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ABSTRACT

Late Cenozoic tectonic reconstructions of southern California (United States) have been hin-
dered for decades by disagreement over the total displacement on the southern San Andreas
fault; disparate estimates of dextral offset range from 160 km to 240 km. Prior estimates were
based on purely translational models that neglect the effects of transrotational strain on the
orientation and distribution of key geologic markers. We present a new reconstruction that
integrates published lithologic, structural, and paleocurrent data with the effects of clockwise
rotation in the eastern Transverse Ranges (ETR). This model yields 200 + 14 km of cumulative
offset on the southern San Andreas fault system in the Salton Trough. The disparity between
our estimate and a lower estimate of 160 km for the Mojave segment can be explained by a
combination of transtensional elongation along the southwest boundary of the ETR, transfer
of strain to the eastern California shear zone, and diffuse crustal shortening in the Big Bend
region. This reconstruction reconciles previously incompatible and long-debated models, and
places an important new constraint on the tectonic evolution of the Pacific-North America
plate boundary in southern California.

INTRODUCTION

The San Andreas fault (SAF) system in
southern California (United States; Fig. 1) is
an active, distributed intracontinental shear
zone that accommodates Pacific-North Amer-
ica plate motion by a combination of dextral
translation, transrotation, transtension, and
transpression (e.g., Luyendyk, 1991; Powell,
1993; Dickinson, 1996). The onshore evolu-
tion of a throughgoing SAF system in south-
ern California is generally considered to have

begun with inception of the San Gabriel fault
at ca. 10 Ma, followed by initiation of the SAF
at ca. 5 Ma (Powell and Weldon, 1992, and
references therein). During the past ~40 yr,
tectonic reconstructions of the southern SAF
system have produced irreconcilable estimates
of 160 km (Frizzell et al., 1986; Matti and
Morton, 1993), ~185 km (Dillon and Ehlig,
1993), and 240 km (Ehlig, 1981; Ehlert, 2003)
for cumulative dextral offset, based on corre-
lation of different geologic markers. Workers
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Figure 1. Simplified tectonic map of southern California (United States). Conflicting esti-
mates of total offset on San Andreas fault range from 160 to 240 km based on different
cross-fault correlations. CM—Chocolate Mountains; CWf—Clemens Well fault; ECSZ—east-
ern California shear zone; Ef—Elsinore fault; ETR—eastern Transverse Ranges; Gf—Garlock
fault; MWf—Mammoth Wash fault; PMf—Pinto Mountain fault; Pf—Punchbowl fault; SAF-
CV—Coachella Valley segment, San Andreas fault; SAF-M—Mojave segment, San Andreas
fault; SBM—San Bernardino Mountains; SCf—Salton Creek fault; SGP—San Gorgonio Pass;
SGf—San Gabriel fault; SGM—San Gabriel Mountains; SHf—Sheep Hole fault; SJf—San Ja-
cinto fault; CO—Colorado; S. Choc. Mtns—South Chocolate Mountains.
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have discussed the need to resolve this impasse
(e.g., Powell and Weldon, 1992; Powell, 1993;
Richard, 1993; Dickinson, 1996), but no pub-
lished model has successfully reconciled the
conflicting estimates.

This paper presents a new tectonic recon-
struction for the southern SAF since 10 Ma that
satisfies existing geologic constraints. We use
a simple geometric model for rigid block rota-
tion to reconcile disparate estimates of offset
on the Mojave and Coachella Valley segments
of the SAF. We then integrate published litho-
logic and paleocurrent data with late Miocene
transrotation in the eastern Transverse Ranges
to derive a new estimate of net offset on the
southern SAF.

INCOMPATIBLE PRIOR ESTIMATES OF
SAF OFFSET

Various geologic markers have been used to
generate disparate estimates of cumulative right
slip on the southern SAF system, which includes
the Mojave segment, Mission Creek—Coach-
ella Valley segment, Punchbowl-Wilson Creek
strand, San Bernardino—Mill Creek strand, and
the San Jacinto fault (bold lines in Fig. 1; Matti
and Morton, 1993). The widely cited estimate
of 240 km of right-lateral displacement is based
on fluvial conglomerates of the middle Miocene
Mint Canyon Formation in the Soledad basin
southwest of the SAF that are offset from their
source area in the Chocolate Mountains north-
east of the SAF (Ehlig et al., 1975; Ehlig, 1981;
Ehlert, 2003). This correlation is based on a dis-
tinctive volcanic clast assemblage that includes
rapakivi-textured quartz latite porphyry for
which the only viable source is petrographically
and geochemically similar rocks in the Choco-
late Mountains (Fig. 1). A second less widely
cited, though arguably more robust marker is
a distinctive Triassic megaporphyritic mon-
zogranite that is offset 160 + 10 km between
Liebre Mountain southwest of the SAF and
similar outcrops northeast of the SAF in the San
Bernardino Mountains near Mill Creek (Frizzell
et al., 1986; Matti and Morton, 1993). The pet-
rologic, geochemical, and geochronologic simi-
larities of these rocks strongly support the inter-
pretation that they were continuous parts of the
same pluton prior to displacement on the SAF
starting ca. 5-6 Ma (Frizzell et al., 1986). Nei-
ther of these estimates incorporates the effects
of late Miocene transrotation that are critical to
achieving an accurate solution (e.g., Richard,
1993; Axen, 2000).
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TRANSROTATION

