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ABSTRACT

The Fish Creek—Vallecito basin contains a
5.5-km-thick section of late Miocene to early
Pleistocene sedimentary rocks exposed in the
hanging wall of the West Salton detachment
fault. These deposits preserve a high-fidelity
record of late Cenozoic subsidence and basin
filling that resulted from deformation in the
San Andreas fault system of southern Cali-
fornia. Existing and new paleomagnetic data,
combined with new U-Pb zircon ages of two
tuffs high in the section, show that the section
ranges in age from ca. 8.0 + 0.4 Ma at the base
to ca. 0.95 Ma at the top. Geohistory analysis
reveals: (1) moderate subsidence (0.46 mm/yr)
from ca. 8.0 to 4.5 Ma; (2) rapid subsidence
(2.1 mm/yr) from 4.5 to 3.1 Ma; (3) moder-
ate subsidence (0.40 mm/yr) from 3.1 to
0.95 Ma; and (4) rapid uplift and erosion
that has exhumed the section since ca. 1 Ma.
Onset of sedimentation at ca. 8.0 + 0.4 Ma
records earliest extension or transtension in
the area, possibly related to localization of
the Pacific—North America plate boundary
in the Salton Trough and Gulf of California.
Alternatively, marine incursion at 6.3 Ma
may be the earliest record of plate-boundary
deformation in the Gulf of California—Salton
Trough region. A thick interval higher in the
section records progradation of the Colorado
River delta into and across the basin starting
ca. 4.9 Ma. Progradation continued during an
abrupt increase in subsidence rate at 4.5 Ma,
and fluvial-deltaic conditions persisted for
1.4 m.y. during the rapid-subsidence phase,
indicating that delta progradation was driven
by a large increase in rate of sediment input
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from the Colorado River. Uplift and inversion
of the basin starting ca. 1.0 Ma record initia-
tion of strike-slip faults that define the mod-
ern phase of dextral wrench tectonics in the
western Salton Trough.

INTRODUCTION

Sedimentary basins that form adjacent to
transform faults offer unique insights into
regional isostasy, strain partitioning, fault
displacements, and kinematic evolution of
strike-slip fault zones (e.g., Mann et al., 1983;
Christie-Blick and Biddle, 1985; May et al.,
1993; Crowell, 2003; Mann, 2007; Seeber
et al., 2010). Stratigraphic studies allow us
to track the initiation and development of
continental transforms because motion on
strike-slip faults typically produces local- to
regional-scale crustal subsidence that leads to
accumulation and preservation of sedimentary
deposits. The Salton Trough in southern Cali-
fornia is a large, late Cenozoic transform basin
at the northwest end of the Gulf of California
(Fig. 1) that has subsided and filled in response
to changes in crustal thickness, sediment input,
and deformation associated with development
of the San Andreas fault. While it is well known
that transtensional deformation resulted in deep
subsidence and basin filling during Miocene to
Pleistocene time (Dibblee, 1954, 1984; John-
son et al., 1983; Winker, 1987; Herzig et al.,
1988; Winker and Kidwell, 1996), the timing
of basin initiation, changes in subsidence rate,
and relation to the kinematic evolution of the
Pacific—North America plate boundary are in-
completely understood.

A thick stratigraphic record is exposed in
the western Salton Trough, where dextral
wrench deformation has resulted in rapid up-

lift and erosion of late Cenozoic deposits since
ca. 1.1-1.3 Ma (Figs. 1 and 2; Steely et al.,
2009; Janecke et al., 2010). These sedimentary
rocks contain a rich record of basin subsidence,
sediment accumulation, delta progradation,
and changing patterns of crustal deforma-
tion since late Miocene time. During much of
the basin’s history, regional strain and crustal
subsidence were accommodated by combined
slip on the low-angle West Salton detachment
fault in the west and the San Andreas transform
fault on the northeast side of the basin (Axen
and Fletcher, 1998). Despite this general un-
derstanding, the age of the West Salton de-
tachment fault is poorly known; it could have
initiated as early as ca. 12 Ma (Shirvell et al.,
2009) or as late as earliest Pliocene (Steely,
2006). Moreover, the timing of initiation of the
San Andreas fault system in the Salton Trough
and Gulf of California region is uncertain, with
estimates ranging from 12 to 17 Ma (e.g., Pow-
ell and Weldon, 1992; Matti and Morton, 1993;
Gans, 1997; Fletcher et al., 2007) to ca. 6 Ma
(e.g., Stock and Hodges, 1989; Nicholson et al.,
1994; Ingersoll and Rumelhart, 1999; Atwater
and Stock, 1998; Oskin and Stock, 2003b).
Lack of consensus on these questions currently
obscures our understanding of the kinematic
evolution of the Pacific-North America plate
boundary through time.

