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ABSTRACT

The Diligencia basin, located in the east-
ern Orocopia Mountains of southern Cali-
fornia, contains 1500-2000 m of Oligo-
cene—Miocene continental, siliciclastic
sedimentary rocks and subordinate lime-
stone and evaporite deposits, intercalated
with basaltic lavas. These rocks are locally
intensely folded and faulted, defining in
present-day coordinates an elongate east-
west—trending basin, and are unconform-
ably overlain by flat-lying late Pliocene(?)
and Pleistocene alluvial deposits. The sedi-
mentological, stratigraphic, and structural
history of the basin is compatible with late
Oligocene—early Miocene formation as a
half-graben basin produced by orthogonal,
Basin and Range—type extension, and lat-
est Miocene to Pliocene basin inversion in
either a localized transpressional Trans
verse Range regime, or a more diffuse com-
pressional regime associated with north-
south shortening of the entire Mojave
block.

Facies associations in the lower part of
the Diligencia basin display a distinctly
asymmetric distribution across the basin,
indicating deposition in a half-graben with
a steep, possibly fault controlled, south-fac-
ing northern escarpment and a more gentle
north-facing southern slope. Paleocurrent
data, particularly from high-energy depos-
its on the northern basin margin, indicate
stream flow toward the southeast to south-
southeast, oblique to the deformed basin
margins, and suggest an approximate
northeast to east-northeast strike for the
basin before deformation. Previously pub-
lished paleomagnetic data, however, indi-
cate that the elongate, currently east-
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west—trending, fault block containing the
Diligencia basin hasrotated clockwise by as
much as 110° about a vertical axis (angle
depends on data and model used) since de-
position ceased. If correct, this would sug-
gest that the basin may have originally
opened to between the northeast and east-
northeast, subparallel to well-documented
extension directions in Miocene age basins
in the Mojave Desert to the east. Clockwise
rotation on east-west fault blocks exposed
in this region has previously been bracket-
ed as between ca. 10 and 4.5 Ma. Structural
and paleomagnetic data indicate that inver-
sion of the Diligencia basin occurred after
block rotation, implying a latest Mioceneto
Pliocene age for inversion. We speculate
that basin inversion within a north-south
(and till active) compressive stress field re-
sulted from the locking, and subsequent in-
ternal deformation, of this previously pas
sively rotating elongate crustal block.

Keywords: basin (structural), Basin and
Range province, grabens, Mojave Desert,
tectonic models, Transverse Ranges.

INTRODUCTION

The late Oligocene—Miocene stratigraphic
record of western California is characterized
by a series of arealy restricted, but thick, non-
marine sedimentary successions (Fig. 1)
(Bleke et al., 1978; Crowell, 1987, 1993a).
The basins that host these successions devel-
oped during the transition from a convergent
to a transform plate margin (Atwater, 1970;
Blake et a., 1978; Graham et a., 1984; Crow-
ell, 1987; Nicholson et al., 1994; Bohannon
and Parsons, 1995; Dickinson, 1997; Atwater
and Stock, 1998). Formation of some of the
younger basins, such as the Ridge basin,
which began forming in late middle Miocene
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time (ca 12 Ma), was clearly controlled by
strike-slip tectonics (Crowell and Link, 1982).
However, the role that strike-slip motion may
have played in development of many of the
older basins, particularly those that developed
during late Oligocene to early Miocene time
in southern California, during the transition
from regional-scale extensional to strike-slip
tectonics, is less clear (cf. Richard, 1988; Ten-
nyson, 1989; Weldon et al., 1993). For ex-
ample, whereas in central California, forma-
tion of the La Honda (Stanley, 1985, 1987)
and Cuyama (Bartow, 1990, but also see
Buckner et a., 1991) basins during early Mio-
cene time may have been controlled by strike-
dip deformation, in southern California for-
mation of similar age basins such as the Plush
Ranch (Cole and Stanley, 1995), southern San
Joaquin (DeCelles, 1988; Goodman and Mal-
in, 1992), and Soledad (Hendrix and Ingersoll,
1987; Hendrix, 1993) basins appears to be re-
lated to extensional faulting.

The Diligencia basin, located in the Oro-
copia Mountains of southern California (Fig.
1), is the most southerly of these basins and
has aso been interpreted as being extensional
in origin (e.g., Spittler and Arthur, 1982). As
much as 2000 m of uppermost Oligocene and
lower Miocene irregularly interbedded non-
marine conglomerate, sandstone, siltstone,
limestone, and associated volcanic flows and
intrusions are preserved in this currently east-
west—trending elongate basin. These rocks,
which are referred to as the Diligencia For-
mation (Crowell, 1960, 1962, 1975; Spittler
and Arthur, 1982; Crowell, 1993b), are con-
sidered to have filled an east-west—trending
intermontane basin (Crowell, 1975) in the
form of a graben (Bohannon, 1975), or an
asymmetric half-graben with either a steep
northern flank (Spittler and Arthur, 1982) or a
steep southern flank (Robinson and Frost,
1989, 1991, 1996) in present-day coordinates.
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Figure 1. The San Andreas fault system and selected late Oligocene—Miocene basins in central and southern California. CB—Cuyama
basin; DB—Diligencia basin; DV—Death Valley fault zone; GF—Garlock fault; LHB—La Honda basin; PR—Plush Ranch basin; RB—
Ridge basin; SB—Soledad basin; SJB—Southern San Joaquin basin.

In this paper we present a stratigraphic and
sedimentologic analysis of the lower Diligen-
cia Formation and an analysis of the postde-
positional tectonic structures in the basin. The
sedimentological, stratigraphic, and structural
history of the basin is compatible with late
Oligocene—early Miocene formation as a
half-graben produced by orthogonal, Basin
and Range—type extension, and latest Mio-
cene to Pliocene basin inversion in either a
localized transpressional Transverse Range re-
gime, or a more diffuse contractional regime
associated with north-south shortening of the
entire Mojave block. Clockwise block rotation
of no more than 110° followed basin infilling
but preceded inversion. Formation and inver-
sion of the Diligencia basin are thus direct
consequences of the changing tectonic regime
in southern California during late Tertiary
time.

TECTONIC FRAMEWORK

The Neogene evolution of southern Cali-
fornia has been controlled by the development
of two contrasting tectonic provinces. Defor-
mation to the east of the study area was dom-
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inated by extensional faulting within the Basin
and Range province, whereas structural evo-
lution of the coastal region to the west is tra-
ditionally thought to have been controlled by
strike-slip faulting on the San Andreas fault
system. The Diligencia basin is located in the
approximate border zone between these prov-
inces (Figs. 1 and 2).

East of the Diligencia basin, in the Mojave
Desert and lower Colorado River areas of the
Basin and Range province, late Oligo-
cene—early Miocene faulting was followed by
a major episode of low-angle extensional de-
formation and tilting after 22 Ma (Sherrod and
Tosdal, 1991). Extension was oriented north-
east-southwest (N50°—60°E) (Glazner and
Bartley, 1984; Wust, 1986; Best, 1988; Bar-
tley and Glazner, 1991; Dokka and Ross,
1995), and horizontal extensions of 10%-20%
are indicated by the angular relationships be-
tween tilted strata and the underlying faults
(Sherrod and Tosdal, 1991). Extension ceased
by 20 Ma in some parts of the region, after
which fluviolacustrine systems filled many
grabens and half-grabens (Simpson et a.,
1991). A synthesis of available age data for
timing of extension and volcanism in the Ba-

sin and Range province was done by Stewart
(1998); available data from the Colorado Riv-
er region east of the Diligencia basin indicate
an age of 21-16 Ma for extensional faulting
and tilting of strata. The timing for cessation
of Miocene extension is generaly poorly
known, however (Sherrod and Tosdal, 1991),
and extension may have progressively waned
from 19 to 15 Ma (Tennyson, 1989). Bartley
et al. (1990) argued that following extension,
the Mojave block was locally subjected to
folding and thrust faulting associated with
north-south contraction in late Cenozoic time.
This contraction may have begun as early as
19 Ma in the Cady and Newberry Mountains
(Fig. 2), and could be continuing at the present
time (Bartley et a., 1990).

In southern Cdifornia, the San Andreas fault
system consists of a network of northwest-strik-
ing dextral strike-dip faults, and east- to north-
eadt-gtriking sinistral strike-dip faults (Fig. 2).
The northwest- and east- to northeast-trending
faults are present both to the southwest of the
modern San Andreas fault zone and northesst of
the fault zone in the Mojave Desert section of
the Basin and Range province. The Transverse
Ranges comprise east-west—trending structural
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Figure 2. Geologic map of southern California showing locations of selected faults and Neogene basinsreferred to in text. The Diligencia
(DB), Soledad (SB), and Plush Ranch (PRB) basins are indicated by black ornament; exposures of Rand-Pelona-Orocopia Schists are
indicated by diagonal rules. Western Transver se Ranges, San Gabriel, San Bernardino, Little San Bernardino, and Chocolate M ountains
are indicated by stipple. BCf—Blue Cut fault; Caf—Calico fault; Cf—Chiriaco fault; Cif—Cibola fault; CHM—Chocolate M ountains;
CM—Cady Mountains; CWF—Clemens Well fault; Ef—Elsinore fault; Ff—Fenner fault; Gf—Garlock fault; GH—Gavilan Hills;
LAB—L os Angeles basin; L SBM—L ittle San Bernardino Mountains; MP—M ount Pinos; MW{—Mammoth Wash fault; NM—Newberry
Mountains, OM—Orocopia Mountains, PMf—Pinto Mountain fault; RM—Rodman M ountains, RB—Ridge basin; SBM—San Bernar -
dino Mountains; SCl—Santa Catalina Island; SFf—San Francisquito fault; SGM—San Gabriel Mountains, SHf—Sheep Hole fault;
SJf—San Jacinto fault; SP—Sierra Pelona; SWf—Salton Wash fault; THM—Tehacapi Mountains, TM—Trigo Mountains, VB—Ven-
tura basin; WTV—western Transverse Ranges. Rand Schist crops out in Tehacapi Mountains; Pelona schist crops out in Mount Pinos,
Sierra Pelona, and San Gabriel Mountains, Orocopia Schist crops out in Orocopia, Chocolate, and Trigo Mountains and Gavilan Hills.
Mountain ranges located on the eastern side of the San Andreasfault (San Bernardino, Little San Bernardino, and Chocolate M ountains)
arereferred to as the eastern Transverse Ranges. West-east—trending ranges located to the west of the San Andreas fault arereferred
to as the western Transverse Ranges; San Gabriel Mountains are referred to as the central Transver se Ranges by some. Adapted from
Jacobson (1990), Dillon and Ehlig (1993), Matti and Morton (1993), and Richard (1993).

provinces that crosscut the northwest-south-
east—trending structural grain in southern Cali-
fornia, and are bordered on the north and south
by east-west—trending sinistra strike-dip faults.
The northwest-striking faults in the Coasta
Ranges and Peninsula Ranges terminate against
these east-west faults, athough the western
Transverse Ranges are dextrally offset from the
central and eastern Transverse Ranges by the
northwest-striking San Gabriel and San Andreas
faults. Within the Mojave Desert region, the
east-west—striking sinistral faults are bounded to
the east by a zone of northwest-striking dextra
srike-dip faults (the Mojave Desert dextra do-
main of Powell, 1993, p. 63) and to the west by
the San Andreas fault system (Fig. 2). Available
evidence suggests that movement on al three
sets of faults is broadly coevad (Powell, 1993;
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Dickinson, 1996), and that distributed dextral
and sinistral shear on the northwest- and east-
striking faults, respectively, may have resulted
in a net dextral shear across the Mojave Desart
region (referred to as the Eastern Cdifornia
shear zone by Dokka and Travis, 1990a) of
~50-100 km since late Miocene time (Carter et
a., 1987, Dokka and Travis, 1990a 1990b).
Movement on the Eastern Cdifornia shear zone
occurred mainly between 10 and 6 Ma (Dokka
et d., 1991, 1998). Didtributed dextral and sin-
istrd strike-dip faulting is predicted to have led
to significant rotation about vertical axes of the
individual crustal blocks between these faults
(see reviews by Richard, 1993; Dickinson,
1996). This prediction is strongly supported by
paleomagnetic declination data from Neogene
volcanic rocks in both the Transverse Ranges

and the Mojave Desert region to the east (Lu-
yendyk et al., 1980, 1985; Hornafius et a., 1986;
Carter et a., 1987; Luyendyk, 1991).

Where post-Cretaceous extensiona defor-
mation has been recognized in coastal south-
ern California, west of the principal strand of
the San Andress fault system, it has generally
been attributed to strike-slip motion (e.g., Wil-
cox et a., 1973; Crowell, 1974a). However,
refinement of calculated Cenozoic plate mar-
gin configurations (e.g., Nicholson et a.,
1994; Bohannon and Parsons, 1995; Atwater
and Stock, 1998) and reevaluation of structur-
a features observed both in outcrop and on
seismic reflection profiles (e.g., Wallace,
1982; Engel and Schultgjann, 1984; Schulte-
jann, 1984; Legg, 1991; Baker et al., 1991;
Fattahipour and Frost, 1991, 1996; Robinson
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and Frost, 1991; Pridmore and Frost, 1992
Crouch and Suppe, 1993; Axen and Fletcher,
1998; Bohannon and Geist, 1998) indicate a
distinct episode of Miocene extension in
coastal southern California of similar age and
orientation to the more widely recognized ex-
tension in the adjacent Basin and Range prov-
ince to the east.