Eastern Transverse Ranges

The eastern Transverse Ranges (ETR) com-
prise a domain of rotated crustal panels bounded
by east-west—striking sinistral faults northeast
of the Coachella Valley segment of the SAF
(Fig. 1; Carter et al., 1987; Powell, 1993; Rich-
ard, 1993; Dickinson, 1996). Paleomagnetic
data from the ETR record 44° + 7° of clockwise
rotation between 10 and 4.5 Ma (Carter et al.,
1987; Dickinson, 1996; Richard, 1993). Rigid-
block models based on geophysical data pro-
pose up to 39° clockwise rotation (Langenheim
and Powell, 2009). There are no paleomagnetic
data southeast of the Salton Creek fault in the
ETR to constrain rotation there, leading some
to interpret it as a zone of complex distributed
strain and possible nonrigid behavior (Richard,
1993; Dickinson, 1996). We infer this zone to be
part of the ETR transrotational domain based on
a lack of throughgoing northwest-striking dex-
tral faults and the presence of east-west sinistral
faults in the Chocolate Mountains that are con-
sistent with clockwise rotations in the ETR.

San Gabriel Domain

Consistent clockwise-deflected magnetic
declinations in the San Gabriel Mountains reveal
that rocks in the western Transverse Ranges
have undergone net clockwise tectonic rotations
of up to 100° since ca. 15 Ma (Hornafius et al.,
1986; Luyendyk, 1991). However, sparse data
from 10-11 Ma tuffs in the upper Mint Canyon
Formation reveal 16° + 30° of counterclock-
wise rotation in the San Gabriel domain since
ca. 10 Ma, likely caused by translation of the
San Gabriel block through the restraining bend
of the SAF during Pliocene to Holocene time
(Terres and Luyendyk, 1985).

Geometric Model

Figure 2 shows our geometric model for
rigid-block rotation in the ETR. Localized
extension is accommodated by a series of dila-
tional steps near the edge of a domain of sinis-
tral strike-slip faults bounded by master dextral
faults. We propose that, as originally postulated
by Powell (1993, p. 62), transform-parallel
extension along the southwest boundary of the
ETR during block rotation can explain much of
the discrepancy between disparate estimates for
total offset on the southern SAF.

We elect to use Dickinson’s (1996) alterna-
tive “decoupled” transrotation model instead of
his preferred “pinned” model to calculate the
change in length of the ETR along the SAF,
because the pinned model predicts 25% north-
south shortening across crustal panels in the
ETR that is not documented. Displacement of
offset markers close to the SAF is not affected
by changes in the width of the shear zone (w),
which is allowed to vary in this model. The
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Figure 2. Geometric model for rigid block ro-
tation in eastern Transverse Ranges. Cross-
fault markers along southwest boundary of
rotating domain are offset by a combination
of right-lateral slip (s) on the Punchbowl-Wil-
son Creek strand (P-WCs) of the proto—San
Andreas fault (SAF) and by extensional shin-
gling in the transform-parallel direction due to
39° of clockwise block rotation ca. 10-5 Ma.
This right separation (a’ — a, or Aa) causes
cross-fault markers within rotating domain
(stipple) to be offset more than markers lo-
cated outside domain (dark gray). Model pa-
rameters: ¢ = 92°; o = 131°; s = 20 km; a’ =
88 km; a = 66 km; Aa = 22 km; w (width of the
rotating domain measured perpendicular to
the SAF) is free to vary in this model and is
unspecified. MCF—Mint Canyon Formation;
other abbreviations as in Figure 1.

dimensions of the rotating fault blocks are held
constant during progressive transrotation, and
the following trigonometric expression is main-
tained: a = a’ (sino/sing), in which a and a” are
the initial and ending (modern) lengths of the
rotating domain, respectively, measured parallel
to the domain boundary (Fig. 2). We use a value
of 88 km for a’, measured from the Pinto Moun-
tain fault at the northwest corner of the ETR to
our inferred paleo—dispersal path for the middle
Miocene Mint Canyon Formation (MCF) just
north of the Salton Creek fault. From the map
relationships, we find that oo = 131° and ¢ = 92°
based on 39° of clockwise rotation. Thus the
original length of the domain boundary, a, was
~66 km. This yields ~22 km of right separa-
tion along the SAF in the vicinity of the Salton
Creek fault induced solely by transrotation. A

range of 20-25 km reflects uncertainty in where
the offset paleo—dispersal path crosses the SAF.

