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Recent crustal deformation in southern California deduced
from the restoration of folded and faulted strata

J. P. Gratier,! T. Hopps,? C. Sorlien,? and T. Wright*

Abstract.

A rigid element method of restoration (UNFOLD) is used to restore

competent folded and faulted layers of the Ventura and Los Angeles basins to their initial
horizontal state. Comparison of initial (undeformed) state with present (deformed state)
allows one to estimate both the finite crustal deformation and its associated horizontal
displacement field (relative to an arbitrary fixed line). Including data from the Santa
Barbara Channel basin, the total finite displacement field for the western Transverse
Ranges and vicinity (within the Pacific plate) is inferred from this map restoration and is
modeled as a double fan closure. This model implies a 10° clockwise rotation of the
northern boundary of the western Transverse Ranges and a 5° counterclockwise rotation
of its northeast boundary. Lateral variation of the deformation reveals the heterogeneity
of the subsurface deformation. Most of the major thrusts appear to initiate as en echelon
structures along the left-lateral northern margin and the right-lateral northeastern margin
of the studied area. The resulting deformation and displacement values closely match
those derived by other geological methods (section balancing techniques or fault slip
measurements) and by geophysical methods (geodetic, paleomagnetic, and focal
mechanism data). Map restoration thus is a method that can independently quantify both
local and regional deformation including folds and faults. This method also reveals the
zones where problems of compatibility appear with the available geological and
geophysical data and thus where the next studies might be focused.

1. Introduction

As it becomes increasingly important to better understand
seismic hazards in southern California, modeling recent crustal
deformation is needed to forecast the future behavior of active
faults in this region. Such mechanical modeling implies the
knowledge of three types of parameters: (1) the boundary
conditions (displacement field around the faults), (2) the rhe-
ology of the rocks, and (3) the thermodynamic conditions
(stress, temperature, nature, and pressure of fluids). Our
knowledge of these parameters is rather poor; consequently,
the reliability of the models is strongly dependent on their
improvement. Estimating the recent deformation and displace-
ment field in this area of active faulting is thus a major task and
the main object of this work.

Modern displacements are estimated from geodetic data
[Larson and Webb, 1992; Feigl et al., 1993; Donnellan et al.,
1993; Larsen et al., 1993; Shen et al., 1996]. However, instan-
taneous deformation of the surface is not necessarily directly
representative of the recent crustal deformation associated
with major active faults both because of possible local effects
(gravity sliding) and of possible irregular evolution of the de-
formation rate with time (partition between reversible and
irreversible deformation during the earthquake cycle). Kine-
matic models which include geological displacement values on
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major faults [Bird and Rosenstock, 1984; Weldon and Hum-
phreys, 1986; Humphreys and Weldon, 1994; Bird and Kong,
1994] allow the finite displacement to be integrated over long
periods of time. However, uncertainty on the displacement
values associated with, for example, blind faults limits the ac-
curacy of the models. Rotations are accurately estimated by
paleomagnetic data, but most measurements represent 10-20
million years averages [Luyendyk, 1991].

The idea of this work is to use the folded and faulted sedi-
mentary cover as markers of progressive crustal deformation in
order to estimate the irreversible finite horizontal deformation
and displacement field within a deformed area. When, as is the
case in southern California, sediment deposits occur in a tec-
tonically active region, the deformed strata can be used as
strain gauges of the progressive deformation. If the present
geometry of a reference deformed layer is well known and if
this layer may be restored to its initial state (assumed to be
horizontal), comparison between present (deformed) state and
restored (undeformed) state allows one to estimate the finite
deformation (e.g., horizontal shortening of folded and faulted
blocks) and the associated total finite horizontal displacement
(e.g., displacement of points with respect to a reference line).
Uncertainty may appear if the sedimentary deposits are not
perfectly horizontal before the deformation; however, because
of the large values of the deformation in the Transverse Ranges,
this uncertainty is very low. As with geodetic data, the displace-
ment field is estimated by reference to an arbitrary fixed line.

2. Method

Two types of method may be used to estimate heteroge-
neous deformation. The first one is to partition the whole
deformed area into homogeneous domains, then to restore and
best fit all these domains in order to reconstitute the initial
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Figure 1. Map view of two different models for oblique fold-
ing in an arcuate fold belt. The open area is the initial state; the
shaded area is the deformed state. Strain markers: open square
is the initial state, and black square is the final strain (constant
volume) either by (a) distortion or by (b) rigid rotation, FA is
the map trace of the fold axis. Figure 1a shows the simple shear
deformation with constant area in cross sections parallel to the
displacement (arrow) and parallel to the layer distortion (with
change in angle between two lines). This model is used in the
balanced cross section technique. Figure 1b shows the devel-
opable folding with rigid rotation of the fold limb but no
distortion of the layer in the limbs of the fold (with no change
in angle between two lines parallel to the layer). This model is
used in the UNFOLD technique.

undeformed state [Oertel, 1974; Schwerdtner, 1977; Cobbold,
1979]. Regional removal of ductile strain [Cobbold and Perce-
vault, 1983] and restoration of the folded foreland of a moun-
tain range [Gratier et al., 1989] have been done by this method.
Another type of method, used here, is to directly restore the
folded and faulted layers using a rigid element method of
restoration (UNFOLD program) [Gratier et al., 1991]. Layers
are restored just as folded and torn sheets of paper may be
smoothed with an iron. Moreover, this type of program allows
one to test the geometric compatibility of the data since a
balanced folded and faulted layer must be restorable to its
initial state. As for the cross-section balancing technique, this
map balanced restoration is founded on basic assumptions
concerning the mechanical behavior of the studied layers. UN-
FOLD assumes that the mapped layers are folded and faulted
without significant change in thickness of the strata and with-
out change in length along the folded surface (Figure 1b). The
section-balancing technique has been successful in projecting
geological structures with depth [Dahlistrom, 1969; Hossack,
1979; Suppe, 1983]. However, as balanced cross sections must
be constructed parallel to the plane of constant area, the cross-

Ventura Anticline

Present (deformed) state
—
5 km] N
UNFOLD‘
0
‘estored (undeformed) stat 0

GRATIER ET AL.: RECENT DEFORMATION IN CALIFORNIA

section technique is limited either to cylindrical fold/fault
structures or, more generally, to structures with parallel hori-
zontal displacement. In this case (Figure 1a), horizontal rota-
tion of fold axes requires fold limb distortion (change in angle
between two lines). In contrast, UNFOLD permits nonparallel
displacement (Figure 1b), and fold axis rotation is linked to a
rigid rotation of the limbs of the folds (no change in angle
between two lines).