Tennyson (1989) argued that there is no ev-
idence for major strike-dlip faulting in central
and southern California during late Oligo-
cene—early Miocene time (i.e., before 19-18
Ma), and that the transform boundary between
the North American and Pacific plates did not
form until late-early Miocene time, during the
waning stages of Miocene crustal extension.
Tennyson (1989) further argued that because
basin fills in the Transverse Ranges are the
same age as extensional basins in the adjacent
Basin and Range province, they may also be
extensional in origin, rather than being related
to strike-slip faulting.

In central California, the San Andreas fault
is generally considered to have become active
between 20 and 17 Ma (O’'Day and Simms,
1986; Graham et al., 1989; Powell and Wel-
don, 1992; Atwater and Stock, 1998). In con-
trast, major strike-slip displacement in south-
ern California on the San Andreas fault
system did not begin until about 12 Ma, a-
though some precursor displacement may al-
ready have been under way (Crowell, 1993a).
Major dextral slip and development of the pre-
sent-day course of the San Andreas in south-
ern Cdlifornia is primarily a Pliocene and
Quaternary event, and the modern active
strand of the San Andreas fault from the cen-
tral Transverse Ranges southward within the
Salton Trough (Fig. 2) is probably no older
than 5 Ma (Crowell, 1982).

Total dextral dip on the San Andreas fault
in central California (north of the junction be-
tween the San Gabriel and San Andreas faults)
is estimated as 315 *= 10 km, whereas in
southern California total displacement on the
San Andreas fault may only be 150-160 km
(see reviews by Powell and Weldon, 1992;
Dillon and Ehlig, 1993; Powell, 1993; Weldon
et a., 1993). In order to explain the differenc-
esin timing and total dlip on the San Andreas
fault in centra and southern Cdlifornia, a
number of tectonic models have been pro-
posed for precursor faulting in southern Cali-
fornia. This faulting may have been contem-
poraneous with early strike-slip motion on the
San Andreas in central California, and these
early through-going faults were later crosscut
and displaced by the modern San Andreas
fault. Powell (1981) proposed that one can-
didate for a precursor fault to the San Andreas
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in southern California may be marked by the
Clemens Well, Fenner, and San Francisquito
faults (Fig. 2). Palinspastic restoration models,
based on tempora and lithologic correlation,
indicate that the now widely separated latest
Oligocene—Miocene Diligencia, Soledad, and
Plush Ranch basins (Fig. 2) may have been
contiguous before motion on the San Andreas
and precursor Clemens Well, Fenner, and San
Francisquito fault systems (Crowell, 1962,
1975; Crowell and Walker, 1962; Bohannon,
1975; Powell, 1981, 1993; Matti and Morton,
1993). The various palinspastic restoration
models proposed for these Miocene basins
were summarized by Frizzell and Weigand
(1993).

LOCAL GEOLOGIC SETTING

The Orocopia Mountains are located in the
northeastern corner of the Salton Trough on
the eastern margin of the Transverse Ranges
physiographic province, and near the western
edge of the southern Basin and Range prov-
ince (Figs. 1 and 2). The eastern portion of
the Orocopia Mountains comprises the Dili-
gencia basin complex, which includes Oligo-
cene—Miocene sedimentary rocks of the Di-
ligencia Formation (Crowell, 1975), the
underlying Eocene Maniobra Formation
(Crowell and Susuki, 1959; Johnston, 1961),
and associated Proterozoic and Mesozoic
crystalline basement terranes (Crowell, 1962;
Crowell and Walker, 1962; Robinson and
Frost, 1996). A detailed geologic map of the
Diligencia basin, together with a series of
cross sections drawn at right angles to the ba-
sin long axis, was originally presented by Ar-
thur (1974) and Spittler (1974). This map was
subsequently published by Spittler and Arthur
(1982), and is reproduced in a simplified for-
mat in Figure 3, where it is integrated with
other previously published studies of the sur-
rounding basement rocks. A representative
cross section through the basin is given in Fig-
ure 4.

In the following sections describing the sed-
imentology and structure of the Diligencia ba-
sin we use present-day geographic coordi-
nates. However, many crustal blocks in the
Transverse Ranges and adjacent Mojave De-
sert (including the Orocopia Mountains) un-
derwent significant clockwise rotation about
vertical axes in late Miocene—Pliocene time
(ca. 12—4.3 Ma; Luyendyk et al., 1980, 1985;
Carter et a., 1987; Luyendyk, 1991; Richard,
1993; Dickinson, 1996), and present-day com-
pass directions given for prerotation features
may not necessarily indicate their original
orientation.

Rocks of the Diligencia Formation were
briefly described by Crowell (1960, 1962) and
are preserved in a currently east-west—trending
elongate basin (Fig. 3). The unit was formally
named, and a type section designated, by
Crowell (1975). The most complete descrip-
tions of the Diligencia Formation are by Arthur
(1974), Spittler (1974), and Spittler and Arthur
(1982), dthough Squires and Advocate (1982)
described in detail the lower part of the for-
mation in the southeast corner of the basin. The
Diligencia Formation consists of a nonmarine
siliciclastic succession; basaltic lavas and
slightly younger andesitic intrusionsin the mid-
dle part of the succession are dated as between
23.6 and 21.3 Ma (K-Ar; see Frizzell and Wei-
gand, 1993, and their review of previous age
determinations by Crowell, 1973, and Spittler,
1974). Late Arikareean (20—23 Ma; Tedford et
al., 1987) or less possibly early Hemingfordian
age vertebrate remains were described by
Woodburne and Whistler (1973) from the mid-
dle part of the succession, ~10 m above the
volcanic flows (Nilsen, 1982; Spittler and Ar-
thur, 1982). Because the volcanic rocks come
from the middle part of the Diligencia Forma-
tion (~700 m above the base of the formation),
it is possible that the lowest part of the Dili-
gencia Formation may include Oligocene beds
(Crowell, 1993b). No precise upper age limit
can be assigned to the formation because of the
lack of diagnogtic fossils or fresh volcanic
rocks in the upper part of the section (Spittler
and Arthur, 1982).

The rocks of the Diligencia Formation are de-
formed into a series of upright kilometer-scale
east-west— to northwest-southeast—trending
folds that are crosscut by northwest- and north-
east-gtriking faults (Figs. 3 and 4). Hinge lines
of the folds are offset by the largest of the north-
east-striking faults by as much as 1 km with
dominantly sinistral dip (Crowell, 1975). On the
north side of the basin the Diligencia Formation
unconformably overlies strata of the marine Eo-
cene Maniobra Formation (Crowell and Susuki,
1959), whereas on the southeast side of the basin
the formation nonconformably overlies crysta-
line basement of Proterozoic age (Fig. 3). Here
the unconformity is vertical to localy over-
turned, and laterally passes eastward into a
steeply dipping reverse fault (Spittler and Arthur,
1982; Crowell, 1993b). On the southwest side
of the basin, rocks of the Diligencia Formation
are truncated by the Clemens Well fault (Fig. 3).
On the east and northeast sides of the basin the
folded and faulted rocks of the Diligencia For-
mation are overlapped by flat-lying Pliocene(?)
and early Pleistocene terrace gravels (Jennings,
1967; Spittler and Arthur, 1982).
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Figure 4. Cross section along
line A-A" in Figure 3; adapted
from Arthur (1974); for expla-
nation of symbols used see Fig-
ure 3.

southwest

2000 mleters

STRATIGRAPHY AND
SEDIMENTOLOGY

The Diligencia Formation is at least 1500
m thick, may locally be as much as 2000 m
thick (Spittler and Arthur, 1982), and has been
subdivided into four interfingering lithostrati-
graphic units (Td1-Td4; Spittler and Arthur,
1982). The map distribution of these units is
indicated in Figure 3. Unit 1 consists primarily
of coarse-grained, aluvial siliciclastic sedi-
mentary rocks that were derived from both the
north and south. On the north side of the ba-
sin, the basal conglomerate consists primarily
of clasts derived from granitic terranes that
crop out farther to the north; there is only a
minor contribution from the underlying Eo-
cene beds (Spittler and Arthur, 1982; Crowell,
1993hb). In contrast, on the south side of the
basin, clasts consist mainly of augen gneiss
derived from the underlying metamorphic
rocks (Spittler and Arthur, 1982; Crowell,
1993b). Unit 1 fines upward into a lacustrine
interval of varicolored siltstone, mudstone,
and minor limestone and sulfate evaporite. On
the southwest side of the basin, conglomerate
lenses within the middle and lower upper parts
of unit 1 contain clasts of anorthosite, syenite,
and granodiorite that were apparently derived
from a terrane similar to that preserved in the
adjacent hanging wall of the Orocopia fault
southwest of the Clemens Well fault (Crowell,
1975) (Fig. 3). No debris from the Orocopia
Schist (Fig. 3), however, has yet been recog-
nized within the Diligencia Formation (Crow-
ell, 1993b).

Unit 1 is capped by an interval of basaltic
lava flows (Tdv) and intercalated siltstones
that are intruded by andesitic sills, dikes, and
irregular bulbous intrusions, which suggest
emplacement into soft sediments (Crowell,
1993b). Overlying sedimentary rocks of unit
2 comprise mainly varicolored and mottled
siltstone, mudstone, and fine-grained sand-
stone of lacustrine and lake margin origin. Pa-
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leocurrent data indicate derivation from the
north. Unit 3 consists of multistory succes-
sions of conglomerate-breccia, sandstone, silt-
stone, and mudstone commonly displaying
upward-fining patterns. Conglomerate and
breccia are confined to the northern outcrop
belt and locally directly overlie basement.
Monalithologic breccia displaying fitted fab-
rics probably represents debris flow or, more
likely, landslide deposits (Crowell, 1993b). In-
ternal architecture of sediment bodies and ae-
ria distribution of facies, coupled with paleo-
current data, suggest that unit 3 developed as
a series of coalescing aluvia fans along the
northern basin margin, which passed south-
ward into a flood plain. Vertical transition
from unit 2 to 3 indicates that the alluvial sys-
tem initidly built into a playa lake before
overrunning the lake as sediment flux in-
creased. Unit 4 is comparable in character to
unit 2 and is interpreted as a flood-plain—lake
deposit (Spittler and Arthur, 1982). This study
focuses on the lower Diligencia Formation
(unit 1) because: (1) it provides an opportunity
to investigate relationships between basement
faulting and sedimentation, and (2) basin in-
version structures are most clearly developed
adjacent to the basement-cover contact on the
southern basin margin.

Methods

Five sections were measured through the
lower Diligencia Formation, four along the
southern basin margin and one on the northern
margin (Fig. 5). The location of each section
within the basin is indicated in Figure 3.
Where possible, each section was measured in
a location where the Diligencia Formation
overlies older rocks. Underlying rocks include
pre-Tertiary crystalline basement and the Eo-
cene Maniobra Formation. Where exposure
permitted, sections were measured up to the
first basalt >30 cm thick. The lower Diligen-

northeast

cia Formation, as defined here, variesin thick-
ness between 120 and 400 m.

Facies Analysis

Facies identified in the five measured sec-
tions can be grouped into three grain-size as-
semblages. breccia-conglomerate (1); sand-
stone (2); and siltstone-claystone (3). In
addition, a carbonate facies is also distin-
guished. Two facies associations (1a and 1b)
are recognized within the breccia-conglomer-
ate assemblage, whereas the sandstone assem-
blage consists of four facies associations
(2a—2d). The temporal relationships of the fa-
cies associations are shown in Figure 5
(A—E). Table 1 summarizes the descriptive
characteristics of the facies associations, in-
cluding paleocurrents. All paleocurrent data
are shown on rose diagrams (Fig. 6). Process
and paleoenvironmental interpretations of the
facies associations are given in Table 2.

BASIN RECONSTRUCTION

Depositional Systems and their Areal
Distribution

Facies associations in the lower Diligencia
Formation display a strongly asymmetric dis-
tribution across the basin. The present north-
ern margin is characterized by thick and
coarse-grained deposits (facies associations
1la, 2a; Fig. 5A), whereas thinner and finer
grained deposits are preserved aong the pre-
sent southern basin margin (facies associa-
tions 1b, 2b—2d; Fig. 5B).