PALEOGEOGRAPHIC
RECONSTRUCTION

Figure 3 shows our proposed reconstruction
of the southern SAF system since 10 Ma. Paleo-
current indicators in the MCF record westward
fluvial transport of sediment in the Soledad
basin from a source in the northern Chocolate
Mountains northeast of the SAF (Fig. 3C; Ehlig
et al., 1975; Ehlert, 2003). This correlation
provides the main basis for published recon-
structions that call for 240 km of cumulative
dextral offset on the southern SAF (Ehlig et
al., 1975; Ehlig, 1981; Dillon and Ehlig, 1993;
Ehlert, 2003). The 240 km estimate assumed an
originally southwest-oriented transport system
ca. 10 Ma (see Ehlert, 2003, his figure 14), in
violation of the paleocurrent data.

Conglomerates in the lower MCF noncon-
formably overlie Pelona Schist in a structural
trough that defines the Soledad basin (Ehlig,
1981; Ehlert, 2003). We infer that the eroding
paleosource in the Chocolate Mountains was
controlled by the same structural trough on the
south flank of, and parallel to, a large structural
culmination in the Orocopia Mountains prior to
offset on the San Andreas or San Gabriel fault.
Thus we assign an original east-west orientation
to the Chocolate Mountains—Soledad drainage
system in the 10 Ma reconstruction, consistent
with paleocurrent data after restoring rotation of
the San Gabriel block (Fig. 3A). Because expo-
sures of both the MCF and its source rocks are
located ~15-20 km from the SAF, this correction
significantly reduces the amount of slip needed
to restore the once-contiguous catchment-basin
pair to their original pre-offset configuration.

Revised Tectonic Model and Estimate of
Offset on the SAF

Using the data summarized herein, we realign
the correlative Liebre Mountain and Mill Creek
porphyry bodies and restore 39° of clockwise
block rotation in the ETR and 16° of counterclock-
wise rotation of the San Gabriel block at 10 Ma
(Fig. 3A). Between 10 and 5 Ma, the San Gabriel
fault accommodated ~45 km of dextral displace-
ment (Powell and Weldon, 1992; Matti and Mor-
ton, 1993). The Punchbowl-Wilson Creek strand
of the proto-SAF may have been active during this
time, although it has been suggested that at least
half of the ~40 km of net dextral displacement
occurred since Pliocene time, after deposition of
the Punchbowl Formation (Powell and Weldon,
1992; Powell, 1993; Matti and Morton, 1993).
We therefore arbitrarily assign 20 km of right slip
to this earliest strand of the SAF ca. 10-5 Ma (s,
Fig. 2; Fig. 3B). Coeval clockwise rotation of the
ETR and attendant displacements on left-lateral
faults dismembered and rotated the MCF paleo-
drainage such that its original extent can only be
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Figure 3. Tectonic reconstruction of southern San Andreas fault (SAF) since 10 Ma (North
America reference frame). A: Prior to 10 Ma, Mint Canyon Formation (MCF) occupied ap-
proximately west-draining alluvial wash (yellow). Note continuity of original Chocolate
Mountains anticlinorium (CMA) trend. B: Between 10 and 5 Ma, MCF drainage was offset by
45 and 20 km of right slip on San Gabriel fault (SGf) and Punchbowl-Wilson Creek strand
(P-WCs), respectively. Synchronous clockwise rotation in ETR caused MCF paleo-source to
be displaced an additional 20-25 km to the southeast ca. 10-5 Ma (see text). C: Present-day
configuration of southern California after post-5 Ma offset on modern SAF. CH-Cf—Chino
Hills—Cristianitos fault; OM—Orocopia Mountains; other abbreviations as in Figure 1.

inferred on the present-day map (Fig. 3B). Addi-
tional right slip on the SAF system since ca. 5 Ma
displaced the Liebre Mountain and Mill Creek
porphyry bodies a total of 160 + 10 km (Fig. 3C).
Using our reconstructed MCF piercing line,
we estimate 200 = 14 km of cumulative dextral
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offset on the southern SAF since 10 Ma, which
is ~40 km less than prior estimates of at least
240 km based on the same correlative markers
(compare to Fig. 1; Ehlig, 1981; Ehlert, 2003).
Our new estimate is partitioned between ~25 km
on the San Jacinto fault (Sharp, 1967) and 175

+ 14 km on the Coachella Valley segment of the
SAF in the Salton Trough (this study); the latter
is consistent with an independent estimate of 185
+ 20 km based on correlation of basement ter-
ranes between San Gorgonio Pass and the south-
ern Chocolate Mountains (Figs. 1 and 3; Dillon
and Ehlig, 1993).