In addition to regional deformation, volumi-
nous input of sediment from the Colorado River
has exerted a major influence on late Cenozoic
paleogeography and crustal evolution in the
Salton Trough and northern Gulf of Califor-
nia. Colorado River sediment is rapidly buried
and metamorphosed in active basins, where it
is mixed with mantle-derived intrusions and
converted to young metamorphic rock (Muf-
fler and White, 1969; Fuis et al., 1984; Elders
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and Sass, 1988; Schmitt and Vazquez, 2006).
The volume of sediment in the basins is roughly
equal to material eroded from the Colorado Pla-
teau in the past 5-6 m.y., and it contributes to
crustal growth along the plate boundary at rates
similar to those documented for subduction-
related magmatic arcs and seafloor spreading
centers (Dorsey, 2010). Although input of sedi-
ment clearly affects thermal structure, crustal
rheology, and deformation style in this setting
(Persaud et al., 2003; Gonzélez-Fernandez et
al.,, 2005; Lizarralde et al., 2007; Bialas and
Buck, 2009; Dorsey and Umbhoefer, 2010), little
is known about the interplay between crustal
subsidence and Pliocene progradation of the
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Colorado River delta into and across the Salton
Trough basin.

This paper presents the results of an integrated
field, stratigraphic, paleomagnetic, and geohis-
tory analysis of the Fish Creek—Vallecito basin
in the western Salton Trough (Fig. 1). Previous
studies have provided insights into the age, li-
thology, depositional environments, and subsi-
dence history, while also leaving some problems
unresolved. Magnetostratigraphic studies (Op-
dyke et al., 1977; Johnson et al., 1983) started
~1000 m above the base of the section, thus
omitting the first ~3.2 m.y. (~45%) of the basin
history. Winker (1987) analyzed geologic struc-
tures, depositional environments, paleocurrents,

and basin architecture, but relied on existing age
controls to interpret the basin history and did
not recognize the significant role of the basin-
bounding West Salton detachment fault. In this
study, we use new detailed geologic mapping,
section measuring, and paleomagnetic analyses
to document a continuous section that passes
through an area of newly recognized structural
complexity, thus permitting quantitative geohis-
tory analysis of the entire 5.5-km-thick basinal
succession. When integrated with prior studies,
the new data allow us to test hypotheses for the
timing of plate-boundary-related crustal defor-
mation and dynamic controls on progradation of
the Colorado River delta.

Figure 1. Regional map of topography and main faults of the San Andreas fault system in the southwestern United States and northwestern
Mexico. The Salton Trough is a large transtensional basin that straddles the Pacific-North America plate boundary in southern California.
ABF—Agua Blanca fault; CDD—Canada David detachment; CPF—Cerro Prieto fault; E—Ensenada; ECSZ—eastern California shear
zone; EF—Elsinore fault; IF—Imperial fault; LA—Los Angeles; LSF—Laguna Salada fault; SAF—San Andreas fault; SD—San Diego;
SJFZ—San Jacinto fault zone; SSPMF—Sierra San Pedro Martir fault; T—Tijuana; WSDF—West Salton detachment fault; Y—Yuma.
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TECTONIC SETTING
AND STRATIGRAPHY

Salton Trough Region

The Fish Creek—Vallecito basin is part of a
large, late Cenozoic sedimentary basin that
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EXPLANATION

formed in the hanging wall of the West Salton
detachment fault and was bounded on the north-
east side of the Salton Trough by the San An-
dreas fault (Fig. 1; Dibblee, 1954, 1984; Axen
and Fletcher, 1998; Dorsey, 2006). Regional
extension, transtension, and crustal subsidence
led to late Miocene deposition of coarse clastic