Facies associations documented from the
northern margin of the Diligencia basin (1a
and 2a) are interpreted to have been deposited
in a very high energy, braided-fluvial system.
The remarkably large clast sizes observed in
conglomerates (Fig. 7A), as well as the rela
tively large clast sizes in the conglomeratic
sandstone beds (Fig. 7B), indicate that the
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sedimentary rocks on the northern margin
were deposited in high-gradient systems.
Comparable proxima to medial braid-plain
deposits are reported as the dominant faciesin
the similar-aged Soledad and Plush Ranch ba-
sins (Fig. 2) of the Transverse Range province
(Hendrix and Ingersoll, 1987; Cole and Stan-
ley, 1995), and in Miocene successions of the
Basin and Range province (e.g., Sherrod and
Tosdal, 1991; Fedo and Miller, 1992; Sherrod
and Nielsen, 1993 and papers therein; Glazner
et a., 2000). The strong south-southeast pa-
leocurrent mode for facies association 2a (Fig.
6A), coupled with the pebble imbrication in
facies association 1a (Table 1), supports agen-
eral northwest to southeast paleosiope.
Depositional processes inferred for the fa-
cies associations preserved along the southern
basin margin (1b, 2b—2d) are typical of arid-
region alluvial fans that underwent ephemeral
flow (cf. Beaty, 1990). Matrix-supported brec-
cia and conglomerate (1b) reflect deposition
from debris flows, followed by stream-flow re-
working between mass-flow events on proxi-
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mal to medial fans (cf. Nemec and Steedl,
1984). Although debris-flow deposits do not
make up large volumes of the total sedimen-
tary succession, they are widespread along the
southern basin margin, and thus are potential-
ly significant paleoclimate indicators. Paleo-
botanical studies (Axelrod, 1950; Wolfe,
1986) indicate that the Miocene climate in this
region was semiarid. Vegetation on hill slopes
was probably quite sparse, and precipitation
episodic. Both of these factors promote de-
velopment of gravity-driven mass flows (Fish-
er, 1971). Stratified conglomerates and sand-
stones (2b, 2c¢) record stream-flow processes
that operated on more distal parts of the fans.
During flood events, flow is often great
enough to overwhelm the active system of
channels, and deposition occurs from uncon-
fined sheetflood (Picard and High, 1973; Har-
dieet al., 1978; Nilsen, 1982). The remarkable
abundance of planar-laminated sandstone in
facies association 2d suggests that deposition
took place below the intersection point of a
fan, where stream channelization is poorly de-

veloped and unconfined flow is promoted (cf.
Hooke, 1967; Nilsen, 1982). Paleocurrent data
(Fig. 6, B and C) are compatible with a south
to north paleoslope, and with wave reworking
aong a genera east-west—trending shoreline.
Similar associations of debris-flow, stream-
flow, and sheetflood deposits are reported
from the Triassic Chinle Formation in New
Mexico (DelLuca and Eriksson, 1989) and the
Paleocene Esplagafreda Formation of northern
Spain (Dreyer, 1993), both of which devel-
oped under arid conditions.

Alluvia-fan deposits of the southern basin
margin are overlain by, and interfinger with,
rocks of lacustrine origin (facies association
3). The arrangement of these facies associa-
tions suggests that the southern basin margin
was dominated by a system of relatively low
gradient dluvia fans that extended into apla-
yalacustrine basin. Abundant evaporites and
desiccation features, including mud cracks, in-
dicate that the lake system was ephemeral and
supports the inferred semiarid paleoclimate.
Limestone similar to that present within the
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lacustrine facies association has been reported
from nearby basins of similar age (Fedo and
Miller, 1992). The oolitic limestone probably
developed near the lake margin and the mas-
sive limestone farther offshore (cf. Swiryd-
czuk et a., 1979). Formation of carbonate
from lake water requires an unusually high ra-
tio of dissolved bicarbonate to calcium and
magnesium in the groundwater (Hardie and
Eugster, 1970; Hardie et al., 1978). However,
as carbonate is formed, the process removes
bicarbonate from the system until the ratio is
too low for further carbonate precipitation.
Thereafter, calcium and/or magnesium sulfates
commonly form (Hardie and Eugster, 1970;
Hardie et al., 1978). This brine evolution
scheme suggests that the carbonate rocks are
likely to form near the margin of the lacustrine
deposit, and sediments nearer the center
should contain most of the sulfate evaporites.
This prediction is borne out by the observa-
tion that carbonate rather than gypsum is in-
terbedded with sandstone of the aluvia-fan
system (facies associations 2b, 2c). The source
of sulfate ions for gypsum precipitation is
problematical in an inland lake. Either these
were derived from weathering of sulfides, or
they indicate periodic marine incursions into
the lake.
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Thick sandstone beds intercalated within
the gypsiferous siltstone are interpreted as la-
custrine-margin deposits. The similarity of
these deposits to those of modern small flood
events (cf. Karcz, 1972) suggests either that
they are the result of low-volume floods, or
that they represent the most distal reaches of
major flood deposits in which flow energy had
decreased significantly, and flow was distrib-
uted over arelatively large area of the alluvial
fan. The strong component of northwestward
flow for these sandstone facies (Fig. 6D) can
be related either to local depositional gradients
produced by the formation of tilted basement
surfaces in the hanging walls of growth faults
in the Bullet Peak area (Fig. 3), or to radial
flow on the distal aluvid fan.

Thin sandstone beds intercalated with the
lacustrine units represent subagqueous, density
underflow deposits. In ephemeral saline lakes,
sdinity is generally very high, and formation
of density currents may be rather limited.
However, during periods of increased rainfal,
salinity would decrease, whereas |ake areaand
sediment supply to that lake would increase.
These factors, in concert, would favor the for-
mation of turbid density flows and the depo-
sition of turbidite units. The thin sandstone in
this facies association contains divisions that

Name Wall Section
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77”7675;;'g'p'c'b'

GTs's'g’p'c D

include the modified unit Ta of Lowe (1982),
overlain by Th and Tc and capped by the Te
mudstone of a traditional Bouma sequence.
Probable turbidites have also been identified
in association with lacustrine deposits in the
Whipple and Sacramento Mountains of Cali-
fornia (Fedo and Miller, 1992).

Basin Geometry

The depositional systems inferred for the
lower Diligencia Formation can be interpreted
within the general conceptual framework pro-
vided by Leeder and Gawthorpe (1987) and
used to reconstruct the original basin geome-
try. Leeder and Gawthorpe (1987) developed
a model of the patterns of sedimentation into
an internally drained, continental half-graben
basin, and this model has been successfully
applied to the reconstruction of such basinsin
the Transverse Ranges, the Basin and Range
province, and elsewhere (e.g., Hendrix and In-
gersoll, 1987; Hamblin and Rust, 1989; Fedo
and Miller, 1992; Karpeta, 1993; Cole and
Stanley, 1995). In an internally drained half-
graben basin, contemporaneous sedimentary
successions will be demonstrably different in
different parts of the basin. Facies against the
relatively steep relief of the listric fault es-
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TABLE 1. DESCRIPTIVE CHARACTERISTICS OF FACIES ASSOCIATIONS

Facies associations

Grain size

Depositional texture

Sedimentary structures

Paleocurrents Vertical successions

Northern basin margin
Boulder conglomerate (1a)
(Fig. 5A)

Conglomerate-sandstone
(2a) (Fig. 5A)

Southern basin margin
Breccia-conglomerate (1b)
(Fig. 5, B and D)

Conglomeratic sandstone
(2b) (Fig. 5, B, C, and
D)

Sandstone-siltstone (2c)
(Fig. 5C)

Sandstone (2d) (Fig. 5D)

Gypsiferous siltstone-clay-
stone (3) (Fig. 5, B, C,

Well-rounded clasts of
mainly granite. Clasts
average 50 cm in diame-
ter but range from 1 cm
to 15 m.

Pebble to cobble conglom-
erate and coarse- to
very coarse-grained
sandstone. Minor fine-
grained sandstone and
siltstone.

Angular and rounded, peb-
ble to cobble size clasts
of gneiss, granite, and
vein quartz. Very coarse
to coarse-grained sand-
stone. Mudstone with
floating pebbles.

Very coarse-grained to
pebbly sandstone, local
pebble conglomerate.
Rare mudstone and
carbonate

Very coarse- to medium-
grained sandstone and
siltstone. Rare pebbles.

Medium to fine-grained
sandstone. Rare coarse-
grained sandstone.

Dark red and gray-green
siltstone and/or clay-

Framework-supported with
matrix of coarse sand
(Fig. 7A).

Erosively based, tabular
and broad, lensoidal
channel-form deposition-
al units. Conglomerates
are lenticular (Fig. 7B).

Angular clasts float in a
matrix of sand and mud.
Local clast alignment.
Rounded clasts are
framework supported.

Pebbles localized in chan-
nels as stringers or lens-
es within sandstone.

Laterally persistent, erosi-
vely based tabular depo-
sitional units. Stringers
or scattered pebbles
and/or mudstone clasts
in coarse-grained
sandstone.

Elongate clasts are locally
imbricated.

Trough and tabular cross-
stratification and planar
lamination.

Matrix-supported breccia
beds are massive to
thickly bedded. Con-
glomerate defines lentic-
ular, channel-based
units. Sandstone is
crudely stratified.

Common trough cross-
stratification. Local tabu-
lar cross stratification
and planar lamination.

Very coarse-grained sand-
stone crudely stratified
to massive, rare cross-
stratification. Finer-
grained sandstone and
siltstone contain planar
lamination and cross-
lamination.

Imbrication indicates south- Crude discontinuous layer-
east flow. ing on scale of several
to tens of meters defined
by horizontally stratified
sandstone beds (Fig.
7A)

Weakly developed upward-
fining successions be-
tween 1 and 8 m thick.
Lower half of section
mainly sandstone, upper
half conglomerate and
sandstone.

Cross strata and current
lineations indicate flow
to southeast. (Fig. 6A)

None Breccia and conglomerate
are interbedded at meter
scale and are interlayer-
ed with mudstone and

sandstone.

Channels and cross-strata Weakly developed upward-
indicate general norther-  fining cycles 1-2 m
ly flow. (Fig. 6B) thick. Mudstone * car-
bonate (see below) cap
cycles.

Well-developed, fining-up-
ward sandstone succes-
sions between 1 and 3
m thick capped by ~50-
cm-thick siltstone and
carbonate (see below)
beds.

None

D, and E) stone with gypsum.
Coarse- to fine-grained

interbedded sandstone.

Massive and oolitic car- Oolites to 2 cm in diameter
bonate (associated with

2b, 2¢, 3)

Laterally persistent bed-
ding surfaces and depo-
sitional units.

Planar lamination predomi-
nates. Less common
trough cross-stratification
and ripple and climbing
ripple lamination. Local
wave ripples.

Bedding defined by sharp- Siltstone and/or claystone
based, thin (1-30 cm) are poorly laminated.
and less common, thick Thin sandstone beds are
(meter-scale) sandstone massive at base, less
interbeds. Gypsum oc- commonly trough cross-
curs as sheets of sele- stratified, and parallel-
nite parallel to or at a laminated and rippled in
high angle to bedding. upper half. Beds are
capped by mudstone.
Thick sandstone beds
mainly trough cross-
stratified with parallel
laminations and current
and wave ripples at top.
Beds capped by desic-
cated mudstone.

No discernible internal fab-
ric. Algal mat material
(?) on bedding planes.

Tabular orange-brown
beds 30-80 cm thick.
Orange-brown weather-
ing due to presence of
FeO.

Symmetrical ripples indi-

cate northeast-southwest

wave oscillation. (Fig.
6C)

Cross-strata show flow to
northwest. Symmetrical

Uncommon fining-upward
successions up to sever-
al meters thick with soft-
sediment deformation
structures at top capped
by wave ripples.

Sandstone beds are up-
ward fining.

ripples resulted from
northwest-southeast
wave oscillation. (Fig.
6D)

None None

carpment will be dominated by thick, high-
gradient aluvial-fan deposits of limited areal
extent (Leeder and Gawthorpe, 1987). In con-
trast, facies on the gently dipping surface of
the hinged hanging-wall block will be domi-
nated by thin, low-gradient alluvial fans
(cones). Each of these basin-margin sedimen-
tary systems interfingers in the basin interior
with lacustrine deposits.
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The asymmetric distribution of facies across
the axis of the basin suggests that, in its pre-
sent orientation, the early Diligencia basin can
be reconstructed as an asymmetric half-graben
basin that formed in response to north-
south—directed extension (Fig. 8), as origi-
nally suggested by Spittler and Arthur (1982).
High-gradient fans along the northern margin
are interpreted to have formed against the rel-

atively steep slope of afault escarpment. Low-
gradient alluvial fans along the southern mar-
gin are interpreted to have formed on the
gently dipping hanging-wall block of the half-
graben. The lacustrine deposits record the
presence of a playa lake complex in the basin
interior. This reconstruction assumes that: (1)
the basin opened at right angles to the basin
margins now marked by exposed depositional

Geological Society of America Bulletin, February 2001
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contacts between the Diligencia Formation
and crystalline basement rocks (Fig. 3), and
(2) that the original strike of these contacts
was not significantly altered during basin
inversion.

The only definitive evidence for normal dis-
placement across a fault striking parallel to the
length of the basin is a thick gouge zone near
the western end of the northern margin, which
separates granitic basement in the footwall
from breccia containing granitic clasts in the
hanging wall. The fault surface is nearly hor-
izontal; it has a gentle apparent dip toward the
basin. The association of normal faulting with
the northern margin strengthens the interpre-
tation from sedimentological evidence that the
basin-forming fault extended along the north-
ern margin and dipped toward the south. The
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texture and thickness of the sedimentary suc-
cession along the northern margin of the Di-
ligencia basin indicates that the fault escarp-
ment, against which the high-gradient alluvial
fans formed, had a steep dip relative to the
depositional surface on the southern margin.
The presence of low-angle normal faults along
this margin, in concert with the inference of a
high-angle fault escarpment (now eroded
away), supports the suggestion that the basin-
bounding fault system had a listric geometry.
However, the orientation of this inferred
south-dipping normal fault at depth (i.e., high-
angle versus low-angle normal faulting) is un-
known (Fig. 8).