The UNFOLD procedure [Gratier et al., 1991; Gratier and
Guillier, 1993] includes the following steps. The folded and
faulted area is divided into blocks bounded by faults or by
arbitrary boundaries. Each folded block is digitized from struc-
ture contour maps or cross sections. These data are interpo-
lated by spline functions using the Generic Mapping Tools
(GMT) system [Wessel and Smith, 1991] in order to obtain a
three-dimensional XYZ network of points with a regular Car-
tesian XY grid (Figure 2a). The grid points are organized into
rigid triangular elements, the size of these rigid elements being
as small as possible to best fit the fold geometry. These trian-
gular elements are successively laid flat column by column and
best fitted by a least squares method [Etchecopar, 1977]. Each
triangular element is fitted into the triangular hole defined by
its neighbors. For each pair of triangles (element/hole) a fitting
value ( f) is estimated as the ratio D/M, D being the distance
between the vertices of each triangle and those of the hole it is
fitting in and M being the mean value of the three medians of
the triangles. A mean value of the fitting indicator (F) can also
be expressed for the whole surface. After a first fitting of all the
triangles, an approximate initial state is estimated. Fittings are
repeated until a minimum mean value of the fitting indicator F
is attained. During each iteration the new position of each
triangle is used to fit the following one.

If the folded layer is a developable surface, with no thickness
change or layer-parallel stretching like a sheet of paper, the
misfit of the triangle must be as low as possible and the mean-
fitting indicator value (F) progressively decreases to a mini-
mum low value (about 0.005 for the unfolding of folded sheets
of paper) [see Gratier et al., 1991]. The fitting indicators can be
used to estimate the reliability of the unfolding. In natural
deformation, competent layers are most likely to behave as
developable layers, and field observations can be used to test
this presumption. When considering layers that are in reality
developable, poor-fitting indicator values indicate that the
structure-contour map does not accurately represent the

20 km

Figure 2. Two steps of the UNFOLD program applied to the example of Ventura Avenue anticline. (a)
Perspective view of the present deformed state digitized from structure contour maps (top) and restored unde-
formed state (bottom) by the UNFOLD program. The folded blocks are limited by faults, or arbitrary boundaries.
The size of the ridge elements is 200 X 200 m. (b) The map view after unfolding and the comparison between the
initial unfolded block (shaded area) and its present deformed state (open area) are shown.
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folded layers. When satisfactory fitting indicator values are
obtained [Gratier et al., 1991}, comparison of the present (de-
formed) and initial (undeformed) state for each block gives the
finite deformation for each of these blocks (Figure 2b, 4).
Following Ramsay [1967], this deformation is represented as a
horizontal strain ellipse. The determination of the values of the
principal strain ratio and orientation of the axes of such a
strain ellipse is done by comparing the geometry of the map
projection of the deformed block with that of the restored
block. The two blocks are superposed and the distances be-
tween each common points and the superposed barycenter of
the blocks are estimated. The plots of the variation in elonga-
tion values versus the variation in direction values give the
shape and orientation of the strain ellipse.

After being successively restored to their initial horizontal
state, the unfolded blocks are best fitted together using an
interactive graphics program. Assuming constant thickness,
difficulty in obtaining a good fit along the fault cutoffs indicates
some mismatches between the geometry of the footwall and
those of the hanging wall of the fault (i.e., mistake in the
amount of overthrust or associated vertical axis rotation). Af-
ter being modified, if necessary by reinterpreting the data, a
balanced geometry of the layer is obtained [Gratier and Guil-
lier, 1993]. Assuming an arbitrary fixed line, comparison of the
present (deformed) state with the restored (undeformed) state
gives the total finite displacement field and the total finite
horizontal deformation of the entire studied area, including
folds and faults.

Finally, the idea of this work is not to establish a definitive
model of the kinematics of southern California. Instead, the
main interest of the restoration method is to impose a geo-
metric and kinematic compatibility between the data. As new
data become available, the reconstruction can be modified, and
the interpretations of the data can be subjected to this map-
based kinematic test. Numerous petroleum wells result in
highly controlled structure-contour maps and cross sections of
the folded and faulted sedimentary cover in the Los Angeles,
Ventura, and Santa Barbara Channel basins and allow us to
establish a basic structural pattern that is compatible with
geometric data in three dimensions. The finite displacement
field inferred from restoring the structure-contour maps is
compatible with the results of other geophysical and geological
methods but adds additional information on the progressive
crustal deformation (e.g., strain values along strike and vertical
axis block rotation). Map restoration can independently quan-
tify both local and regional block rotation, finite deformation,
and finite displacement. This method also reveals zones where
compatibility is problematic and where the next studies might
be focused. When the geometry of superimposed syndeforma-
tion layers is available, the kinematics of the deformation may
be obtained by the restoration of such variably deformed layers
[Gratier and Guillier, 1993]; however such a data set was not
available in the studied areas.

3. Tectonic Setting and Timing of the
Deformation

The Neogene deformation of the studied area is associated
with the development of the western Transverse Ranges and of
the major transcurrent faults related to the San Andreas fault
system [see Crowell, 1981; Moinar, 1993; Powell, 1993; Weldon
et al., 1993] (Figure 3). Today, the western Transverse Ranges
province is characterized by E-W-oriented faults and folds,
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anomalous to the regional NW-SE trend of the San Andreas
and Santa Barbara Channel basins and bounded to the north
by the Santa Ynez fault and Santa Maria basin, to the south by
the Santa Monica-Santa Cruz Island faults and Los Angeles
basin, to the east by the San Gabriel fault and Ridge basin, and
to the west by the Hosgri fault system (Figure 3).