alluvial deposits and overlying marine turbi-
dites, followed by Pliocene to early Pleistocene
subsidence and filling of the Salton Trough ba-
sin with marine and nonmarine deposits (Dib-
blee, 1954, 1984; Woodard, 1963, 1974; Kerr,
1982; Winker, 1987; Kerr and Kidwell, 1991;
Dibblee, 1996; Winker and Kidwell, 1996;
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Figure 2. Geologic map of the Fish Creek-Vallecito basin and surrounding area, modified from Winker (1987), Winker and Kidwell
(1996), Dibblee (1996), Axen and Fletcher (1998), Kairouz (2005), G. Axen (2008, personal commun.), and Steely (2006). CCF—Coyote
Creek fault; FCM—Fish Creek Mountains; FCMF—Fish Creek Mountains fault; GM—Granite Mountain; PR—Pinyon Ridge; RRC—
Red Rock Canyon; SFF—San Felipe fault; SMG—Split Mountain Gorge; TBM—Tierra Blanca Mountains; VM—Vallecito Mountains;
YR—Yaqui Ridge; WP—Whale Peak.
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Axen and Fletcher, 1998; Dorsey et al., 2007;
McDougall, 2008). Colorado River sediment
constructed a large delta that prograded into
marine water and filled the basin at the north
end of the Gulf of California during Pliocene
time, when the Fish Creek—Vallecito basin was
contiguous with the larger Salton Trough dep-
ocenter (Winker and Kidwell, 1986). Sediment
derived from local basement uplifts, including
the footwall of the West Salton detachment fault,
produced coarse arkosic Pliocene-Pleistocene
conglomerate and sandstone that interfinger lat-
erally with Colorado River sediment and make
up a narrow belt of coarse alluvial facies around
the margins of the basin (Winker and Kidwell,
1996; Kairouz, 2005; Steely, 2006; Belgarde,
2007). Dextral offset along the San Andreas fault
translated the basin—and all crust southwest of
the San Andreas —to the northwest relative to
North America during Pliocene-Pleistocene fill-
ing of the basin.

A major tectonic reorganization at ca. 1.1-
1.3 Ma terminated slip on the West Salton de-
tachment fault along most of its length and
initiated the modern San Jacinto, San Felipe, and
Elsinore strike-slip faults (Figs. 1 and 2; Matti
and Morton, 1993; Kirby, 2005; Lutz, 2005;
Lutz et al., 2006; Steely, 2006; Kirby et al., 2007;
Steely et al., 2009; Janecke et al., 2010). This
event initiated present-day uplift and erosion of
the southwestern parts of the former suprade-
tachment basin in the western Salton Tough. The
end of deposition and onset of uplift in the Fish
Creek—Vallecito basin was part of this reorgani-
zation, and was related to initiation of currently
active strike-slip faults at ca. 1 Ma (Johnson et
al., 1983; Magistrale and Rockwell, 1996).

Fish Creek—Vallecito Basin

Sedimentary rocks of the Fish Creek—Vallecito
basin are exposed in a thick SW-dipping section
that ranges in age from Miocene to early Pleisto-
cene (Figs. 2 and 3; Woodard, 1963, 1974; Op-
dyke et al., 1977; Johnson et al., 1983; Winker,
1987; Dibblee, 1996; Winker and Kidwell,
1996; Dorsey et al., 2007). Johnson et al. (1983)
constructed a subsidence curve for this section
using map-based estimates of present-day thick-
nesses and ages determined from paleomagnetic
study. They implied that the base of the Impe-
rial Formation is 4.3 Ma, but the base of their
dated section is in the Mud Hills member of the
Deguynos Formation, well above the base of the
Imperial Group. Johnson et al. (1983) concluded
that the basin underwent a gradual exponential
decrease in subsidence rate, from 5.5 mm/yr to
<0.5 mm/yr during the period 4.3-0.9 Ma. They
attributed basin subsidence to continental rifting
and crustal thinning and, by comparison to ocean
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basins, implied a thermal control on the expo-
nential form of the subsidence curve.

Building on prior work of Woodard (1963),
Winker and Kidwell (1996) elevated the forma-
tions of the Fish Creek—Vallecito basin to three
groups: (1) the Miocene, nonmarine Split Moun-
tain Group; (2) Lower Pliocene, marine Imperial
Group; and (3) Pliocene-Pleistocene, nonmarine
Palm Spring Group (Fig. 4). The oldest deposits
predate strong extension and include nonmarine
sandstone of the Red Rock Formation (exposed
in Red Rock Canyon; Fig. 2) and overlying ba-
saltic andesite of the 22—-14 Ma Alverson vol-
canics (Ruisaard, 1979; Kerr, 1982; Winker
and Kidwell, 1996). The base of the Elephant
Trees Formation, and thus the onset of structur-
ally controlled basin formation at Split Moun-
tain Gorge, was dated at ca. 8.1 = 0.4 Ma by
Dorsey et al. (2007). This revised previous age
estimates for the lower sandstone member of
the Elephant Trees Formation, which had been
correlated to the much older Red Rock Forma-
tion (Anza Formation of Woodard, 1963) in the
western Fish Creek Mountains (Kerr, 1982;
Kerr and Kidwell, 1991; Winker, 1987; Winker
and Kidwell, 1996).