The locus of maximum extension, and thus
greatest subsidence, in an asymmetric rift ba-
sin should be at the foot of the fault escarp-

ment. Thus, in the case of the Diligencia ba-
sin, the lacustrine depocenter is expected, in
plan view, to be closer to the northern than
the southern basin edge. Although mudstone
is fairly common on the northern margin,
characteristic lacustrine gypsiferous siltstone
is not present. Rather, lake-bed deposits are
most closely associated with the southern mar-
gin of the basin. Similar observations have
been reported in Paleozoic rift basins of Nova
Scotia by Hamblin and Rust (1989), who doc-
umented the widespread occurrence of lacus-
trine deposits in these fault-controlled basins
and identified multiple playa-lake depocenters
located well up on the hanging-wall ramps.
The displacement of the lacustrine depocen-
ter(s) up the hanging-wall ramp from the locus
of maximum subsidence is most satisfactorily
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explained by the behavior of the footwall-
sourced aluvia fans. Under conditions of sed-
iment supply exceeding subsidence, these
high-gradient fans are likely to have a high
rate of progradation, and accumulation rates
higher than those for the lacustrine system. As
these fans prograde across the basin, the active
playa is likely to be pushed up the hanging-
wall ramp.

ALTERNATIVE MODELS FOR
MIOCENE BASIN EVOLUTION
INVOLVING BASEMENT
EXHUMATION

As discussed herein, facies analysis indi-
cates that the Diligencia Formation was de-
posited in a half-graben basin with a steep,
possibly fault-controlled, south-facing north-
ern escarpment (Fig. 8) and a more gentle,
north-facing southern slope (Spittler and Ar-
thur, 1982). Both the facies analysis reported
here and the earlier work of Spittler and Ar-
thur (1982) indicate that deposition began
(unit 1) with coarse siliciclastic input from
both the north and south margins of the basin;
however, the northern source supplied the
coarser grained and greater quantity of sedi-
ment. Paleocurrent data for units 2 and 3, in-
cluding possible landslide deposits in unit 3
(Crowell, 1993b), also indicate a northern sed-
iment source.

In marked contrast to this facies-based in-
terpretation for evolution of the Diligencia ba-
sin, structural, metamorphic, and radiometric
cooling age data from the basement rocks to
the south of the basin have previously been
interpreted to indicate that the Diligencia ba-
sin developed in the hanging wall of a north-
east-dipping (present-day coordinates) system
of normal faults during crustal-scale Tertiary
age extension and basement exhumation
(Goodmacher et a., 1989; Robinson and
Frost, 1989, 1991, 1996). Here we review the
evidence for Tertiary basement exhumation
and associated basin formation in the Oroco-
pia Mountains, and compare these data with
similar studies that have been undertaken in
other basement massifs in southern California.
These massifs are exposed in an arcuate belt
that includes the Orocopia Mountains and ex-
tends southeastward through southeastern Cal-
ifornia from at least the San Gabriel Moun-
tains into Arizona (Fig. 2). East of the San
Andreas fault this series of basement culmi-
nations is referred to as the Chocolate Moun-
tains anticlinorium (Haxel and Dillon, 1978;
Haxel et al., 1985). Throughout thisreview we
use present-day geographic coordinates, but
note that some of these regions probably un-
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TABLE 2. INTERPRETATION OF FACIES ASSOCIATIONS

Facies
associations

Interpretation

Northern basin margin
Boulder conglomerate
(1a)

Conglomerate-sand-
stone (2a)

Southern basin margin

Breccia-conglomerate
(1b)

Conglomeratic sand-
stone (2b)

Sandstone-siltstone
(2c)

Conglomerate is similar to deposits on proximal reaches of modern gravelly braided
rivers such as the Scott outwash fan and Donjek River (cf. Boothroyd and Ashley,
1975; Miall, 1977). Conglomerate represents longitudinal bar deposits and minor
sandstone records bar-top deposition.

Facies are comparable to deposits of modern sandy braided rivers such as the
Donjek River and the middle to lower Scott outwash fan (Boothroyd and Ashley,
1975; Miall, 1977). Conglomerate represents channel-lag deposits whereas domi-
nant cross-bedded sandstone developed on mid-channel bars during bankfull
stage. Finer-grained facies record low-stage deposition or abandonment of the
flood plain.

Matrix-supported breccias beds and mudstone beds with floating pebbles represent
single-event, debris-flow, and mud-flow deposits, respectively. Thick bedding re-
flects stacked, single-event deposits. Conglomerate records bedload reworking by
stream flows (cf. Fisher, 1971; Lowe, 1979; Nemec and Steel, 1984). Intercalated
sandstone also reflects bedload reworking.

Pebble conglomerate and trough cross-beds developed in confined channels on an
ephemeral braidplain, whereas planar lamination formed in response to shallow,
unconfined flow (cf. Picard and High, 1973; Hardie et al., 1978; Tunbridge, 1981).
Mudstone records suspension deposition following abandonment of flood plain.
Vertical successions represent deposits of single, waning floods (cf. Nemec and
Steel, 1984). Weak development of cyclicity may be due to erosion of unconfined-
flow deposits.

Well-developed vertical successions record single, waning floods on an ephemeral
flood plain. Basal massive to crudely stratified intervals with erosional bases prob-

ably represent hyperconcentrated stream-flow deposits that evolved from debris
flows (cf. Nemec and Steel, 1984). Overlying stratified sandstone and siltstone
are waning, traction-current deposits.

Sandstone (2d)

Predominant planar lamination reflects unconfined, upper flow regime sheetfloods

(cf. Picard and High, 1973). Upward-fining successions represent single waning
flood deposits on an ephemeral flood plain (cf. McKee et al., 1967). Symmetrical
ripples are generated by waves during interflood periods.

Gypsiferous siltstone-
claystone (3)

Association of facies records deposition within and marginal to a playa lake. Silt-
stone-claystone represent suspension deposits whereas gypsum reflects hypersa-

line conditions favoring evaporite deposition. Assemblage of sedimentary struc-
tures in thick sandstone beds is comparable to deposits of low-discharge flash
floods (cf. Karcz, 1972). Vertical succession of grain size and sedimentary struc-
tures in thin beds resemble Bouma sequences produced by waning turbid under-
flows (cf. Hardie et al., 1978).

Massive and oolitic
carbonate (associat-
ed with 2b, 2c, 3)

Carbonate interpreted as lacustrine-margin deposits produced by inorganic precipi-
tation in low- and high-energy settings (cf. Swirdczuk et al., 1979). Iron content
probably related to secondary ankeritization.

derwent significant clockwise rotation about
vertical axesin late Miocene to Pliocene time.
Present-day compass directions given for pre-
rotation features may therefore not necessarily
indicate their origina orientation.

Orocopia Mountains

On the southern side of the basin, the Di-
ligencia Formation locally is in depositional
contact upon a basement uplift of quartzofeld-
spathic augen gneiss, amphibolite, syenite,
adamellite, gabbro, and anorthosite (Crowell
and Walker, 1962) of Proterozoic age (Silver,
1971). Here the unconformity is vertical to lo-
cally overturned, and laterally passes eastward
into a steeply dipping fault (Spittler and Ar-
thur, 1982; Crowell, 1993b). Along the south-
western margin of the basin, the contact be-
tween the Diligencia Formation sedimentary
rocks and the basement rocks is marked by
the Clemens Well fault (Fig. 3).

Underlying the Proterozoic igneous and

metamorphic rocks is the Orocopia Schist,
which consists of metamorphosed oceanic
sedimentary and basic volcanic rocks of Me-
sozoic, possibly Jurassic (e.g., Dillon, 1975;
Haxel, 1977, Haxel and Dillon, 1978; Crow-
ell, 1981; Haxel et a., 1987), or Cretaceous
(protolith) age (Jacobson et a., 2000). In the
Orocopia Mountains the mineral assemblage
of the Orocopia Schist belongs to the albite-
epidote amphibolite and lowermost amphibo-
lite facies (Jacobson and Dawson, 1995). |so-
topic dating of Orocopia Schist exposed in the
adjacent Chocolate Mountains (Fig. 2) indi-
cates that this metamorphism occurred in Late
Cretaceous time (Haxel and Tosdal, 1986; Ja-
cobson, 1990). Most of the schist exhibits
crystalloblastic textures, but overprinting my-
lonitic textures occur within a few meters to
tens of meters of the contact with the overly-
ing plate of Proterozoic rocks (Jacobson and
Dawson, 1995; Robinson and Frost, 1996),
and formed during retrograde greenschist fa-
cies metamorphism under decreasing pressure
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(Fig. 3).

(Jacobson et al., 1987; Jacobson and Dawson,
1995). Stretching lineations in the mylonite
generaly plunge to the east or northeast,
oblique to the north-northeast dip of the my-
lonitic foliation (Jacobson and Dawson, 1995,
their Figs. 11 and 12; Robinson and Frost,
1996). Microstructural shear-sense indicators
consistently indicate a hanging-wall down-to-
the-east to northeast sense of shear (Jacobson
et al., 1987; Jacobson and Dawson, 1995;
Robinson and Frost, 1996). Mylonitic textures
have not been observed in the upper plate
rocks, athough faults, fractures, and hydro-
thermal alteration are widespread (Goodmach-
er et a., 1989; Robinson and Frost, 1989,
1991; Jacobson et al., 1996; Robinson and
Frost, 1996).

The gently to moderately (20°—30°; Robinson
and Frost, 1996) northeast-dipping contact be-
tween the Orocopia Schist and the upper plate
Proterozoic rocks (Fig. 3) was initidly inter-
preted as a thrust fault and referred to as the
Orocopiathrust by Crowell (1962), Ehlig (1968,
1981), Crowell (1974b), and Haxel and Dillon
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Figure 7. Facies associations on northern margin of Diligencia
basin. (A) Facies association 1b; boulder conglomerate with im-
bricated elongate clasts indicating flow toward the right (south);
cliff exposure is ~6 m high. Thin discontinuous sandstone bed is
located near upper right corner of photograph. Conglomerate
and sandstone represent longitudinal bar and bar-top deposits,
respectively. (B) Facies association 2d; erosionally based con-
glomerate is overlain by planar-stratified sandstone, representing
deposits of a gravelly, braided-fluvial system. Divisions on scale
bar are 10 cm. Both outcrops are from the Red Canyon section

(1978), dthough evidence for reactivation was
noticed in even the earliest studies (Crowell,
1962). Robinson and Frost (1989), while ac-
cepting that late Mesozoic motion on this fault
contact was in a thrust sense, suggested that the
fault was reactivated as a crustal-scale normal
fault during Tertiary regiona extenson. The
hanging-wall down-to-the-east sense of motion
was inferred to have led to exhumation of the
underlying Orocopia Schist as a metamorphic
core complex in the footwall to the fault system,
and development of the Diligencia basin in the
hanging wall. This interpretation was expanded
upon by Robinson and Frost (1991) and Good-
macher et a. (1991) who emphasized the pres-
ence of arelated anastomosing network of brittle
normal faults in the upper plate Proterozoic
rocks. Goodmacher et d. (1989) proposed that
the Clemens Well fault, which separates the up-
per plate Proterozoic rocks from the Diligencia
Formation to the east (Fig. 3), may aso belong
to this suite of norma faults, which they refer
to as the Orocopia Mountains detachment sys-
tem. Recent detailed remapping of the basement

rocks to the south of the Diligencia basin by
Robinson and Frost (1996, their Fig. 2) indicates
that the fault contact between the Orocopia
Schist and the overlying plate of Proterozoic
rocks (which they refer to as the Orocopia
Mountains detachment fault) traced to the south-
eadt is crosscut at a shallow angle by a brittle,
more steeply dipping and more northward-strik-
ing system of normal faults referred to as the
Diligencia detachment fault (Fig. 3).

A critically important step in establishing a
causal relationship between movement on
these basement normal faults and formation of
the overlying Diligencia basin is to demon-
strate that movement on the faults is synchro-
nous with basin development. Isotopic age
data for the Orocopia Mountains are very lim-
ited. Jacobson (1990) analyzed three samples
from the Orocopia basement rocks: horn-
blende from nonmylonitic upper plate gneiss
100 m above the Orocopia Schist, muscovite
from the zone of mylonitic schist, and mus-
covite from nonmylonitic schist ~300 m be-
neath the upper plate. The ©Ar/®Ar release
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spectra from the three samples yielded iso-
chron ages of 74.6 = 0.3 Ma, 52.1 = 0.4 Ma,
and 40.6 = 0.9 Ma respectively; only the
hornblende yielded a relatively simple spec-
trum. Jacobson (1990) considered that the age
discordance between the upper plate (older
age) and lower plate (younger ages) is consis-
tent with the kinematic evidence that the Or-
ocopia thrust was actually alow-angle normal
fault (at least in early-middle Eocene time)
that excised the original thrust and juxtaposed
Orocopia Schist against structurally high up-
per plate rocks that were cool and therefore
old in terms of “Ar/**Ar age. The age differ-
ence between the mylonitic (52 Ma) and non-
mylonitic (41 Ma) schist was taken to indicate
the possible presence of an additional normal
fault between these two units. The 52 Ma
muscovite age (middle Eocene) for the late
mylonite a the top of the Orocopia Schist
clearly implies (Jacobson, 1990) that normal-
sense motion under greenschist facies condi-
tions on the Orocopia Mountains detachment
fault must predate detachment faulting (dated
as post-22 Ma; Sherrod and Tosdal, 1991) in
the Basin and Range province to the east.