The progressive late Cenozoic deformation in the western
Transverse Ranges and in its neighboring basins was rather
complex. Regional clockwise vertical-axis rotation (90°) of the
western Transverse Ranges province was initiated during early
Miocene time and was accompanied by major extension [Luy-
endyk, 1991; Crouch and Suppe, 1993]. This evolution is asso-
ciated with the capture of microplates by the Pacific plate and
the subsequent development of the major transcurrent faults
of the San Andreas system [Crowell, 1981; Lonsdale, 1991,
Atwater, 1989; Nicholson et al., 1994]. Extensional or transten-
sional basins were superimposed on the older forearc basin,
and volcanic and terrigenous deposition occurred around the
basin margins, followed by, or synchronous with, biogenic dep-
osition within starved parts of the basins. At least some of
these early normal faults were reactivated as thrust or oblique-
reverse faults at, or after, the end of Miocene time [Clark et al.,
1991; Huftile and Yeats, 1996; Sorlien et al., 1999; L. Seeber and
C. C. Sorlien, Listric thrusts in the Western Transverse
Ranges, California, submitted to Geological Society of America.
Bulletin, (hereinafter referred to as Seeber and Sorlien, sub-
mitted manuscript, 1998)]. Rates of terrigenous sedimentation
increased by at least an order of magnitude, especially within
the rapidly subsiding Ventura and Los Angeles basins. Most of
the maps we restored are on horizons affected only by the late
period of horizontal contraction that induced folds and thrust
faults ~4-5 million years ago, with an uncertainty of 1 or 2
million years (see discussion by Molnar [1993]). Unfolding of two
layers of different age, 4.5 Ma and 14 Ma (14 Ma restoration not
shown here), in the Los Angeles basin shows no significant dif-
ference in the deformation field. This indicates that the shorten-
ing process could not have started long before the youngest ho-
rizon (4.5 Ma) and that major extension predates 14 Ma.

Initiation of this contraction was about 5 Ma in offshore
Santa Maria basin and along the northern margin of Los An-
geles basin [Clark et al., 1991; Hummon et al., 1994; Schneider
et al., 1996]. Accelerated shortening across onshore and off-
shore Santa Maria basin and Santa Barbara Channel dates
from ~3 or 4 Ma [Clark et al., 1991; Edward and Heck, 1994;
McGroder et al., 1994] and is also inferred by Seeber and
Sorlien (submitted manuscript 1998), using Dumont and Bar-
ron [1995]. Cross sections in Wright [1991] indicate that strata
deposited during Repettian stage, including the lowermost
strata, thin onto folds along the northern margin of the Los
Angeles basin, while folding occurred near the end of the
Repettian stage in the south of that basin. Although the Repet-
tian stage can be time-transgressive, its base is ~4.5 Ma
[Wright, 1991] or 5 Ma [Blake, 1991], and its top is ~2.5 Ma in
the Los Angeles basin [Blake, 1991]. The timing of initial short-
ening across the Ventura basin is more elusive, in part because
a phase of intense contraction within the basin that started at
~1 Ma has overprinted earlier deformation [Yeats, 1988; Huft-
ile and Yeats, 1995]. However, thickness changes within the
Fernando Formation are consistent with contraction as early as
5 Ma [Yeats et al., 1994; Huftile and Yeats, 1996].
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Figure 3. General structural features of the studied area. (a) Schematic structural map with location of the
main structures: Channel Islands (San Miguel (SM), Santa Rosa (SR), and Santa Cruz (SC)), Channel Island
faults (Santa Cruz Island fault (SCIF) and Santa Rosa Island fault (SRIF)), Elsinore fault (EF), Garlock fault
(GF), Hasley fault (HaF), Hosgri fault (HF), Holser fault (HoF), Mid-Channel fault (MCF), Newport-
Inglewood fault (NIF), North Channel fault (NCF), Northridge fault (NRF), Oak Ridge fault (ORF), Palos
Verdes. (PVF), Red Mountain fault (RMF), San Andreas fault (SAF), San Gabriel fault (SGF), San Fernando
fault (SFF), Santa Barbara (SB), Santa Cayetano fault (SCF), Santa Monica fault (SMF), Santa Monica
Mountains (SMM), Santa Susana fault (SSF), Santa Ynez fault (SYF), Ventura Avenue Anticline (VA),
Ventura Basin (VB), and Whittier fault (WF). (b) Schematic cross sections through the Ventura and Los
Angeles basins, base of Saugus Fm (1 Ma) (dotted line), base of Repetto Fm (4.5 Ma) (dashed line), and base
of Sespe Fm (35 Ma) (solid line). Section AA’ and BB’ were adapted from Huftile and Yeats [1995, 1996] and
section CC’ was adapted from Wright [1991]. Perspective view of the Ventura Anticline is shown in Figure 2

in its present and restored state.

4. Data

The basins of southern California are rich in petroleum and
therefore abundant well and seismic reflection data exist, along
with subsurface maps and cross sections synthesized from these
data. In the Los Angeles basin, two horizons have been
mapped by correlations between numerous wells (Figure 4a):
base of Repetto (4.5 Ma) and base of Mohnian stage (14 Ma).
The structure contour maps of these two horizons are given by
Wright [1991].

In the Ventura basin (Figure 4b) we used a set of structure
contour maps and cross sections developed by R. J. Hindle et
al. (unpublished document, 1989) and Hopps et al. [1995] and
constructed by correlating time horizons, structure, stratigra-
phy, and well logs from over a thousand industry wells through-
out the basin. The data set includes 17 subsurface structure
contour maps of various horizons that are tied together in a
grid of 21 structure cross sections. The result is a three-
dimensional presentation of high-quality subsurface data that
have been assembled and reconciled into a coherent geological
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Figure 4. Present state of the (a) Los Angeles and (b) Ventura basins (see location in Figure 3), with
indication of the finite deformation and rotation of the different blocks after unfolding. The gray area is the
map projection of the thrust overlap of a 5 Ma horizon. In the east Ventura basin, several thrusts are
superposed, which have not been distinguished on this schematic view. The maximum shortening directions
are obtained by the unfolding of each block. The rotations are needed for the best fit of the unfolded blocks

in the restored state.