The Fish Creek—Vallecito basin is bounded
on its NW and SW margin by the curviplanar,
low-angle West Salton detachment fault, and
on the SW by the strike-slip Elsinore fault zone
(Fig. 2; Axen and Fletcher, 1998). In addition

to Pliocene-Pleistocene slip on the detachment
fault, the basin margin was active in middle to
late Quaternary time, based on the presence of
NW- and NE-trending fault scarps and faulted
alluvial fans at the steep range front of the Tierra
Blanca Mountains and around Whale Peak
(Pinault, 1984; Magistrale and Rockwell, 1996;
Todd, 2004; Kairouz, 2005). The faulted range
front of the Tierra Blanca Mountains contains
older strands of the detachment that are crosscut
by younger strands of the active Elsinore fault
zone (Dorsey and Axen, 2009).

METHODS
Geologic and Structural Mapping

We carried out detailed geologic and struc-
tural field mapping at scales of 1:10,000 to
1:24,000, integrated with analysis of air photos
and high-resolution satellite imagery, to locate
stratigraphic contacts and document major
structures that must be identified in order to ac-
curately reconstruct the section. Mapping and
fault analysis are especially important in areas
of structural complexity, where faults may offset
the section and duplicate or cut out stratigraphic
intervals. Through this work, we have identified
the major structures that cross the section, thus
providing a high degree of confidence in the
thicknesses and ages of the section.

Peninsular Ranges

Figure 3. Oblique aerial photo looking southwest across the Fish Creek—Vallecito basin from above
Split Mountain Gorge. Large low area in middle ground contains sediments dipping southwest
away from viewer, and high topography in background is the eastern Peninsular Ranges and
Tierra Blanca Mountains. See Figure 2 for location. TBM—Tierra Blanca Mountains.
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Stratigraphic Thickness Data

Stratigraphic thicknesses were obtained for
this study in two ways: (1) the lower 1240 m
and the interval from 4450 to 5140 m (Fig. 5)
were measured in the field using a Jacob’s staff
(data for the lower 1240 m modified slightly
from Dorsey et al., 2007); and (2) thicknesses
for the rest of the section were calculated from
strike and dip of bedding at each paleomagnetic

site augmented by strikes and dips at critical
intervening locations, the location of each mea-
surement within a strip map surrounding the
transect, and a simple geometric model. The
geometric model calculates stratigraphic thick-
ness between stations using the sine of bedding
dip, across-strike map distance, and changes
in elevation (Compton, 1985). We tested this
method by recalculating the thickness of seg-
ments that were measured by hand, and found
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Figure 4. Chronostratigraphic diagram of sedimentary rocks in the Fish Creek—Vallecito
basin. Stratigraphic nomenclature and interpretations are from Winker and Kidwell (1996),
as modified slightly by Cassiliano (1999). Contact ages were determined or refined in this
study. The base of the Elephant Trees Formation marks the earliest deposition related to on-
set of local deformation (extension or transtension) at ca. 8.0 + 0.4 Ma (Dorsey et al., 2007).
FCG—Fish Creek Gypsum; mbx—megabreccia.
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that in most segments, the thickness calculated
using the geometric model was within 2%—-5%
of that measured by hand. Stratigraphic thick-
nesses generated with this method are thus
assigned a high level of confidence because bed-
ding attitude is uniform over large areas, large
structures are accounted for, bedding measure-
ments are closely spaced (typically 30—100 m),
and precise along-strike correlations were car-
ried out using high-resolution air photos and
satellite imagery.

Paleomagnetic Data

For this study, paleomagnetic samples were
collected using either a portable drill, or as
oriented block samples. Three to ten samples
were collected at each site. Site locations were
selected to maximize use of the existing ~130
sites collected and published by Opdyke et al.
(1977) and Johnson et al. (1983). Notes and
compilations of paleomagnetic results gra-
ciously provided by Everett Lindsay allowed us
to locate the Opdyke/Johnson sample sites on
our map, and thus to place their data accurately
within the stratigraphic section (Fig. 5; see also
GSA Data Repository items'). New sample
sites were spaced stratigraphically closely to-
gether (10-30 m) in the Split Mountain Gorge
area (Dorsey et al., 2007), and in portions of
the upper 1500 km of the section, where previ-
ous data were lacking or where additional detail
was needed to locate certain polarity boundar-
ies. In other areas, wider (>100 m) spacing was
employed to serve as validation and augmenta-
tion of existing data. In total, 77 new polarity
determinations constrain the age of the mea-
sured section along dry washes in the study area
(Figs. 2 and 5).