Determining both the age and sense of mo-
tion on the younger brittle normal faults that
cut the Orocopia Mountains detachment fault,
but are confined to the basement rocks, re-
mains problematic. Robinson and Frost (1996,
p. 280) stated that microbreccia that truncates
the Orocopia Mountains detachment fault has
been dated as 25 Ma and that brittle fault
gouge formed until 14 Ma. However, because
no details are given of sample location, nature
of faults sampled, minerals used, or dating
techniques employed, we are unable to eval-
uate these data. An absolute minimum age for
motion on the Orocopia Mountains detach-
ment fault may be provided in the Chocolate
Mountains to the southeast (Fig. 2), where a
fault contact at the top of the Orocopia Schist,
which may represent the along-strike equiva-
lent of the Orocopia Mountains detachment
fault, is cut by early Miocene hypabyssal in-
trusive rocks (Dillon, 1975).

Although clasts of upper plate Proterozoic
rocks are commonly found in the Diligencia
Formation, no clasts of Orocopia Schist have
been recorded, indicating that at least adjacent
to the developing Diligencia basin, the Oro-
copia Schist had not been unroofed by late
Oligocene to early Miocene time (Crowell,
1975; Spittler and Arthur, 1982). Jacobson et
a. (1996) proposed that the Orocopia Schist
was brought from metamorphic depths to shal-
lower crustal levels during Late Cretaceous to
early Tertiary time; middle Tertiary extension
on brittle faults was responsible for bringing
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fault escarpment

Low-gradient alluvial fans, fine-

LIL

High-gradient alluvial fans, coarse-
grained sediments derived from footwall

Lacustrine deposits, playa lake complex

grained sediments derived from hangingwall

Figure 8. Block diagram illustrating proposed paleogeographic reconstruction of the early
Diligencia basin, in present-day geographic coordinates. Series of south-dipping fault
blocks, overlain by younger strata, and developing progressively northward during basin
evolution, are included to explain observed contact between Diligencia Formation and
underlying rocks on northern basin margin (Figs. 3 and 4). Alternative inter pretations of
south-dipping basin-controlling listric extensional fault at depth (A—high-angle normal
fault, B—low-angle detachment fault) are schematic. Not to scale.

them to just below ground surface. A similar
model was proposed by Robinson and Frost
(1996) and linked with formation of the Dil-
igencia basin in the hanging wall to the north-
east-dipping fault system. However, both the
absolute timing and magnitudes of dip-slip
displacement on the late brittle faults remains
unclear. Although many late brittle faults dis-
rupt the contact between the Diligencia For-
mation and the basement crystalline rocks on
the southern margin of the basin, the basal
Miocene strata can till locally be found in
depositional contact with the basement rocks
(Fig. 3), demonstrating that the contacts are
not major norma faults. Similar northeast-
ward-dipping depositional contacts exposed in

the Chocolate Mountains between Tertiary
strata and crystalline basement were cited by
Sherrod and Tosdal (1991) and Richard (1993)
as evidence against sedimentation being con-
trolled by large-magnitude displacement on
northeastward-dipping normal faults.

Chocolate Mountains Anticlinorium

Outcrops of the Orocopia Schist define a
curving zone of regional-scale basement uplift
referred to as the Chocolate Mountains anti-
clinorium (e.g., Haxel and Dillon, 1978, 1985;
Richard, 1993), which extends southeastward
from the Mecca Hills and Orocopia M ountains
through the Chocolate Mountains, Gavilan

Geological Society of America Bulletin, February 2001



FORMATION, EVOLUTION, AND INVERSION OF THE MIDDLE TERTIARY DILIGENCIA BASIN

200° 4

180° o

160°—

140°—

120°—4

100°—

80°

Rotation of paleomagnetic declination

60° T T T T T T T T T T |
0 1 2 3 4 5
Perpendicular distance from Clemens Well fault (km)

Figure 9. Diagram showing rotation of paleomagnetic declinations measured from basalt
of the Diligencia Formation, plotted with respect to distance from the Clemens Well fault
zone (after Terres, 1984). Rotation of declinations increases with proximity to the fault
zone. A and B are linear and nonlinear regressions through the data, respectively.

deformed strata

- basement

SSW

A‘ . . . .
- direction of hanging-wall motion

Figure 10. Nonconformity between Diligencia Formation and crystalline basement exposed
in canyon on the southern margin of basin near Clemens Well Saddle section (Fig. 3). (A)
Three-dimensional field sketch (viewed toward the west) and (B) cross section through
segment of basement contact (nonconformity), which has been activated as a rever sefault.
Arrow in A is on basement-cover contact; in fresh outcrop thisis marked by a 5-20-cm-
thick zone of fault gouge; the cover rocks in hanging wall of contact have been moved
upward relative to basement, as indicated by large arrow.

Hills, and Trigo Mountains into Arizona (Fig.
2). To the northwest (Fig. 2), the Orocopia

The Rand, Pelona, and Orocopia Schists
consist of oceanic rocks that underlie North

Schist has been correlated with the Pelona
Schist and the Rand Schist (e.g., Ehlig, 1958,
1968, 1981; Crowell, 1962, 1968, 1981; Haxel
and Dillon, 1978; Burchfiel and Davis, 1981;
Jacobson et a., 1988). Outcrops of the Pelona
and Rand schists (Fig. 2) may represent the
northwestward continuation of the Chocolate
Mountains anticlinorium, now offset by the
San Andress fault system.
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American continental basement along the
Rand, Vincent, Orocopia, and Chocolate
Mountains faults (Ehlig, 1958, 1981; Haxel
and Dillon, 1978; Jacobson et a., 1996,
1998). The schists were subjected to high-
pressure metamorphism in Late Creta-
ceous—early Tertiary time, and are considered
by many to be correlatives of the Franciscan
complex emplaced beneath North America

during east-dipping subduction (e.g., Crowell,
1968, 1981; Burchfiel and Davis, 1981; Ja-
cobson and Dawson, 1995; Jacobson et al.,
1996). This interpretation conflicts, however,
with local evidence for northeast transport of
the overlying upper plate crystalline rocks in
the Rand Mountains (Postlethwaite and Jacob-
son, 1987), San Gabriel Mountains (Ehlig,
1958, 1981), Orocopia Mountains (Jacobson
et a., 1987; Jacobson and Dawson, 1995;
Robinson and Frost, 1996), Chocolate Moun-
tains (Haxel and Dillon, 1978; Ehlig, 1981;
Tosdal et a., 1986; Dillon et a., 1990), and
Gavilan Hills (Simpson, 1986, 1990; Oyarza-
bal et al., 1997).

In order to resolve this dilemma, most
workers now consider that northeast move-
ment of the upper plate rocks occurred during
later extensional reactivation of an earlier
thrust system, referred to as the Vin-
cent—Chocolate Mountains thrust system by
Haxel and Dillon (1978), that may have been
related to subduction (see also Burchfiel and
Davis, 1981; Crowell, 1981; Frost et al., 1981;
Frost and Martin, 1983; Hamilton, 1987; Ri-
chard and Haxel, 1991, Jacobson et al., 1996).
However, the age of extensional movement on
the system of faults that separates the Rand,
Pelona, and Orocopia Schists from the upper
plate Precambrian and Mesozoic crystalline
rocks remains uncertain (see review by Jacob-
son et a., 1996). Frost et a. (1981), Frost and
Martin (1983), Hamilton (1987), and Bishop
and Ehlig (1990) proposed that extensional re-
activation on the Vincent—Chocolate Moun-
tain thrust occurred largely during middle Ter-
tiary time. This is consistent with both the
widespread occurrence of middle Tertiary ex-
tension recognized in southern California, and
the first appearance of the Pelona and Oro-
copia Schists as sedimentary clastsin early to
middle Miocene successions in the southern
San Joaguin basin (Goodman and Malin,
1992), Soledad basin (Ehlert, 1982; Hendrix,
1993), and Chocolate Mountains (Dillon,
1975; Hughes, 1993). As discussed here, how-
ever, clasts of Orocopia Schist have not been
recorded in the Diligencia basin. Sherrod and
Tosdal (1991) inferred that the Chocolate
Mountains thrust remained unbreached by
erosion and faulting until middle Miocene
time, because lower and middle Tertiary units
are nowhere observed in depositional contact
with the Orocopia Schist, despite its wide-
spread distribution in areas containing thick
sections of lower and middle Tertiary strata.

Large-scale Tertiary age extensional reacti-
vation of the Vincent—Chocolate Mountain
thrust system is not generally supported by
isotopic dating of metamorphic rocks located
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Figure 12. Circular histogram plots of fold-hinge trends from the
western and eastern parts of the Diligencia basin. The direction of
maximum horizontal contraction direction (represented by arrows)
isinferred to be oriented perpendicular to the vector mean of the
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Figure 11. Structural analysis of the major syncline-anticline fold
pair in Diligencia Formation strata adjacent to southern basin
margin; poles to bedding are plotted on equal-area nets using the
computer program Stereonet (Manktelow, 1989). Best-fit fold pro-
file plane and fold axis are indicated in each contoured diagram.

close to the fault system. The “©Ar/*Ar cool-
ing ages of phengite and amphibole from
schist in the Rand, San Gabriel, and Chocolate
Mountains, as well as the Orocopia Moun-
tains, are rarely younger than 50 Ma (Jacob-
son, 1990), indicating that cooling occurred
soon after presumed prograde metamorphism
and long before middle Tertiary extension in
southern California (Jacobson et a., 1996). To
date, the only documented isotopic evidence
for possible Tertiary age motion on the Vin-
cent-Chocolate Mountain fault system that we
are aware of to the southeast of the Diligencia
basin is in the Gavillan Hills (Fig. 2) where
Oyarzabal et a. (1997) obtained apatite fission
track ages of 18-19 from two samples of Or-
ocopia Schist and one sample of upper plate
rock. To the northwest of the Diligencia basin
in the western San Gabriel Mountains (Fig. 2)
Cummings et a. (1982) obtained apatite fis-
sion track ages of 17.5 = 2.1 Ma, indicating
uplift and cooling of basement rocks 6 to 9
million years after initiation of the Soledad
basin at approximately 25 = 1 Ma (Frizzell

210

and Weigand, 1993; Hendrix, 1993). In con-
trast, recently published apatite fission track
and (U-Th)/He analyes by Blythe et al. (2000)
from the western San Gabriel Mountains in-
dicate that a significant period of cooling be-
gan at approximately 23 Ma and continued
until approximately 12 Ma. Regardless of the
exact age for onset of uplift/cooling, however,
Jacobson et a. (1996) have pointed out that
all confirmed middle Tertiary extensional
faults in the vicinity of the Chocolate Moun-
tains anticlinorium are shallow, brittle features
with maximum offsets of a few kilometers
rather than tens of kilometers (cf. interpreta-
tion of seismic data by Morris, 1993). In ad-
dition, although numerous brittle faults disrupt
the contact, basal Tertiary strata can be found
in depositional contact with the underlying
pre-Tertiary upper plate rocks in many places
(including the Orocopia Mountains), demon-
strating that the faults between these rocks are
not major normal faults (Sherrod and Tosdal,
1991; Richards, 1993).

hinge trends. See text for discussion.

BLOCK ROTATION AND
COMPARISON WITH OTHER
MIOCENE AGE BASINS

Regional Framework

Paleomagnetic data indicate that the eastern
Transverse Ranges have undergone ~41° = 7°
of clockwise rotation about a vertical axis
since late Miocene time (Carter et a., 1987);
this inferred clockwise rotation may be sup-
ported by a change in strike of the Jurassic
age Independence Dike swarm across the re-
gion (cf. Ron and Nur, 1996, 1997, Howard
and Hopson, 1997). In contrast, paleomagnetic
data from the western Transverse Ranges in-
dicate that ~90° of clockwise rotation has oc-
curred since early Miocene time (Hornafius et
a., 1986, and references therein). Carter et al.
(1987) suggested that crustal rotation of the
eastern Transverse Ranges began later and is
of lesser magnitude than that of the western
Transverse Ranges. Tectonic models proposed
to explain these inferred clockwise rotations
differ in detail (e.g., Luyendyk, 1980, 1991;
Carter et al., 1987; Nur et al., 1993; Richard,
1993; Humphreys and Weldon, 1994; Dick-
inson, 1996), but al are based on the general
concept that rotation of elongate crustal blocks
has occurred in response to a northwest-strik-
ing dextral shear couple resulting from Pacif-
ic—North American plate interaction. Also
central to all the models is the concept that
brittle crustal blocks must be detached at
depth (Cox, 1980; Jackson and Molnar, 1990),
and alowed to trandlate and rotate clockwise
about a near vertical axis above this detach-
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ment surface in response to distributed dextral
and sinistral shear on the currently northwest-
and east-striking strike-dlip faults, respectively
(Figs. 1 and 2), that bound the individual
crustal blocks.

The currently east-west—trending crustal
block containing the Diligencia basin is
bounded to the north and south, respectively,
by the Chiriaco and Salton Wash faults, to the
east by the Sheep Hole fault, and to the west
by the San Andreas and Clemens Well faults
(Fig. 2). In chronological order, the degree of
clockwise rotation predicted by the various
tectonic models for this crustal block is: 70°—
80° (Luyendyk et al., 1980), 60° (Carter et d.,
1987, their Fig. 7), 41° (Luyendyk, 1991), 55°
(Nur et al., 1993, their Fig. 3), and 45° (Ri-
chard, 1993, his Fig. 8). Dickinson (1996) as-
sumed an average clockwise rotation of 44° +
7° for currently east-west—trending crustal
blocks in his modeling of the eastern Trans-
verse Ranges.