interpretation. This data set cannot be represented in this
paper for lack of space. However, the whole data set can be
viewed at http://www.crustal.ucsb.edu/hopps [Hopps et al.,
1995; Nicholson et al., 1997]. Full-sized hard copies of the maps
and cross sections are still proprietary but are also available for
research purposes under signed agreement from the Institute
for Crustal Studies. In the Santa Barbara channel a map of the
top of the Monterey Formation constructed by Grant McHat-
tie et al. (Mobil Oil Co.) was evaluated and modified and then
restored [C. C. Sorlien et al. Map restoration of folded and
faulted late Cenozoic strata across the Oak Ridge fault, on-
shore and offshore Ventura basin, California, submitted Geo-
logical Society of America Bulletin, 1998 (hereinafter referred to
as Sorlien et al., submitted manuscript, 1998)], and the result
was integrated in this regional work. Because of the effect of
the erosion, horizons of different age had to be used in the
western part of the Ventura basin: Chatsworth formation (70
Ma), Llajas formation (45 Ma), top Sespe Formation (25 Ma),
top Modelo Formation (5 Ma), top Pico (or Fernando) For-
mation (0.7-1 Ma) [Dibblee, 1982; Yeats, 1988]. Since structure
contour maps of top Modelo (5 Ma) were available in the
eastern part of the basin, the geometry of deformed layers of
different ages in the western part was corrected in order to
define the geometry of the top Modelo, 5 Ma horizon. For
example, where the top Sespe Formation was mapped to the
hanging wall cutoff and the top of the Pico Formation was
mapped to the footwall cutoff across a thrust fault, the resto-
ration was done in two steps. First the structure contour maps
of these two horizons were unfolded. Then we estimated the
thrust displacement by interpolation: With the simple rule of
flexural folds, on cross sections, we projected above Sespe to
interpret the top Modelo hanging wall cutoff, and we projected
below Pico to interpret the top Modelo footwall cutoff. We
added an area to the map restoration figure (dark gray shading
in Figure 5b) which represents the horizontal projection of the
distance between the Sespe and the Modelo hanging wall cut-
offs, plus the distance between the Pico and the Modelo foot-

wall cutoffs, for the Red Mountain, San Cayetano, and Oak
Ridge faults.

5. Results

In most of the cases of the studied area, the UNFOLD
fitting indicators are very low; therefore the maps represent
developable surfaces, similar to the unfolding of a sheet of
paper [Gratier et al., 1991]. Assuming that a constant thickness
of layers was maintained during the folding process, low-fitting
indicators indicate that the contour maps are accurate, which is
not too surprising because of the numerous petroleum wells
which constrain the folded areas. In some areas, such as in the
Ventura basin, the dip of the strata is very high, and, conse-
quently, the geometry of the folded layer is difficult to depict
from wells. In such cases, the fitting indicators are not as good,
but none of the studied surfaces had to be considered to be
nondevelopable surfaces. The main problem of the restoration
is fitting the unfolded block outlines to each other across faults
or artificial boundaries. The simplest way is to search for a
balance between voids and overlaps between the unfolded
blocks. Automatic programs exist for fitting rigid blocks [Au-
dibert, 1991; Rouby et al., 1993]. However, depending on the
data, some part of the boundary may be better known than
others. For example, a well near a fault may impose a strong
constraint on the geometry of the boundary. Consequently, the
best fitting was done when taking into account the quality of
the available data. As in a preceding study using seismic data
[Gratier and Guillier, 1993], it is found that voids are most often
larger than overlaps. This is probably due to the fact that
geologists are more likely to miss part of a layer rather than to
draw a nonexisting one. Steep or overturned fold limbs might
be missed during interpretation, and thrust overlap is more
likely to be underestimated than overestimated.

Results for the Ventura and Los Angeles basin are summa-
rized in Figures 4 and 5. Map projections of overlaps and
directions of local shortening deduced from the unfolding of
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Figure 5. Restored state of the (a) Los Angeles and (b) Ventura basins (see location in Figure 3). The
comparison between the restored (initial) state (gray areas) with the deformed (present) state (dashed lines)
gives the relative displacement field relative to the southern boundary of each basin since 4—5 Ma. The arrows
indicate this displacement and are at the same scale as the map. This restoration includes the effect of folds
and faults. The medium gray areas are the zones where corrections for the difference of age of the reference
unfolded layers were done. Black areas are the zones where the lack of data prevent us from drawing an

accurate geometry of the reference layers.

each block and vertical axis rotations for best fitting the re-
stored block are given in Figure 4. The senses of the rotation
appear to be similar in adjacent blocks. The finite displacement
field in Figure 5 includes both the effect of folding and faulting.

In the Los Angeles basin the fitting of the unfolded blocks
(Figure 5a) was rather easy. For most of the faults, the maxi-
mum local void, or overlap distance, is about 200 or 300 m.
Thrust displacements are better constrained within the basins,
where strata are preserved on both sides of the faults, than at
the edge of the basin, were strata are eroded. A higher degree
of freedom exists at the edge of the mapped area. Two struc-
tures present larger local overlap or void distances after the
restoration: the Santa Monica fault and the Whitiier fault.
However, these local mismatches never exceed half a kilome-
ter. Along cross sections through the entire Los Angeles basin,
the ratio between the sum of the voids and overlaps and the
total distance never exceeds 2-3%. With the more than 30 fault
blocks used here, the position of blocks are constrained by
neighbors, especially away from the edges of the restored area.
Misfits suggest local misinterpretation of the data, but these
misfits are small.

In the Ventura basin the best fitting of the unfolded blocks
was not as good as in the Los Angeles basin because of uncer-
tainty on the geometry of steep dip and overturned fold limbs
(Figure 5b). The region south of the Oak Ridge-Northridge
thrust belt (Figure 3) was restored with the same degree of
confidence as was the Los Angeles basin. The results in the
northern region were not as good, particularly along the Red
Mountain-San Cayetano-Santa Susana thrust belt (Figure 3).
Most of the misfits were seen as voids. Local voids (white areas
in Figure 5b) reach 1 km. Moreover, in three areas indicated as
black in Figure 5b (two areas south of San Cayetano fault and
one area south of Santa Susana fault), lack of data prevented
us from drawing a reliable geometry of all the faulted blocks.
The location of the zones of major misfits (Figure 5h) may be

matched with the map projections of the thrust surfaces (Fig-
ure 4b): Areas with local problems of compatibility are asso-
ciated with discontinuous lateral change in the thrust displace-
ment values (San Cayetano) or are associated with the
superposition of several thrusts, which successively refolded
the preceding (Santa Susana system). These mismatches ex-
press the difficulty of drawing folded and faulted layers which
are directly balanced in such complex structures. However, the
thrust displacement across these zones of major misfits was
estimated from adjoining areas along strike where the geometry is
well-constrained so that the regional reconstruction is accurate.