Paleomagnetic samples were cut into
standard-sized specimens and measured in the
Western Washington University paleomagne-
tism laboratory using a 2-G 755-R Cryogenic
magnetometer. Specimens were subjected to
stepwise thermal or alternating field demag-
netization (or in some cases both). Orthogonal
vector plots and stereographic projections were
used to determine the characteristic magnetiza-
tion and magnetic polarity of the specimens,

'GSA Data Repository item 2010211, Table DR1
(GPS locations, thicknesses, polarity determinations,
and data quality for all paleomagnetic samples),
Table DR2 (locations of Opdyke et al. [1977] sites,
and comparison of their results with results of this
study), Figure DR1 (expanded stratigraphic column
showing position and number of paleomagnetic sam-
pling sites), are available online at www.geosociety
.org/pubs/ft2010.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O.
Box 9140, Boulder, CO 80301, USA.

775


http://gsabulletin.gsapubs.org/

776

Elevation (m)

Downloaded from gsabulletin.gsapubs.org on March 29, 2011

5500 -
5400

52001

PLEIST.

Matuyama

Gauss

PLIOCENE

magnetochron

Gilbert

MIOCENE

)

Geological Society of America Bulletin, May/June 2011

GPTS

Jaramillo

Brunhes

0.780 Ma

Matuyama

Q
\S)
1

C2An.1n

Gauss

Kaena
C2An.2n

Mammoth

C2An.3n

Cochiti

Nunivak

Sidufjall

Thvera

Mesa Fm Age (Ma) Interpretation:
[ T——] oo gravel bypass Age (Ma) 0
Jaramillo - 1.07 fanning-dip interval
w =
. w .
- o fluvial: L
$ ) 179 locally derived 5
o w .
SHE] o g
o T 9 2~
$ | Reunion 213 D~
NS I 5
> 8 o
< shallow lake E
o
- = 2.58 tuff sample 441 (2.60 +/- 0.06 Ma), ]
tuff s le 440 (2.65 +/- 0.05 Ma):
—] base of L-suite sst
3.03 2 |
w 3.12
- i
8 a prd 3.21 i
2|50
3 >
ok 3.33
x| s ) fluvial:
°SlO | x . .
< (@] mixed-composition
o T
Z|3
a5
(72}
- 3.60
=
-
<
o ;
©
<
3
w =
R o fluvial:
S o Colorado River
° <
ﬁ o
ol |8
@ g 5
&5 i
~ <
- el
3
T
§ shallow-marine
4 Colorado Delta
o (5|5
TAHE
N
=
3
FEE
w (3[= marine rhythmites ]
o (o2 e
= z <«—base of Johnson et al. (1983) w B
= 3 =
= marine claystone E /7
< 8 —
Z base of C-suite Sst =2 A
E - [5>77A __ subaqueous sturzstrom =
< ) o |
5 marine turbidités /
a subaerial sturzstrom :
] large debris flow
[
= .
- coarsening-up
3
o - - 8
) distal alluvial fan and
A~ braided stream ]
xline basement rocks

Reunion C2r.1n

2.582 Ma

3.596 Ma

C3n.1n

C3n.2n

C3n.3n

C3n.4n

Gilbert

C3Br.1n

C3Br.2n
—7.432

Chron 4


http://gsabulletin.gsapubs.org/

Downloaded from gsabulletin.gsapubs.org on March 29, 2011
Late Cenozoic basin development, southern California

<
<—

Figure 5. Composite section for the Fish
Creek-Vallecito basin showing thicknesses,
stratigraphic position of paleomagnetic
sample sites, and correlation of reversals to
the geomagnetic polarity time scale (GPTS).
Tick marks left of lithic log indicate posi-
tion of samples collected for paleomagnetic
study (see Fig. DR1 and Table DR1 [see text
footnote 1]). Stratigraphic nomenclature is
from Winker and Kidwell (1996), as modi-
fied slightly by Cassiliano (1999).

along with a qualitative assessment of the qual-
ity of the polarity determination for each site.

