Structural Geology (J.G. Ramsay
shortening due to folding and faulting sinceand geophysical input. Bob Yeats, M. Meghan Special 155u0).v. 15 p. 391402,

ca. 6 Ma is about 6 km in the east and a few huMiller, Ray Weldon, Delphine Rouby, Petergaier, J-p, Guilier, B., Delorme, A., and Odonne, F., 1991,
dred meters in the west. Most of the shortening ¥rolijk, Joan Fryxell, and an anonymous re-  Restoration and balance of a folded and faulted surface by

. . . . . ;. bestitting of finite elements: Principle and applications:
absorbed by reverse faulting and folds associate@wer provided constructive comments onvari-  7° = Geology, v. 13, p. 111-115.

with reverse faults. Analysis of published and uneus versions of this manuscript. The GMT softératier, J.-P., Hopps, T., Sorlien, C.C., and Wright, T., 1999,
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