In the Santa Barbara Channel basin the fitting was easier
than for the Los Angeles basin because dips are gentle over
wide areas (Sorlien et al., submitted manuscript, 1998). The
first aim of the map restoration has been reached when the
areas with a lack of geometrical compatibility are identified. A
careful reinterpretation of the geometry of these zones would
help us to resolve the local deformation field to understand, for
example, the mechanisms of lateral evolution and termination
of thrusts and folds. However, from the analysis of the restored
blocks (Figure 5), it appears that the constraints imposed on
the regional deformation field by the zones, which are well
constrained, are strong enough to overcome the problem of the
local misfits. It is thus possible to estimate the overall finite
crustal deformation of the basins and to draw the associated
(relative) displacement field without a second iteration of the
procedure.

6. Discussion

The finite deformation of the Los Angeles and Ventura
basins is discussed successively referring to both local (Figures
4a and 4b) and regional deformation (Figures 5a and 5b). The
local deformation is the shortening and rotation of individual
folded blocks. The regional deformation and displacement
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field are estimated for each basin with respect to reference
lines on the Pacific side of the basins. Then, adding the Santa
Barbara Channel area (Sorlien et al., submitted manuscript,
1998) to the Ventura and Los Angeles basins, we discuss the
global displacement field of the western Transverse Ranges
and vicinity with a single reference line at the southern bound-
ary of the whole area. We propose a regional model of crustal
displacement, which allows one to predict the displacement in
the zones where data (folded and faulted Mio-Pliocene strata)
were not available (e.g., San Gabriel Mountains). Finally, we
compare our results with the other geophysical data.

6.1.

The unfolding of the blocks and the fitting of these unfolded
blocks gives a NE-SW principal direction of shortening for the
Los Angeles basin. Including the effect of folds and faults,
regional shortening is ~9% in this direction (Figure 5a and
cross section CC' in Figure 3), with volume being conserved
for the most part, by crustal thickening and uplift and not by
horizontal extension. The displacement is ~5.4 km and
changes in direction from NE-SW, on the eastern margin, to
NNE-SSW, on the northern matgin of the basin. The disper-
sion of maximum shortening values, which range from NNW-
SSE to NE-SW, revealed the heterogeneity of the deformation
(Figure 4a). Both clockwise and counterclockwise local block
rotations were needed to best fit the unfolded blocks (Figure
4a). Although the directions of shortening are very reliable,
since they are dependent on the well-known geometry of the
layer, the values of local rotations are not so well constrained,
since these values strongly depend on the geometry of the
faulted block boundary. These local rotations must thus be
considered as approximate values. Nevertheless, clockwise ro-
tations (2°-5°) are systematically associated with the N-S di-
rections of shortening (northern part of the Los Angeles basin
and near the Whittier fault zone). In contrast, counterclock-
wise rotations were needed near the western part of the basin
where there is NE-SW shortening. Very local N-S directions of
shortening are also found along the Newport-Inglewood fault
associated with E-W-trending, right-stepping en-echelon folds,
indicating right-lateral strike-slip displacement along this fault
[Harding, 1973]. However, this displacement is rather low as
late Cenozoic strata are only locally cut through by faults. An
en-echelon pattern of several thrusts is associated with NW-SE
dextral simple shear along the Elsinore-Whittier fault system
(Figure 4a).

Generally, the value of the NNE-SSW total displacement
(relative to the fixed Pacific plate, see Figure 6) decreases from
northwest (Los Angeles) to southeast. This spatidl change of
displacement values must be associated with a regional coun-
terclockwise rotation of the northeast boundary of the Los
Angeles basin. Large NW-SE thrusts and associated tight folds
in east Ventura basin (Figure 4b) indicate a lateral continua-
tion of this scissors motion. This regional counterclockwise
rotation is estimated to be 3°-5°.

Finite Deformation of the Los Angeles Basin

6.2. Finite Deformation in the Ventura Basin

Restoration of the sedimentary cover of the Ventura basin,
including both the fold and fault effects, indicates a mean N-S
principal direction of shortening, with an overall regional
shortening of ~25% in this direction and 15 km of relative
displacement (Figure 5b). The deformation is strongly heter-
ogeneous. Most of the deformation (70%) is accommodated
north of the Oak Ridge-Northridge fault system, by north
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dipping thrusts (Red Mountain, San Cayetano, Santa Susana
thrusts, and other blind thrusts) and associated tight folds. The
other part of the deformation (30%) is associated with the
displacement on the south dipping Oak Ridge and Northridge
thrust system (see section AA’ and BB’ in Figure 3). Surpris-
ingly, the thrusts (particularly the north dipping ones such as
the Red Mountain and San Cayetano faults) do not define a
unique continuous structure in map view (Figure 3). On the
contrary, each thrust is an independent structure whose dis-
placement increases progressively from west to east and which
ends along tear faults (see Figures 3 and 4). These tear faults
guide slip on the thrust faults. The thrust system can be con-
sidered threaded [Thibaut et al., 1996]: N-S slip is permitted,
oblique slip is blocked, and this is compatible with the result of
the restoration. The deformation is accommodated by folds
between the thrusts (e.g., zone of folded strata between the
Red Mountain and San Cayetano (section BB’ in Figure 3)
possibly associated with blind thrusts [Namson and Davis,
1988; Huftile and Yeats, 1995]. In this case, folding along some
sections (BB’ in Figure 3) takes up the same order of magni-
tude of horizontal shortening as does thrust displacement on
neighboring sections (AA’ in Figure 3).