U-Pb Zircon Methods

Zircon grains were separated from total rock
samples using standard crushing, washing,
heavy-liquid (specific gravity 2.96 and 3.3),
and paramagnetic procedures. Hand-selected

zircon grains were placed onto double-sided
tape, mounted in epoxy together with grains
of the Temora reference zircon, sectioned ap-
proximately in half, and polished. Reflected
and transmitted light photomicrographs were
prepared for all zircons, as were cathodolumi-
nescence (CL) scanning electron microscope
(SEM) images. The CL images were used to
decipher the internal structures of the sectioned
grains and to ensure that the ~20 um sensitive
high-resolution ion microprobe (SHRIMP) spot
was wholly within a single age component in
the sectioned grains.

The U-Th-Pb analyses were made using
SHRIMP Ile at Geoscience Australia, Can-
berra, Australia, following procedures given in
Williams (1998, and references therein). Each
analysis consisted of six scans through the mass
range, with the Temora reference zircon grains
analyzed after every three unknown analyses.
The data were reduced using the SQUID Ex-
cel macro of Ludwig (2001). The Pb/U ratios
were normalized relative to a value of 0.0668

for the FC1 reference zircon, equivalent to an
age of 417 Ma (see Black et al., 2003). Uncer-
tainty in the Temora U/Pb ratio calibration was
0.39% for the SHRIMP Ile session. Due to the
young age of the zircon grains, the U-Pb data
need to be corrected for **Th disequilibrium
that induces a deficit of ?*Pb in Th-poor min-
erals such as zircon (Schirer, 1984). This was
done using the »?Th/>%U measured ratio in the
zircon and assuming a Th/U ratio of the magma
in equilibrium with the crystallizing zircon. We
used a Th/U ratio of 2.25 for the magma based
on whole-rock geochemical data in Sarna-
Wojcicki et al. (2005) for tuffs that likely have
the same source (Long Valley caldera, eastern
California) as the two tuffs analyzed in this
study. This is similar to the value of 2.2 that
was used by Schmitz and Bowring (2001) for
the Fish Canyon Tuff.

Uncertainties given for individual analyses
(ratios and ages) are at the 16 level (Table 1). Tera
and Wasserburg (1972) concordia plots, proba-
bility density plots with stacked histograms, and