Although an episode of early Miocene
clockwise rotation has been identified east of
the San Andreas fault in the Tehachapi block
and northern Mojave Desert (Ross et a.,
1989; Wells and Hillhouse, 1989; Luyendyk,
1991; Dokka et a., 1998), Richard (1993) re-
garded rotation of the eastern Transverse
Ranges as being bracketed between 10 + 2
Maand 4.5 = 0.2 Ma. Basats as young as 10
+ 2 Main the eastern Transverse Ranges re-
cord the full paleomagnetic declination ob-
served (Carter et al., 1987). In contrast, basalt
lava flows south of the eastern termination of
the east-west—striking Blue Cut fault, which
have been dated as 4.5 = 0.2 Ma, appear to
overlap the trace of the north-north-
west—striking Sheep Hole fault (locations
shown in Fig. 2), and paleomagnetic data in-
dicate that they have either not been rotated
(Richard, 1993) or that opposing shear senses
on the two faults resulted in no net rotation at
this locality (Carter et a., 1987). The precise
timing of the onset and cessation of strike-slip
faulting and associated block rotation remains
uncertain. For example, dextral displacement
adong the intraMojave faults are definitely
post 13.5 Ma, but may have begun as late as
6 Ma (Dokka and Travis, 1990&). Luyendyk
(1991) suggested that block rotation of the
eastern Transverse Ranges may have begun
ca. 6.5 Ma and is continuing to the present

day.

Paleomagnetic Data for the Diligencia
Basin: Implications for Original Basin
Configuration and Correlation with
Regional Extension

Paleomagnetic declinations preserved in ba-
sdt of the Diligencia Formation indicate an
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apparent clockwise rotation of as much as
175° (Terres et al., 1980; Terres, 1984; Luyen-
dyk et al., 1985; Carter et a., 1987). However,
much of this anomalously large apparent ro-
tation is probably local because Cretaceous
dikes and lava flows of late Miocene and Pli-
ocene age located in the Eagle and Pinto
Mountains, 30 km north of the Diligencia ba-
sin, al indicate regional clockwise rotation of
~40° since late Miocene time (Terres, 1984;
Luyendyk et al. 1985; Carter et al., 1987).
Paleomagnetic declinations preserved in the
Diligencia basin vary systematically with dis-
tance from the Clemens Well fault (Fig. 9).
Declinations near the center of the basin in-
dicate that the crustal block containing the
Diligencia basin may have been rotated by no
more than 110° about a vertical axis since de-
position ceased. Declinations closer to the
fault zone are increasingly rotated in a clock-
wise direction with respect to those data far-
ther from the fault (Terres, 1984). The differ-
ence between the declinations closest to the
Clemens Well fault and those farthest from the
fault is 80°-115°. If the declinations are con-
sidered as passive linear markers, and the dif-
ference in orientation is assumed to be due to
rotation into a dextra strike-slip fault zone,
then shearing must be responsible for as much
as 100° of clockwise rotation. Whereas both
the fold hinge and fault strike data (discussed
in the following) also exhibit apparent clock-
wise rotation into the fault zone (Fig. 3), the
amount of rotation is more than five times
greater in the paleomagnetic data. This appar-
ent paradox may be explained by a large
amount of the rotation taking place before ini-
tiation of folding and faulting (Terres, 1984).
Paleomagnetic studies of basalt in the Dil-
igencia Formation indicate that although the
Diligencia basin is currently an east-west
elongate trough (Fig. 3), the present-day ori-
entation may not accurately reflect the orien-
tation during basin formation. If the crusta
block containing the Diligencia basin has ro-
tated clockwise ~90°, then rotating the block
back 90° counterclockwise indicates that the
basin may have formed in response to east-
west—oriented extension (Terres, 1984), as a
north-south elongate trough above an east-dip-
ping normal fault. An ~45° clockwise rota-
tion, as assumed in most of the tectonic mod-
els for the eastern Transverse Ranges, would
suggest that the basin was originally oriented
northeast-southwest and formed in response to
southeast-northwest extension above a south-
east-dipping fault. Neither of these inferred
extension directions for the Diligenciabasinis
paralel to the early Miocene northeast-south-
west (N50°-60°E) extension direction for the

adjacent sector of the Basin and Range prov-
ince (Glazner and Bartley, 1984; Wust, 1986;
Best, 1988; Dokka and Ross, 1995), casting
doubt on whether the Diligencia basin formed
in response to Basin and Range extension.

This reconstruction assumes, however, that
the basin opened at right angles to the appar-
ent basin margins now marked by exposed de-
positional contacts between the Diligencia
Formation and crystaline basement rocks
(Fig. 3), and that the origina strike of these
contacts was not significantly altered during
folding and faulting associated with basin in-
version. As described here, paleocurrent data,
particularly from cross-beds on the northern
basin margin, indicate flow toward the south-
east to south-southeast (Fig. 6A; Table 1),
oblique to the mapped basin margin (Fig. 3).
A 90° counterclockwise restoration would in-
dicate an original current direction toward the
northeast and east-northeast, i.e., subparallel
to the extension direction for the adjacent sec-
tor of the Basin and Range province. Note that
the initial stages of formation of the Diligen-
ciabasin, in either latest Oligocene or earliest
Miocene time, ca. 24 Ma, dlightly predate ini-
tiation of maor low-angle extension defor-
mation at 22-21 Ma recognized in adjacent
parts of the Basin and Range to the east (Sher-
rod and Tosdal, 1991; Stewart, 1998), and ex-
tension directions may have been different at
this time.

Robinson and Frost (1996) suggested that
currently eastward-plunging slickensides on
brittle normal faults that crosscut the mylonite
of the Orocopia Mountains detachment fault
(Fig. 3) are associated with formation of the
adjacent Diligencia basin and, assuming an
~45° clockwise rotation, may have originally
formed in response to northeast-directed Basin
and Range extension. However, apart from
postdating the early-middle Eocene age my-
lonite (Jacobson, 1990), the age of these brit-
tle faults, and therefore their relationship to
formation of the Diligencia basin, remains
uncertain.

Correlation of the Diligencia basin with ex-
tensond structures west of the San Andreas
fault in southern Cdifornia is complicated by
post-Miocene dtrike-dip displacement on the
San Andress fault and earlier faults, controversy
over the age of the extensiona structures, and
by the possibility of differentia rotation between
adjacent crustal blocks. In areview of these ex-
tensiond structures, Axen and Fletcher (1998)
argued that the dominant phase of detachment
faulting was latest Miocene—Pleistocene in age
and entirely, or dmost entirely, postdated Basin
and Range—style detachment faulting in the
lower Colorado River region to the east.
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Comparison with Miocene Basins West of
San Andreas Fault

Based on physical and temporal similarity,
the Diligencia basin is considered by some
(e.g., Crowell, 1960, 1962; Crowell and Walk-
er, 1962; Bohannon, 1975; Powell, 1981,
1993; Tennyson, 1989; Crowell, 1993a; Friz-
zell and Weigand, 1993) to have been origi-
nally contiguous with the Soledad and/or
Plush Ranch basins now located to the north-
west of the Diligencia basin on the western
side of the San Andreas fault (Figs. 1 and 2).
Offset of one basin from another is thought to
have occurred by regional-scale dextral strike-
dlip displacement on the San Andreas and San
Gabriel faults, and precursor faults such asthe
Clemens Well—Fenner—San Francisquito
fault (e.g., Powell, 1981; Powell and Weldon,
1992; Dillon and Ehlig, 1993; Matti and Mor-
ton, 1993; Powell, 1993; Weldon et a., 1993).
A detailed discussion of the various models
proposed for late Cenozoic strike-dlip faulting
in southern California and their implications
for palinspastic restoration is beyond the
scope of this paper. Here we simply discuss
two of the more commonly cited palinspastic
restorations and their relationships to our in-
terpretation of the original geometry of the Di-
ligencia basin.

Bohannon (1975) suggested that before
~60 km of dextral dlip along the San Gabriel
fault, and ~240 km of dextral dlip on the San
Andreas fault, the Plush Ranch, Soledad, and
Diligencia basins were originaly aligned in a
west-east belt, the Soledad basin being located
between the Diligencia basin (to the east) and
the Plush Ranch basin (to the west). This pal-
inspastic restoration was followed by Tenny-
son (1989), who further suggested that the
Cuyama basin (Fig. 1) may originally have
been positioned at the western end of this east-
west alignment of early Miocene basins. Pow-
ell (1981) proposed an aternative reconstruc-
tion in which early dextral strike-slip motion
(~80 km) occurred on a precursor fault (now
marked by the Clemens Well, Fenner, and San
Francisquito faults; Fig. 2), which was then
crosscut, and the individual segments dis-
placed, by the evolving San Andreas fault sys-
tem. In Powell’s model ~240 km of dip is
assigned to the combined San Andreas and
San Gabrid faults (Matti and Morton, 1993),
and the Diligencia basin is restored to a po-
sition adjacent to and directly east of the Plush
Ranch basin, the Soledad basin originally oc-
cupying a position to the southeast of the
Plush Ranch—Diligencia composite basin. A
more detailed review of the palinspastic res-
torations proposed by Bohannon (1975) and
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Powell (1981), which in their original form
did not take into account the block rotations
indicated by paleomagnetic data, was given by
Frizzell and Weigand (1993).

Origina contiguity between the Diligencia
basin and either the Soledad or Plush Ranch
basinsis not supported by paleomagnetic data.
Data for the Diligencia Formation from both
lava flows and interbedded strata indicate a
clear inclination anomaly (low inclination),
whereas results from the Soledad and Plush
Ranch basins do not (Luyendyk et a., 1985,
p. 12461). Original contiguity among the ba-
sins also seems unlikely based on integration
of the facies analysis and declination data. As
discussed here, our facies and paleocurrent
analyses have demonstrated that, in present-
day coordinates, the Diligencia basin was
characterized by a steep northern margin
flanking a fault escarpment, and a gentle,
hinged southern margin (Fig. 8). In contrast to
the Diligencia basin, the Plush Ranch basin
had a steep southern margin with the northern
margin developed on the hanging wall block
of alistric fault (Cole and Stanley, 1995). Op-
posing polarities are common in rift systems,
e.g., asin the East African Rift where adjacent
half-grabens of opposite polarity are separated
by accommodation zones (Rosendahl, 1987).
However, paleomagnetic declination datafrom
the Diligencia and Plush Ranch basins (Terres,
1984; Luyendyk et a., 1985) indicate that
whereas the Diligencia basin may have been
rotated clockwise by ~90° since late Miocene
time (or 40°-45° as assumed in tectonic mod-
els of Luyendyk, 1991; Richard, 1993; and
Dickinson, 1996), the Plush Ranch basin has
undergone only 6° of counterclockwise rota-
tion. Thus, following palinspastic restoration,
the long axes of the Diligencia and Plush
Ranch basins would have been at a high angle
with respect to each other, the Diligenciabasin
opening to the east or southeast and the Plush
Ranch basin opening to the north.

The Soledad basin, like the Plush Ranch ba-
sin, is aso considered to have had a steep
southern margin in present-day coordinates
(Hendrix and Ingersoll, 1987; Hendrix 1993),
but paleomagnetic data indicate that the So-
ledad basin has undergone ~37° of clockwise
rotation (Terres and Luyendyk, 1985). Follow-
ing palinspastic restoration, the Soledad basin
would have opened to the northwest, in con-
trast to the Diligencia basin, which opened to
the east or southeast. Thus, it is difficult to
reconcile the inferred tensional stress field re-
sponsible for formation of the Diligenciabasin
with those that produced the Plush Ranch and
Soledad basins. Similarly, it is difficult to rec-
oncile the inferred opening directions of these

Miocene basins (Diligencia basin—east or
southeast, although paleocurrent data dis-
cussed here suggest opening to the northeast;
Soledad basin—northwest; Plush Ranch ba-
sin—north) with the contemporaneous north-
east-southwest (N50°—60°E) extension direc-
tion for the adjacent sector of the Basin and
Range province.

Clearly a steep southern or southwestern
margin to the Diligencia basin (as suggested
by Robinson and Frost, 1989, 1991, 1996)
would be easier to reconcile with an original
connection between the Diligencia basin and
either the Plush Ranch or Soledad basins, but
this seems to be ruled out by our facies anal-
yses. In addition, palinspastic restoration
models that include major dextral strike slip
on the Clemens Well —Fenner—San Francis-
quito fault (e.g., Powell, 1981, 1993; Powell
and Weldon, 1992; Matti and Morton, 1993)
indicate that evolution of the Diligenciabasin
may be unrelated to extensional movement
on the currently adjacent northeast-dipping
Orocopia Mountains detachment fault and
Diligencia detachment fault (Fig. 3), as pro-
posed by Robinson and Frost (1996), because
the Orocopia Mountains would have been |o-
cated ~60-115 km to the southeast of the
Diligencia basin at 16-20 Ma (see palinspas-
tic restorations by Matti and Morton, 1993,
p. 137-139).