The block south of the Oak Ridge-Northridge fault system is
almost rigid and does not accommodate more than a few
percent (5%) of the total deformation (Figure 5b). This rigidity
may be linked to deep structures (volcanic structures) [Yeats
and Huftile, 1995] or some other major difference in crustal
composition of this domain versus the northern one. The dis-
placement is deflected around this rigid domain which acts as
an indenter. This effect is also particularly spectacular along
the NE-SW trending part of the Oak Ridge fault where the
N-S displacement of the San Cayetano-Red Mountain thrusts
is deflected parallel to the fault (Sorlien et al., submitted
manuscript, 1998), displacement along the Oak Ridge fault
varies from thrust along its E-W-trending part to left-oblique-
reverse on its NE-SW trending part. Deviation of the displace-
ment along preexisting normal strike-slip faults appears in the
foreland of other mountains ranges such as in the Alps [Gratier
et al., 1989].

The analysis of local finite deformation confirms that short-
ening directions are molded around the rigid domain (Figure
4b). However, the shortening values east of the Ventura basin
are much larger than those west of the Ventura basin. Several
recent earthquakes (San Fernando and Northridge, with near
NNE-SSW directions of dip slip) attest to the continuation of
this main direction of regional shortening in the eastern Ven-
tura basin [Jackson and Molnar, 1990; Yeats and Huftile, 1995]
(see Figure 9).

Similarly to the Los Angeles basin, local rotations in the
Ventura basin (Figure 4b) were needed to best fit the unfolded
blocks (Figure 5b). Again, the reliability of the direction of
shortening (based upon folds) is much better than the reliabil-
ity of the rotations (based on the geometry of the faults).
Counterclockwise rotations are found in the eastern part of the
Ventura basin which is characterized by NNE-SSW shortening.
In contrast, blocks in the West Ventura basin, characterized by
NNW-SSE shortening have rotated clockwise.

For compatibility reasons, E-W extension of the material
located between the San Cayetano fault and the E-W-trending
part of the Oak Ridge fault (Figure 3) is required because of
the lateral westward expulsion of Ventura basin along the Oak
Ridge fault (associated with the divergence of the displace-
ment vectors (Figure 5b)). There is significant vertical separa-
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Figure 6. Total finite displacement field for the western Transverse Ranges and vicinity (within the Pacific
plate), including the Los Angeles, Ventura, and Santa Barbara basins, relative to the southern boundary of the
whole area (fixed line), during the last 4-5 Ma. The arrows indicate this displacement and are at the same

scale as the map. The thick shaded arrows indicate
boundary of the three basins.

tion of Pico and Saugus formations strata across NE-striking
faults in this area, and this zone is also the area of maximum
depth for the Plio-Quaternary sediments (near section AA’
(Figure 3)). These faults may be interpreted as normal-
separation faults with a component of left-lateral movement.
In contrast to this fault-parallel extension in the footwall of the
Oak Ridge fault, contraction is needed parallel to the E-W fold
trend in the hanging wall of the San Cayetano fault associated
with the convergence of the displacement vectors (Figure 5b).
The fault-parallel shortening in its hanging wall perhaps con-
tributes to the omega shape of this thrust in map view (Figure 3).

6.3. Regional Finite Displacement and the Proposed
“Double Fan Closure” Model

A regional displacement field including the Los Angeles,
Ventura, and Santa Barbara basins, is given in Figure 6. This
finite displacement is with respect to a reference line along the
southern boundary of the whole area. In order to draw this
global displacement field, the displacement along the Santa
Monica fault-Channel Island faults, which separate the west-
ern Transverse Ranges from the California continental bor-
derland (Figure 3), had to be estimated. A large anticline is
associated with these thrusts that includes the Santa Monica
Mountains and the northern Channel Island structures [Dib-
blee, 1982; Davis and Namson, 1994; Shaw and Suppe, 1994].
Seeber and Sorlien (submitted manuscript, 1998) recently es-
timated the displacement on this thrust using cross sections
and seismic reflection profiles with a listric fault model. We
used a mean value of thrust displacement which ranges from
~3 km (San Miguel Island) to a maximum 9 km in its eastern
part (north of Los Angeles). This last value is only slightly
lower than the 12.5 km obtained by Davis and Namson [1994]
with a ramp/flat kink model. The mean direction of displace-

the mean displacement directions along the northern

ment on this thrust was considered as parallel to the mean
direction of displacement in the Ventura basin. This thrust
displacement increases from west to east and implies a clock-
wise rotation of ~2° between the hanging wall and the foot-
wall. In order to complete the displacement field, the displace-
ment across the northern boundary of the Santa Barbara
Channel (North Channel fault (Figure 3)) was also included
using a cross section drawn from seismic data, petroleum test
wells, and geologic maps: 3.5 km of NNE shortening, near
Santa Barbara [Hornafius et al., 1995].

Adding the deformation associated with the Ventura and
Santa Barbara Channel basins plus the deformation linked to
the Santa Monica fault-Channel Island faults, the regional
displacement of the northern boundary of the studied area
increases eastward from 5 to 24 km, corresponding to a clock-
wise rotation of 10°. In order to extrapolate the regional dis-
placement field to areas where post-Miocene sediments are
missing we propose a “double fan closure” model of this dis-
placement (Figure 7). For simplicity the elements of the fans
are considered as rigid. This model implies a 10° clockwise
rotation of the northern boundary of the studied area and a 5°
counterclockwise rotation of its northeast boundary. These two
rotations fit the restoration results rather well (Figure 8). The
values of these two rotations are imposed by the lateral de-
crease of the displacement values deduced from our restora-
tion. The zone of transition between the two senses of rotation
is the zone of the maximum displacement of the Santa Susana
fault. Local discrepancies between displacement values de-
duced from the model of Figure 7 and those inferred from our
restoration can be explained by the fact that in contrast to the
schematic model of Figure 7 the elements of the fans are not
rigid but are slightly deformable in natural deformation. For
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Figure 7. “Double fan closure” model of the crustal defor-
mation of the Western Transverse Ranges, schematic ap-
proach with rigid elements for the fans. (a) Restored (unde-
formed) state, (b) present (deformed) state and associated
strike slip or simple shear deformation, and (c) comparison of
deformed and undeformed states and total finite displacement
field relative to the southern boundary. The shaded area is the
zone of maximum shortening accommodated either by thrusts
or by folds.
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example, solution cleavage indicating internal deformation by
pressure solution creep is described near major faults in the
Transverse Ranges [Gratier et al., 1994]. To account for the
small difference in displacement directions between Los An-
geles and east Ventura (Figure 8), the northeastern fan ele-
ment can be slightly deformed. However, for simplicity, this
internal deformation is not introduced in Figure 7.