TABLE 1. U-Pb ZIRCON SENSITIVE HIGH-RESOLUTION ION MICROPROBE (SHRIMP) DATA

Total corrected for 2°Th Radiogenic Age (Ma)
disequilibrium

Grain U Th Th/U 206pPp* 204Pp/ fooe 28U/ 207Pb/ f 206Pp/ 206Pp/
spot (ppm)  (ppm) (ppm) 2%5Pb % 2%Pb + 2%Ph + Th/U 28y * 28y *
TAL 6071
1.1 476 344 0.72 0.17 0.012913 4.36 2352 74  0.0805 0.0144 0.321 0.00041  0.00001 2.62 0.09
21 716 696 0.97 0.27 0.000320 3.38 2262 54  0.0728 0.0075 0.432 0.00043  0.00001 2.75 0.07
3.1 409 295 0.72 0.15 0.001510 4.15 2287 76 0.0789 0.0118  0.320 0.00042  0.00001 2.70 0.09
41 579 477 0.82 0.30 0.013868  33.77 1646 45 0.3128 0.0493  0.366 0.00040  0.00004 2.59 0.25
5.1 536 320 0.60 0.19 0.003964 5.37 2374 65 0.0885 0.0094 0.266 0.00040  0.00001 2.57 0.07
6.1 510 337 0.66 0.20 - 3.39 2121 61 0.0728 0.0094  0.293 0.00046  0.00001 2.94 0.09
7.1 412 269 0.65 0.15 0.012453  11.42 2283 66  0.1363 0.0122  0.291 0.00039  0.00001 2.50 0.08
8.1 694 559 0.81 0.26 0.004136 5.47 2270 53 0.0893 0.0075 0.358 0.00042  0.00001 2.68 0.06
9.1 292 163 0.56 0.11 0.022144  11.39 2135 78 0.1360 0.0156  0.248 0.00041  0.00002 2.67 0.11
10.1 866 739 0.85 0.32 0.006320 6.46 2279 53  0.0971 0.0069 0.379 0.00041  0.00001 2.64 0.06
1.1 558 399 0.71 0.21 0.018499 6.00 2276 66  0.0935 0.0094 0.317 0.00041  0.00001 2.66 0.08
12.1 616 473 0.77 0.31 0.024015  30.05 1662 36 0.2834 0.0123 0.342 0.00042  0.00001 2.71 0.08
13.1 665 475 0.71 0.25 0.002934 9.03 2245 59 0.1174 0.0094 0.317 0.00041  0.00001 2.61 0.07
14.1 419 313 0.75 0.15 0.003105 8.54 2384 77 0.1135 0.0124 0.331 0.00038  0.00001 2.47 0.09
15.1 824 785 0.95 0.29 0.008376 5.45 2353 52 0.0891 0.0070  0.423 0.00040  0.00001 2.59 0.06
16.1 1280 1357 1.06 0.47 - 2.38 2269 45 0.0649 0.0047 0.471 0.00043  0.00001 2.77 0.05
171 387 240 0.62 0.14 0.010573  10.81 2249 69 0.1314 0.0125 0.276 0.00040  0.00001 2.55 0.09
18.1 529 530 1.00 0.20 0.004746 7.79 2218 58 0.1076 0.0094  0.445 0.00042  0.00001 2.68 0.08
TAL 6073
241 840 867 1.03 0.31 0.006094 5.54 2282 51 0.0898 0.0069 0.459 0.00041  0.00001 2.67 0.06
3.1 290 146 0.51 0.10 0.027209  15.22 2306 84  0.1662 0.0176 0.225 0.00037  0.00002 2.37 0.10
41 577 450 0.78 0.21 - 6.94 2287 65 0.1009 0.0096 0.346 0.00041  0.00001 2.62 0.08
5.1 285 236 0.83 0.10 - 9.95 2300 109 0.1247 0.0386 0.369 0.00039  0.00003 2.52 0.18
71 483 182 0.38 10.47 0.000058 0.18 39.63 0.44 0.0507 0.0008 0.167 0.02510  0.00028 160.3 1.8
8.1 395 269 0.68 0.14 0.013523 7.03 2353 79 0.1016 0.0115  0.303 0.00039  0.00001 2.55 0.09
9.1 256 160 0.62 0.10 0.031353  11.70 2226 88 0.1385 0.0160 0.277 0.00040  0.00002 2.56 0.11
10.1 476 143 0.30 6.20 0.000481 0.10 66.01 0.75 0.0487 0.0010 0.133 0.01511  0.00017 96.8 1.1
111 311 186 0.60 0.16 0.012386  23.87 1604 49 0.2346 0.0159  0.267 0.00047  0.00002 3.05 0.12
121 176 99 0.57 0.07 0.027240 17.60 2098 89 0.1850 0.0225  0.251 0.00039  0.00002 2.53 0.13
13.1 380 161 0.42 0.13 0.014739 8.24 2375 75 0.1112 0.0124  0.188 0.00039  0.00001 2.49 0.08
141 180 112 0.62 0.07 0.035050  14.79 2089 87 0.1629 0.0258 0.277 0.00041  0.00002 2.63 0.14
16.1 316 21 0.67 0.11 - 10.89 2384 90 0.1321  0.0159  0.297 0.00037  0.00002 2.41 0.10
17.1 222 141 0.64 0.09 - 10.77 2113 81 0.1311  0.0174  0.283 0.00042  0.00002 2.72 0.12
18.1 565 468 0.83 0.20 - 4.22 2357 62 0.0795 0.0087  0.368 0.00041  0.00001 2.62 0.07
19.1 415 283 0.68 0.17 - 3.05 2070 64  0.0702 0.0094 0.304 0.00047  0.00001 3.02 0.10
20.1 235 175 0.74 0.09 0.019862  10.85 2078 77 0.1318 0.0161  0.330 0.00043  0.00002 2.76 0.12

Note: (1) Uncertainties are given at the 1o level. (2) Error in Temora reference zircon calibration was 0.39% for the analytical session (not included in above errors but

required when comparing data from different mounts). (3) f

206

% denotes the percentage of 2%Pb that is common Pb. (4) Correction for common Pb for the U/Pb data has

been made using the measured 2¢U/2°Pb and 2°7Pb/2°Pb ratios following Tera and Wasserburg (1972) as outlined in Williams (1998). (5) f Th/U denotes the degree of
Th-U fractionation between mineral and magma, which is given by f = (Th/U) .. /(Th/U)__ . For this sample, we have assumed Th/U = 2.25 for the magma. (6) In the
case of zircon, a correction for a deficit of 2°°Pb is required, due to a deficiency of 2°Th (Scharer, 1984): (A,,/:

238 " "230:

) (F—1).
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weighted mean *Pb/>*U age calculations were
generated using ISOPLOT/EX (Ludwig, 2003).
Weighted mean 2Pb/*#U ages were calculated,
and the uncertainties are reported as 95% confi-
dence limits. The decay constants used are those
recommended by the International Union of
Geological Sciences (IUGS) Subcommission on
Geochronology (Steiger and Jager, 1977).