BLOCK ROTATION AND BASIN
INVERSION STRUCTURES

Inversion tectonics involves a switch in tec-
tonic mode from extension to contraction (or
vice versa), such that extensional basins are
contracted and become regions of positive
structural relief (McClay, 1995; see also pa-
pers in Cooper and Williams, 1989; Buchanan
and Buchanan, 1995). The sedimentary rocks
of the Diligencia Formation were deposited
during Basin and Range extension, and sub-
sequently deformed during north-south con-
traction into a series of upright kilometer-scale
east-west— to northwest-southeast—trending
folds, crosscut by northwest- and northeast-
striking faults (Figs. 3 and 4). Hinge lines of
the folds are offset by the largest of the north-
east-striking faults by as much as 1 km with
a dominantly sinistral shear sense (Crowell,
1975), and the lateral offset of steeply dipping
hinge surfaces (cf. Figs. 3 and 4) indicate a
dominant strike-slip motion.

The southern sediment-basement contact
has been activated under contraction as a re-
verse fault along several segments of its
length. In addition, a system of reverse faults
parallel to the southern margin is inferred
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from bedding orientations, which appear to
represent thrust culmination cut-off angles.
Along segments of the sediment-basement
contact that have been activated under con-
traction, the sedimentary strata have detached
at the contact with basement, and reverse sep-
aration has occurred between the rocks on
each side of the active contact. Activated seg-
ments of the southern contact are generally
only severa tens of meters long and are a-
ways defined by a layer of fault gouge con-
cordant to the basement surface. One structur-
ally activated segment of the contact is
significantly longer than any other and is de-
fined not only by a thick gouge zone, but aso
by anticlinal folding of the strata above the
contact (Fig. 10).

Clemens Well, Chiriaco, and Salton Creek
Fault Zones

The northwest-southeast—striking Clemens
WEell fault cuts across the folded sedimentary
rocks of the Diligencia basin, juxtaposing the
Miocene sedimentary rocks against crystalline
basement (Fig. 3). The fault can be traced for
more than 20 km along strike (Crowell and
Walker, 1962; Jennings, 1967), and although
nowhere exposed in cross section, the locally
straight map pattern suggests that it has an
approximately vertical dip. Topographically,
the fault is defined by alinear canyon 50-150
m wide. The fault zone is generally covered
by recent gravel in the canyon floor, but where
it is more readily observable, the zone appears
to be fairly discrete, no more than 25 m wide.
Slivers of basalt associated with the Diligencia
Formation have been caught up in the fault
zone and indicate a minimum dextral displace-
ment of 900 m across the Clemens Well fault
(Crowell, 1975; Spittler and Arthur, 1982).

The direction, sense, and magnitude of mo-
tion along the Clemens Well fault are contro-
versial (seereview by Richard, 1993). Crowell
(2962, p. 28) originally suggested that the
fault constituted part of the San Andreas fault
system with “relatively small” dextral dis-
placement, but in a later paper concluded that
displacement on the fault was perhaps as
much as *‘severa tens of kilometers” (Crow-
el, 1975, p. 108). Powell (1981) suggested
that the Clemens Well fault may represent one
section of a fundamental regional scale dextral
strike-slip fault system (now marked by the
Clemens Well, Fenner, and San Francisquito
faults, Fig. 2) that was contemporaneous with
early motion on the San Andreas fault north-
west of the Transverse Ranges, but preceded
development of the San Andreas fault system
in southern California (see also Powell and
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Weldon, 1992). Powell (1981) presented a pal-
ingpastic restoration that called for 85-90 km
of dextral strike slip on the Clemens
Well—Fenner— San Francisquito fault; in are-
vised palinspastic restoration this was subse-
quently amended to 110 km of dextral strike
dlip (Powell, 1993, p. 31). Powell (1981) pro-
jected the Clemens Well —Fenner—San Fran-
cisquito fault into the Lower Colorado River
region between the Chocolate and Little
Chuckwalla Mountains. The along-strike con-
tinuation of this proposed fault system south-
east of the mapped position of the Clemens
Well fault (Fig. 2) is problematic, however,
thereby casting some doubt on the validity of
these large dlip estimates. For example, Sher-
rod and Tosdal (1991) considered that their
mapping of volcanic terrains in this region
precludes the possibility that the projected
southeastern extension of the Clemens Well
fault could have had large-magnitude strike-
dlip motion since early Miocene time. Both
the east-west—striking Chiriaco and Salton
Creek faults (Fig. 2) appear to displace, or de-
flect, the inferred continuation beneath Qua-
ternary deposits of the northwest-striking
Clemens Well fault (Jennings, 1967; Powell,
1993). Sinistral strike slip on the Chiriaco and
Salton Creek faults has been estimated as 11
km and as much as 14 km, respectively (see
reviews by Powell, 1993, p. 59; Richard,
1993).

Powell (1993, p. 33) bracketed movement
on his proposed Clemens Well —Fenner—San
Francisquito fault as occurring between 22—20
Ma and 13 Ma, and possibly in the more re-
stricted time interval between 18—17 Ma and
13 Ma. No middle Miocene units have been
recorded in the vicinity of the Clemens Well
segment of the fault, and the fault is not over-
lapped by any units older than Quaternary or
possibly Pliocene. Both the northwestern pro-
jection of the Clemens Well fault and the
western projection of the Chiriaco fault are
buried beneath the Pleistocene Ocotillo fan-
glomerate in the Mecca Hills, and the Clem-
ens Well fault may aso locally be buried be-
neath upper Pliocene strata in this area
(Powell, 1993). Similarly, the southern part of
the Clemens Well fault is also covered by un-
faulted, deeply incised fanglomerate of prob-
able Pliocene or Pleistocene age (Powell,
1993). Movement may have continued until
more recently on the Salton Creek fault, be-
cause crystalline rocks in the Chocolate
Mountains south of the fault are localy faulted
against Plioceneg(?) or Pleistocene(?) fanglom-
erate north of the fault (Powell, 1993, p. 61).

Inversion Structures and Inferred
Compression Directions

Folds

In the southern part of the Diligencia basin,
the sedimentary fill has been deformed into a
series of faulted folds (Figs. 3 and 4). These
structures are dominated by a train of three
large folds, two synclines separated by an an-
ticline, and numerous associated minor folds.
Field observations indicate that, away from
the Clemens Well fault, folding of the Dili-
gencia basin strata is approximately cylindri-
cal. The three major folds are oriented ap-
proximately parallel to the long axis of the
basin, and become progressively tighter and of
greater amplitude traced from north to south.
An analysis of the southernmost syncline-an-
ticline pair is shown in Figure 11. For each
fold, a least-squares method was used to con-
struct a best-fit great circle through the max-
ima of poles to bedding. The inferred axis for
each fold plunges gently west-northwest. In
addition, the angle within the fold profile
plane between the contoured maxima repre-
sents the average interlimb angle of each fold
(87° and 84°, respectively, for the anticline
and syncline). These analyses support the field
observations that the folds are approximately
paralel and that the interlimb angle decreases
(albeit only modestly) from north to south.

Data related to fold orientation were also
analyzed by recording trends of fold-hinge
traces for all map-scale folds in the Diligencia
Formation. In cases where the trend of a fold
hinge is arcuate, multiple measurements were
made in an attempt to avoid averaging out sig-
nificant data during collection. Azimuthal data
of fold-hinge trace trends were plotted on rose
diagrams (Fig. 12). The data are sorted into
two groups, those from the western part of the
basin, and those from the eastern part of the
basin. This separation was suggested by the
observation that lineaments on the map appear
to curve into the Clemens Well fault as they
approach its outcrop position (cf. Figs. 3 and
12). The vector mean orientation of fold-hinge
traces in the western part of the outcrop belt
is ~20° different from the mean trend in the
eastern part (Fig. 12). If this differencein ori-
entation is the result of rotation of passive lin-
ear markers into the Clemens Well fault, then
the folds in the eastern part of the basin (away
from the fault zone) should give a more sat-
isfactory estimate of the basin-scale maximum
horizontal contraction direction than folds in
the western part of the basin. The direction of
maximum contraction inferred from the east-
ern portion of the area, and taken to be per-
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pendicular to the mean fold-hinge trend, is
012° (Fig. 12).

Faults

Two broad categories of faults cut across
the strata of the Diligencia Formation. The
largest well-exposed faults in the area are
long, northeast-striking, sigmoidal strike-dlip
faults in the eastern half of the basin (Fig. 3).
These faults are remarkable in that the mag-
nitude of displacement across them abruptly
decreases laterally, from a maximum near the
middle part of the fault, to zero at their ends.
In the absence of common termination struc-
tures, these structures are interpreted as tear
faults. If this interpretation is correct, then the
faulting must have developed synchronously
with folding of the basin fill.

The second category of faults in the Dili-
gencia basin consists of numerous short, dex-
tral and sinistral strike-slip and oblique-slip
faults. In general, these faults strike either
northeast or northwest. Whereas exceptions
occur, those faults that strike northwest are
commonly dextral, and those that strike north-
east are commonly sinistral, based on ob-
served offset of markers. As originaly sug-
gested by Powell (1981), the arrangement of
faults is suggestive of a conjugate pair of fault
sets, and thisrelationship is explored in Figure
13. Data were separated into two groups, those
from the southern and western parts of the ba-
sin (Fig. 13A), and those from the northern
and eastern parts of the basin farthest from the
Clemens Well fault (Fig. 13, B and C).

The strikes of the faults in the southern and
western parts of the basin cluster into one rel-
atively tight grouping, with a vector mean
trend of ~057° (Fig. 13A). Fault strikes from
the northern and eastern parts of the basin
form a diffuse spread (Fig. 13B); however,
statistical tests indicate that this distribution is
<95% likely to have been drawn from aran-
dom distribution. If the faults are separated by
sense of offset into dextral and sinistral fault
sets, they segregate into one tight cluster with
a vector mean of 151°, and one diffuse cluster
with a vector mean of 046° (Fig. 13C). Ele-
mentary stress theory predicts that the maxi-
mum principal compressive stress axis will bi-
sect the acute angle between conjugate faults
(Anderson, 1951). If these two populations of
faults are considered a conjugate set, then the
inferred maximum stress direction trends
009°. Thisis only 3° from the maximum con-
traction direction inferred from fold-hinge ori-
entation in the eastern part of the basin (Fig.
12). The difference in orientation between
faults in the southern and western (Fig. 13A)
and north and eastern parts of the basin (Fig.
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Figure 13. Circular histogram plots of minor fault trace strikes from the southern and
western (A), and northern and eastern (B) parts of the Diligencia basin. Circular plotsin
(C) depict the same set of fault orientations as presented in (B), but divided into two
groups by apparent sense of offset. The sense of offset was determined from field obser-
vations where available, and from map pattern where necessary; the direction of maxi-
mum principal compressive stress (represented by arrows) is inferred to bisect angle be-
tween the mean orientations of dextral (046°) and sinistral (151°) faults. See text for

discussion.

13B) suggests that faults closer to the Clem-
ens Well fault may have been rotated clock-
wise into the fault zone.

Extension Fractures

Data were selectively collected from barren
and calcite-filled fractures within the Diligen-
cia Formation that lack evidence of significant
shearing. Poles to these planes exhibit two
strong maxima with an acute intersection an-
gle of 73° (Fig. 14A). The modal orientation
of the strike of fracturesis ~010° (Fig. 14B).
These fractures are considered to represent ex-
tension cracks, rather than shear fractures, and

several examples were observed to be filled
with concentrically zoned calcite layers,
which lacked evidence of shearing. Extension
fractures form by dilation in the direction of
the least principa compressive stress and
therefore are at least initialy oriented parallel
to the plane containing the other two principal
stress axes. The 010° modal strike of the ex-
tension fractures across the Diligencia basin is
nearly parallel to the maximum principal com-
pressive stress direction inferred from both
fold-axis trends (Fig. 12) and minor faults
(Fig. 13B) in the eastern part of the basin
away from the Clemens Well fault. Thesefrac-
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191 poles to extension fractures

Contours: 1, 2, 3 ... 11 times uniform
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Figure 14. Structural analysis of extension fractures from the Diligencia Formation. (A)
Poles to extension fractures plotted on equal-area net using the computer program Ster-
eonet (Mancktelow, 1989). (B) Circular histogram plot of strike of extension fractures.
Inferred direction of maximum principal compressive stress (010°) is taken to be parallel
to the vector mean of strike and is shown by heavy line.

tures are also subparallel to calcite-filled ex-
tension fractures locally recorded by Davisson
(1993) in sand and gravel of assumed Pliocene
age (see following).

Data Synthesis and Correlation with
Regional Studies

The fold, fault, and extension fracture data
from the northern and eastern sections of the
Diligencia basin imply remarkably consistent
estimates for orientation of the maximum hor-
izontal compression direction associated with
basin inversion (009°-012°). This compres-
sion direction is also consistent with both the
generally accepted dextral sense of strike dlip
on the Clemens Well fault, and the observed
20° clockwise rotation of fold hinges adjacent
to the fault (Figs. 3 and 12). If the fold, fault,
and extension fracture data are plotted with
respect to the Clemens Well fault, they com-
pare favorably with ideal orientations predict-
ed from clay-cake modeling studies of right-
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dip faulting, such as those described by
Harding (1974), although the Diligencia basin
structures have formed at a consistently small-
er angle to the main fault than those in the
experimental data set (Fig. 15). Whether the
Clemens Well fault initially formed, or was
simply reactivated, as a right-slip fault during
basin inversion remains uncertain. The ob-
served 20° clockwise rotation of fold hinges
adjacent to the fault indicates a dextral trans-
lation of 5-10 km parallel to the fault surface,
using the graphical solutions for simple shear
deformation by Ramsay (1967, p. 87), and as-
suming homogeneous simple shear over a 5-
km-wide zone adjacent to the fault. A pure
shear (transpressional) component across the
fault zone would reduce the estimated
displacement.