For compatibility reasons with such a fan model, a slight
lateral slip must occur between elements of the fan, and/or
they must undergo a small amount of E-W shortening near the
northern boundary of the studied area (Figure 7b). Such ob-
servations have been discussed related to the Ventura basin
finite deformation. For the best fitting, E-W contraction is
required in the San Cayetano hanging wall. Left-lateral strike-
slip displacement was described on some of the E-W trending
faults such as the Santa Ynez fault [Sylvester and Darrow, 1979]
and the Santa Monica fault [Truex, 1976; Wright, 1991]. Right-
lateral displacement along the northeast NW-striking bound-
ary is registered by en-echelon thrusts, for example south of
the Whittier Fault in east Los Angeles basin (Figure 3).

With such a fan model, the amount of rotation varies from
place to place as do the rotations of the elements of a fan. The
difference with a true fan is that the boundaries between the
elements are not perfectly cut. On the contrary, even the major
thrust belt (North Channel-Red Mountain-San Cayetano) is
made of disconnected thrusts ending by tear faults and with
tight folds in the bridges between these thrusts. The reality
must thus be a type of fan made of incompletely cut elements
which consequently needs to be articulated and deformable.

This model is clearly different from either of the so-called
“book shelves sliding” models with pure strike-slip faulting
[Freund, 1970; Garfunkel, 1974; Luyendyk et al., 1980; Gar-
funkel and Ron, 1985] or the model with oblique slip between
the blocks (pinned model) [McKenzie and Jackson, 1983, 1986],
where the rotations are homogeneous through the whole area.
However, a fan model may be combined with either these
block models (if large sliding occurs along the elements) or
with continuous deformation [Jackson and Molnar, 1990]. This

ELLL LY T TN

\Fixed line

Figure 8. Comparison of the displacement inferred from our restoration (Figure 6) (thin arrows), with the
displacement associated with the double fan closure model (Figure 7) (thick arrows). Local discrepancy
between the displacement values deduced from the model of Figure 7 and those derived from our restoration
can be explain by the fact that in contrast to the schematic model of Figure 7 the elements of the fans are not

rigid but partially deformable in natural deformation.
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Figure 9. Schematic map view of displacement field and principal compressive strain axes (maximum
shortening rate) obtained from geodetic data and fault plane solutions of major earthquakes. The displace-
ment field is the residual velocities (observed geodetic velocity corrected for the effect of the San Andreas
fault system) given by Feigl et al. [1993]. This displacement field (arrows) may be compared with the
displacement derived from the restoration of the strata (Figure 6 and 8), since it is relative to a fixed point in
the Pacific plate located along the western part of the fixed line used in Figures 6 and 8. The directions of
maximum shortening rate deduced from geodetic data are those given by Donnellan et al. [1993]. The azimuths
of near-dip-slip vectors of earthquakes are from Yerkes [1985], Jackson and Molnar [1990], and Hauksson et al.
[1995]. These two types of data may be compared with the finite deformation of each block given in Figure 4.

could add an homogeneous rotation which cannot be esti-
mated from our study.

The increase in crustal shortening from west to east in the
western Transverse Ranges must be related to structures at
depth that experienced the same N-S shortening. From sub-
surface observations, the Ventura basin is the zone of maxi-
mum N-S horizontal shortening and is also the zone of maxi-
mum subsidence. For example, the depth of the 1 Ma horizon
may reach 3-4 km in the basin [Huftile and Yeats, 1995, 1996],
cross sections AA’ and BB’ in Figure 3. Local thickening of the
mantle [Hadley and Kanamori, 1977; Raikes, 1980; Humphreys
et al., 1984] and deep earthquakes [Bryant and Jones, 1992]
located below the Ventura basin may indicate the zone of
maximum N-S shortening at depth.

6.4. Comparison With Other Data for Finite Displacement
and Deformation Rate

Our results may be compared with geologic data deduced
from other techniques and with geodetic data. For horizons
older than 4 Ma, Huftile and Yeats [1995, 1996] constructed
cross sections across the Santa Susana, San Cayetano, and Red
Mountain thrusts with essentially the same geometry as the
R. J. Hindle et al. (unpublished document, 1989) cross sections
used by us. Therefore it is not surprising that total shortening
for pre-4 Ma layers, measured by us from both sets of cross
sections using the same fixed and mobile references, would be
exactly the same (respectively 11, 15, and 11 km for the thrusts
above). Huftile and Yeats [1995, 1996] obtained shortening

rates of 5.7, 8.3, and 10 mm/yr (for the Santa Susana, San
Cayetano, and Red Mountain thrusts, respectively) when using
a 0.5 Ma horizon, where we have 2.75, 3.75, and 2.75 mm/yr,
respectively (Figure 5b), using the older horizons and a 4 Ma
duration. Although there is a lot of extrapolation in the Huftile
and Yeats [1995, 1996] restorations to account for erosion, it
seems likely that deformation rates across the Ventura basin
have increased with time.

We have compared the average displacement rates and di-
rections for at least the last 4 m.y. to those for the last few years
calculated from GPS data. We used the residual velocity field
obtained after correction of the simple shear effect of a locked
San Andreas fault by Feigl et al. [1993] in Figure 9.