Reconciliation with Other Models

Our new estimate of 200 + 14 km of cumula-
tive right slip on the southern SAF in the Salton
Trough is ~40 km greater than the well-con-
strained estimate of 160 + 10 km on the Mojave
segment (Frizzell et al., 1986; Matti and Morton,
1993). This discrepancy can be seen by com-
paring the present-day distance between pairs
of geologic markers on each side of the SAF
(Fig. 3C). On the southwest side of the SAF, the
Liebre Mountain pluton is ~65 + 10 km north-
west of the MCF paleodrainage near Soledad
Pass. In contrast, the corresponding markers on
the northeast side of the SAF (Mill Creek body,
MCEF source in the Chocolate Mountains) are
~105 = 10 km apart. This contrast in along-fault
distance between pairs of markers suggests that
rocks on opposite sides of the SAF underwent
different deformation paths. At least half of this
discrepancy (20-25 km) is explained by trans-
rotational elongation in the southwest ETR,
northeast of the SAF (Fig. 2). The remaining
discrepancy of ~20 km can be explained by slip
transferred away from the Mojave segment and
onto dextral faults that link to the eastern Cali-
fornia shear zone north of the ETR (e.g., Dolan
et al., 2007) and/or a component of distributed
off-fault transpressional strain southwest of the
Mojave segment.

DISCUSSION

While a detailed documentation of distrib-
uted regional strain is beyond the scope of this
paper, the predictions made by our reconstruc-
tion model are broadly consistent with previous
studies of the eastern California shear zone and
ETR (e.g., Richard, 1993; Dickinson, 1996).
One limitation of our model is uncertainty in the
extent and configuration of the paleocatchment
east of the SAF that delivered sediment to the
MCEF during middle Miocene time (Fig. 3); the
paleodrainage cannot be precisely reconstructed
due to a lack of MCF outcrops northeast of the
SAF. Age relations in the Diligencia basin indi-
cate that the Chocolate Mountains source area
has been eroding since middle to late Miocene
time (Law et al., 2001), which can explain why
fluvial deposits of the MCF are not preserved.
Despite this limitation, the MCF correlation is
supported by distinctive clast lithologies that
uniquely match bedrock sources in the northern
Chocolate Mountains, making it a useful marker
for estimating total offset on the SAF.

The assumption of purely rigid-body rotation
in the ETR is difficult to validate. Gravity lows
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interpreted as transtensional basins along the
Sheep Hole fault support our kinematic model
(Fig. 2), but similar basins are not observed
along the southwest boundary of the ETR (Rich-
ard, 1993; Langenheim and Powell, 2009). This
may be due to post-rotation distributed shear,
transpressional strain, and uplift close to the
SAF, as seen in the Mecca and Indio Hills (e.g.,
Sylvester and Smith, 1976). Alternatively, the
lack of basins in this belt could reflect nonrigid
behavior along the southwest boundary of the
ETR during transrotation. Similar transtensional
elongation in the northeastern ETR should pro-
duce left separation across the Sheep Hole fault,
but geologic and geophysical evidence indi-
cate as much as 4.5 km of dextral offset on this
fault (Richard, 1993; Langenheim and Powell,
2009). McQuarrie and Wernicke (2005) called
for ~25 km of right slip on the Sheep Hole fault
to satisfy their reconstruction of the eastern
California shear zone. Thus it appears that dex-
tral offset on the northwest-striking Sheep Hole
fault is greater than sinistral separation related to
clockwise rotation in the ETR.

CONCLUSIONS

Our reconstruction model yields 200 + 14 km
of total dextral displacement along the southern
SAF in the Salton Trough and reconciles previ-
ously published incompatible models by incor-
porating the crucial effects of block rotation on
the distribution of key geologic markers. This
result has important implications for reconstruc-
tion of Pacific-North America plate motion in
southern California and northern Mexico (e.g.,
Oskin and Stock, 2003; Fletcher et al., 2007).
While such an analysis is beyond the scope of
this paper, it is a necessary next step. When
integrated with data from the eastern California
shear zone, our reconstruction places a critical
new constraint on the total relative plate motion
accommodated by onshore faults in southern
California and Arizona since 10 Ma.
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