Inversion of the Diligencia basin could be
simply alocal transpressional phenomenon as-
sociated with strike dlip on adjacent faults
such as the Clemens Well and possibly the
Salton Creek faults (see reviews by Sylvester,

1988; Lowell, 1995; Nilsen and Sylvester,
1995). However, the 009°-012° trending max-
imum horizontal compression direction cal-
culated for the Diligenciabasin is very similar
to the north-south contraction direction sug-
gested by Bartley et al. (1990) to be associated
with widespread folding and thrust faulting
that postdates extension in the Mojave block
north and east of the Diligencia basin. This
suggests that inversion of the Diligencia basin
may have occurred in response to regional
compression, rather than localized transpres-
sional deformation. Glazner et al. (2000) de-
scribed inversion structures associated with
north-south compression of a Miocene age ba-
sin in the Rodman Mountains (located 150 km
north-northwest of the Diligencia basin; Fig.
2) that are remarkably similar to those we
have described from the Diligencia basin.
Both basins are elongate in an east-west di-
rection and bounded to the west by northwest-
striking right-slip faults and to the south by
east-west—striking faults. Both basins contain
gently dipping Miocene strata on their north-
ern margins, and steeply dipping or over-
turned strata on their southern margins. In
both basins the strata are folded about east-
west—trending fold hinges that have been ro-
tated in a clockwise direction traced westward
toward the basin-bounding right-slip faults.
These similarities suggest that similar mech-
anisms may be responsible for the develop-
ment and inversion of both basins.
Regional-scale north-south contraction may
have begun as early as 19 Main the Cady and
Newberry Mountains (Fig. 2), and local fold-
ing in parts of the Mojave block of alluvial
deposits of inferred Quaternary age suggests
that contraction could be continuing at the
present time (Bartley et a., 1990). Tectonic
studies have consistently indicated that the en-
tire lithosphere of the Mojave block has been
in contraction for the past several million
years (e.g., Bird and Rosenstock, 1985; Shef-
fels and McNutt, 1986; Humphreys and Hag-
er, 1990; Glazner and Bartley, 1994). Maxi-
mum horizontal stress orientations (SHmax >
Sv > SHmin), inferred from azimuths of P
axes for earthquake focal mechanisms asso-
ciated with strike-dlip faulting, trend between
007° and 020° in an ~100 km? area surround-
ing the Diligencia basin (Fig. 16), and traced
to the northwest change to a north-south ori-
entation associated with a component of thrust
faulting in the Big Bend region of the San
Andreas fault (Zoback et al., 1991; see also
Stein et al., 1992; Shen-Tu et a., 1998, and
references therein). Principal horizontal strain
rate directions for shortening derived from
Quaternary fault slip rates and recent geodetic
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data (Shen-Tu and Holt, 1999) are subparallel
to the maximum horizontal stress orientations
in this region. Close to the Diligencia basin,
present-day maximum horizontal stress ori-
entations inferred from focal mechanisms for
one seismic event trend 009° (Fig. 16), i.e,
subparallel to the maximum compression di-
rection (009°-012°) inferred from inversion
structures in the basin (Figs. 12-15).

Timing of Basin Inversion and Block
Rotation

Precise dating of inversion and block rota-
tion for the Diligencia basin is problematic.
The K-Ar dating of the youngest basalt flows
within the Diligencia Formation has yielded
an age of 21.3 = 0.6 Ma (Frizzell and Wei-
gand, 1993), but no precise upper age limit
can be assigned to the folded and faulted strata
because of the lack of diagnostic fossils or
fresh volcanic rocks in the upper part of the
section (Spittler and Arthur, 1982). A provi-
sional age of 16 Ma was ascribed by J.C.
Crowell (in Sherrod and Nielson, 1993, Plate
3) to the youngest preserved rocks of the Dil-
igencia Formation. On the east and northeast
sides of the basin, these deformed strata are
unconformably overlain by flat-lying Plio-
cene—Pleistocene terrace gravels (Spittler and
Arthur 1982, p. 85), indicating an upper age
limit for inversion. The oldest depositsinclude
relatively rare conglomeratic sands, which
may be the lateral equivalents of either the
Miocene Mecca Formation or the Plio-
cene(?)—Pleistocene Padm Spring Formation
recorded to the northwest of the Diligenciaba-
sin (Sylvester and Smith, 1975, 1976). Locally
the oldest deposits are cut by calcite-filled ex-
tension fractures; these fractures also cut
across the underlying Diligencia Formation
strata, but do not affect younger strata, which
may be correlated with the Pleistocene Oco-
tillo Formation (Davisson, 1993). These data
bracket inversion of the Diligencia basin be-
tween ca. 16 Ma and 2 Ma.

Data discussed herein indicate that inver-
sion was associated with a phase of north-
south—directed contraction; this phase is also
recognized in the Mojave block north of the
Diligencia basin (e.g., Bartley et al., 1990;
Glazner et a., 2000). Bartley et a. (1990)
demonstrated that this contraction may have
begun as early as 19 Main the Cady and New-
berry Mountains (Fig. 2), but earthquake data
(Fig. 16) indicate that north-south compres-
sion may still be occurring in the Orocopia
Mountains adjacent to the Diligencia basin
(Zoback et a., 1991). It is important to note
that the evidence for early north-south com-
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Figure 15. Schematic diagrams of strain ellipse and idealized fold and fault orientations
associated with a 010°-190° contraction direction. (A) Comparison of ideal average ori-
entations of minor structures with respect to a major right-dip fault (adapted from Syl-
vester and Smith, 1976); note that only very low penetrative finite strain and minimal
rotation of structures are assumed. (B) Comparison of the average orientation of inversion
structures in the eastern part of the Diligencia basin (see also Figs. 3 and 12-14) with the
average orientation of the Clemens Well fault.

pression (in present-day coordinates) comes
from parts of the Mojave block that apparently
have not been subjected to Neogene block ro-
tation (see summary map by Dickinson, 1996,
p. 16).

In contrast, paleomagnetic data indicate that
the Diligencia basin has undergone large-
magnitude apparent rotation. The close simi-
larity between (1) the 010° contraction direc-
tion inferred from the folds, faults, and
extension fractures that affect the Diligencia
Formation, (2) the north-south contraction rec-
ognized in the unrotated sections of the Mo-
jave block to the north, and (3) the present-
day 009° compression direction indicated by
earthquake data close to the Diligencia basin
(al in present-day coordinates) strongly indi-
cate that rotation of the crustal block contain-
ing the Diligencia basin occurred before basin
inversion. The only aternative explanation is
that if inversion began before rotation had
ceased, then the Diligencia basin structures
have been fortuitously rotated into an orien-
tation currently indicative of north-south con-
traction. As outlined here, precise timing of
the onset and cessation of strike-slip faulting
and associated block rotation in the Mojave
Desert region remains uncertain. Luyendyk
(1991) suggested that clockwise block rotation
of the eastern Transverse Ranges may have
begun ca 6.5 Ma and is continuing now,
while Richard (1993) regarded rotation as be-
ing bracketed between 10 = 2 Maand 4.5 *

0.2 Ma. Our data from the Diligencia basin
are compatible with the time frame proposed
by Richard (1993) for block rotation, and this
would imply a latest Miocene to Pliocene age
for basin inversion if his younger time limit
for rotation is assumed.

Speculative Tectonic Model for Basin
Inversion

Given a regiona north-south compression,
we speculate that internal deformation of the
elongate crustal block containing the Diligen-
cia basin and bounded by the currently north-
west-striking San Andreas (or Clemens Well)
and Sheep Hole faults and the east-
west—striking Chiriaco and Salton Wash
faults (Fig. 2) began when the block reached
an east-west orientation, and was unable to
continue accommodeating regional scale north-
south shortening by rigid-body rotation (cf.
Nur et a., 1993). In this speculative model,
basin inversion is therefore ultimately the re-
sult of the locking, and subsequent internal
deformation, of a previously passively rotating
elongate crustal block within a continuing re-
gional scale compressive stress field.

This model does not exclude the possibility
that dextral shearing on the Clemens Well
fault (either related or unrelated to rotation of
crustal blocks) may have occurred before, dur-
ing and, at least in a minor sense, after the
main stages of basin inversion. As discussed
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Figure 16. Maximum horizontal stress orientations (SHmax > Sv > SHmin) inferred from azimuths of P axes for earthquake focal
mechanisms associated with strike dlip faulting (adapted from Zoback et al., 1991). Close to the Diligencia basin, present-day maximum
horizontal stress orientation inferred from focal mechanisms for one seismic event trends 009°, i.e., subparallel to the maximum com-
pression direction (009°-012°) inferred from inversion structuresin the basin (Figs. 12—-15). See Figure 2 for explanation of abbreviations

used.

herein, fold hinges associated with basin in-
version are rotated clockwise toward parallel-
ism with the adjacent Clemens Well fault
(Figs. 2 and 12), indicating that shearing along
the fault either accompanied or postdated in-
version. Motion on the Clemens Well fault ap-
pears to have ceased, however, before late Pli-
ocene time (Powell, 1993). Terres (1984)
argued that clockwise rotation of the Diligen-
cia Formation strata against the Clemens Well
fault must have begun before initiation of
folding (i.e, inversion), because the local
change in paleomagnetic declination traced to-
ward the fault is more than five times greater
than the rotation indicated by change in fold-
hinge orientation. Modeling of rotating crustal
blocks (Nilsen and Sylvester, 1995, their Fig.
12.3.c) indicates that transpression would
have begun in the southwest corner of this
clockwise-rotating block (i.e., on the section
of the Clemens Well fault adjacent to the Di-
ligencia basin) at an early stage of rigid-body
rotation. This model may offer an explanation
for the large apparent clockwise rotation in-
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dicated by paleomagnetic declination anoma-
liesin the Diligencia Formation, relative to the
surrounding regions.

CONCLUSIONS

1. Facies analyses indicate that latest Oli-
gocene and lower Miocene (ca. 24-16 Ma)
fluvial and volcanic rocks of the Diligencia
Formation were deposited in a haf-graben
with (in present-day coordinates) a steep, pos-
sibly fault-controlled, south-facing northern
escarpment, and a more gentle north-facing
southern slope. Paleocurrent data, particularly
from the high-energy deposits on the northern
basin margin, indicate stream flow toward the
southeast and south-southeast, oblique to the
mapped east-west—trending basin margins,
and suggest an approximate northeast to east-
northeast trend for the Diligencia basin.

2. Previoudly published paleomagnetic data
indicate that rocks of the Diligencia basin may
have been rotated clockwise by no more than
110° about a vertical axis since deposition

ceased. If correct, this would suggest that the
basin originally opened to between the east-
northeast and northeast, subparalel to well-
documented extension directions in Miocene
age basins in the Mojave Desert to the north
and east. Initial formation of the basin in latest
Oligocene to lowermost Miocene times, how-
ever, may have predated the main phase of
Basin and Range extension by 1-2 m.y.

3. Previously published palinspastic resto-
rations have proposed that the Diligencia ba-
sin was originally contiguous with the Oligo-
cene—Miocene age Soledad and Plush Ranch
basins, now located 250-320 km to the north-
west on the opposite (west) side of the San
Andreas fault. However, facies analyses cou-
pled with paleomagnetic data indicate that the
Plush Ranch and Soledad basins originaly
opened to the north and northwest, respective-
ly, thereby bringing into question the pro-
posed juxtaposition of these basins.

4. Rocks of the Diligencia basin are locally
intensely folded and faulted but are uncon-
formably overlain by flat-lying latest Plio-
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cene(?) and Pleistocene strata. Kinematic anal-
ysis of the folds, conjugate strike-slip faullts,
and extension fractures indicates that basin in-
version was associated with north-south hori-
zontal contraction. Inversion could be simply
alocal transpressional phenomenon associated
with strike slip on adjacent faults. However,
the 009°-012° trending maximum horizontal
compression direction calculated for the struc-
tures associated with basin inversion is sub-
paralel to both the north-south contraction di-
rection inferred from tectonic structures
cutting Miocene strata in unrotated sections of
the Mojave block to the north and the present-
day compression directions indicated by earth-
quake data adjacent to the Diligencia basin.
This parallelism suggests that basin inversion
was associated with regional-scale, and on-
going, north-south compression.

5. The Diligencia basin is situated in an
elongate, currently east-west—trending fault
block bounded to the west by the San Andreas
fault. Clockwise rotation on east-west fault
blocks in this region (45°—110° depending on
data and model used) is bracketed between ca.
10 and 4.5 Ma. Structural and paleomagnetic
data indicate that basin inversion occurred af-
ter block rotation, implying a latest Miocene
to Pliocene age for inversion. We speculate
that basin inversion, within a north-south
compressive stress field, resulted from the
locking and subsequent internal deformation
of this previously passively rotating elongate
crustal block.
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