In the Ventura basin and eastern part of Santa Barbara
Channel basin, the principal maximum shortening directions
deduced from geodetic data [Donnellan et al., 1993; Larsen et
al., 1993] (Figure 9) are highly compatible with the directions
of finite deformation deduced from unfolding of the blocks
(Figure 4). The azimuth of the displacement deduced from
geodetic data is near N-S [Feigl et al., 1993] (Figure 9). Our N-S
to NNE-SSW direction of finite displacement (relative to the
same reference) is thus compatible with these results (Figure
6). However, because of heterogeneity of the geodetic defor-
mation, the comparison of the displacement-rate values is not
simple. For example, when comparing the displacement of the
block north of the Ventura basin relative to the southern part
of the Los Angeles basin including the Santa Monica thrust
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system, our restoration gives a total displacement of 24 km
(Figure 6) and a velocity of 6 mm/yr, which is within the
uncertainty of the geodetic velocities for the same references:
4.6-7 mm/yr [after Feigl et al., 1993]. However, geodetic dis-
placement rates not including the Santa Monica Mountain
thrust system are about the same, 5-8 mm/yr [Larsen et al.,
1993; Donnellan et al., 1993]. This thrust accommodated up to
9 km of slip since the beginning of the N-S shortening (Figure
6), so current slip rates are now less than the uncertainty of the
geodetic data.

In the Los Angeles basin, the matching of the geodetic data
with our displacement field is not simple because of the lack of
geodetic data near the eastern boundary of the basin. When
calculating shortening across the Los Angeles basin most au-
thors estimate the displacement of the San Gabriel Mountain
versus the southwest part of the Los Angeles basin [Davis et al.,
1989]. In our study, owing to the lack of young strata in the
area north of Los Angeles, the displacement of the San Gabriel
Mountains is extrapolated from compatibility with neighboring
areas, using the double fan model (Figure 8). Our extrapolated
value (17.5 km) for the displacement of the San Gabriel Moun-
tains versus the southwestern part of the Los Angeles basin
corresponds to a 4.4 mm/yr velocity which is in the range of
uncertainty of the geodetic measurements between the same
references: 3.8—6.2 mm/yr [after Feigl et al., 1993] (see Figure
9). This 17.5 km displacement deduced from our restoration is
close to the minimum estimate of Davis et al. [1989]: 15-21.4
km, but it is half their maximum values (30 km) obtained with
balanced cross sections based on different structural models.
The N-S convergence near the northern Los Angeles basin
deduced from our restoration is also compatible with the
crustal deformation deduced from the GPS data of Shen et al.
[1996].

6.5. Comparison With Other Data for Rotation

In most of the western Transverse Ranges a clockwise rota-
tion is found during Neogene time [Luyendyk et al., 1980, 1985;
Kamerling and Luyendyk, 1985; Hornafius et al., 1986], which is
compatible with the sense of our clockwise rotation for the
northern boundary of the Santa Barbara-Ventura basins. How-
ever, the average rate of this clockwise rotation since 17-19 Ma
(5°-6°/m.y. [after Luyendyk, 1991]) is higher than the overall
rotation deduced from our restoration (2.5°/m.y. near the
northern boundary and smaller in the southern part of the
Western Transverse Ranges). Locally higher rotation-rate val-
ues are inferred from our restoration (Figure 4) which reveals
a pattern of heterogeneous structures not in good agreement
with a recent homogeneous rotation of the whole western
Transverse Ranges. When considering the compatibility of
movement of the various blocks, heterogeneous rotation is
expected and also appears in the geodetic data [Feigl et al.,
1993] and recent paleomagnetic studies [Liddicoat, 1992; Levi
and Yeats, 1993].

A counterclockwise rotation of the Mohave-San Gabriel
block has also been inferred both from paleomagnetic and
geological studies [Garfunkel and Ron, 1985; Dokka and Travis,
1990]. This is compatible with our counterclockwise rotation of
the eastern boundary of the studied area (Figure 8).

Finally, our results may be compared with focal mechanisms.
Fault-plane solutions of major earthquakes have been synthe-
sized by Yerkes [1985], Hauksson [1990], Hauksson et al. [1995],
and Jackson and Molnar [1990]. The azimuths of near dip-slip
vectors vary from N-§ to NNE-SSW in the studied area (Figure
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9) and are compatible with our inferred direction of maximum
crustal shortening in Ventura basin and north of Los Angeles
basin (Figure 4).

7. Conclusions

The unfolding of sedimentary layers followed by the best
fitting of the restored blocks allows us to reconstruct the initial
(undeformed) state of the Los Angeles and Ventura basins
prior to the recent period of NNE-SSW shortening. The first
result of this map restoration is a test of the map compatibility
between the data. The compatibility is found to be good in
most of the studied areas, thanks to the thousands of wells
incorporated in the structure contour maps. Mismatches are
localized in the more complex zones. The problems are as-
cribed to inadequacies in the available geological and geo-
physical data. The restoration method reveals the zones with
local problems of compatibility where the next studies might be
focused.

The constraints imposed on the regional deformation field
by the zones which are well constrained are strong enough to
overcome the problem of the local misfits. It is thus possible to
estimate the overall finite crustal deformation of the Ventura
and Los Angeles basins. When integrating the restoration of
the Santa Barbara Channel, the finite displacement field for
the western Transverse Range is inferred from this restoration
method.

The total finite displacement field may be modeled by the
effect of the closure of a double fan with partially deformable
elements. This model implies a 10° clockwise rotation of the
northern boundary of the western Transverse Ranges and a 5°
counterclockwise rotation of its northeast boundary (including
that of the Los Angeles basin).

Lateral variation of the total finite deformation, both in
direction and amount reveals the heterogeneity of the subsur-
face deformation. Most of the major thrusts appear to initiate
as en-echelon structures along the left-lateral northern margin
and the right-lateral northeastern margin of the studied area.

The total finite map deformation and displacement values
matched well with those obtained by section-balancing tech-
niques or fault slip measurements. However, comparison of
the rates of deformation is found to be strongly dependent on
the possible evolution of the deformation rate with time and on
the extrapolation of the geometry of the youngest partially
eroded horizons. With this qualification, our modeled map
deformation and displacement values are near the minimum
values of balanced cross sections from the San Gabriel Moun-
tains across the Los Angeles basin. Our results are in good
overall agreement with geodetic data, paleomagnetic data, and
fault plane solutions of major earthquakes. However, local
discrepancies emphasize the need for more careful studies of
the heterogeneity of the deformation and the partitioning be-
tween reversible and irreversible deformation.

Finally, the idea of this work is not to establish a definitive
model of the kinematics of southern California. On the con-
trary, the main interest of the restoration method is to impose
geometric and kinematic compatibility between the data. As
new data become available, the reconstruction and interpreta-
tion can be modified in order to respect these compatibilities.
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