Decompaction and Backstripping

Accurate reconstruction of long-term basin
subsidence requires use of numerical methods
that correct for loss of pore space during pro-
gressive burial and compaction of sediment.
We used the method of Angevine et al. (1990),
which is adapted from previous studies (Van
Hinte, 1978; Sclater and Christie, 1980; Bond
et al., 1983). This approach assumes that poros-
ity varies as a function of depth and lithology,
and that pore spaces are interconnected (i.e., no
overpressured zones). The decompaction algo-
rithm employs empirically derived, lithology-
dependent, porosity-depth relationships that
follow an exponential decrease in porosity with
depth (e.g., Sclater and Christie, 1980; Bond
et al., 1983). The section was decompacted by
calculating the effects of removing successively
older units from the top and allowing the section
to expand as underlying units are unloaded. Tec-
tonic subsidence is defined as the component of
total subsidence attributed to a tectonic driving
force, and is calculated by removing the effect
of the sediment load assuming a local (Airy)
isostatic response to sediment loading.

For the subsidence analysis, we assumed that
stratigraphic thickness—corrected for the ef-
fects of compaction and sea level—represents
the total depth of the basin through time. Alter-
natively, if the section was progressively tilted
above the West Salton detachment fault during
deposition, the total depth of the basin would be
less than the measured stratigraphic thickness.
We rule out this possibility based on the overall
uniform bedding dips through all but the up-
per ~150 m of the section, which indicate that
tilting took place after deposition. The analysis
also assumes that nonmarine sediments were ac-
cumulated close to sea level, as indicated by the
present-day distribution of fluvial environments
in the modern Salton Trough (Fig. 1).

Possible Sources of Error

Faults

Offset on faults can juxtapose different parts
of an original stratigraphic section and, if offset
strata are incorrectly correlated, can produce er-
ror in measurements of stratigraphic thickness.
Large unrecognized fault offsets may also result
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in omission or duplication of magnetic rever-
sals. Through detailed geologic and structural
mapping, we have identified and quantified
most or all of the large fault offsets in the stud-
ied section. Some uncertainty persists in one
area where the section crosses the upper Wind
Caves and lower Mud Hills Members (Fig. 2),
which are cut by a series of incompletely
mapped right-lateral and left-lateral strike-slip
faults. Some of these faults are potentially large
and have latest Quaternary fault scarps, yet were
not observed along strike in the measured sec-
tion. This introduces potential error to the thick-
ness of the upper Wind Caves and lower Mud
Hills Members (likely <30-50 m), which likely
does not alter the main conclusions of this study.

Ages of Magnetic Reversals

Ages in this section are based on correlation
of the observed paleomagnetic reversals to the
global geomagnetic polarity time scale (GPTS;
Cande and Kent, 1995; Lourens et al., 1996;
Gradstein et al., 2004). Correct correlation to the
GPTS requires independent age controls such
as isotopically dated tuffs or biostratigraphic
markers, both of which are present in the Fish
Creek—Vallecito basin. Even with independent
age controls, correlation to the GPTS can be
incorrect if unconformities are present but not
recognized, if parts of the section are duplicated
or omitted by unmapped faults, or if magnetic
polarities are misidentified due to incompletely
removed modern magnetic overprint.

Thickness and Emplacement of Megabreccias

The two megabreccias in the upper Split
Mountain Group and lower Imperial Group
display considerable lateral variations in thick-
ness, which can potentially affect the shape of
the subsidence curve. Because previous studies
have shown that the megabreccias were em-
placed instantaneously (e.g., Kerr and Abbott,
1996; Winker and Kidwell, 1996; Abbott et al.,
2002), we assume that they represent little or no
time. In both subaerial and subaqueous environ-
ments, it is likely that a short-lived hiatus formed
on the upper surface of a megabreccia during
the time it took for background deposition to ac-
cumulate sediment up to that surface. We thus
assume that the thickness of a megabreccia rep-
resents an amount of time similar to an equiva-
lent thickness of background sediment. This is
a simplifying assumption that does not account
for possible erosion or soft-sediment deforma-
tion during emplacement of the megabreccia, or
other related complicating factors.

Estimates of Paleobathymetry
The shape of any subsidence curve that in-
cludes marine deposits is dependent on esti-

mates of water depth, which typically are based
on fossils preserved in the section (e.g., Van
Hinte, 1978; Angevine et al., 1990). Paleo—
water depths must be bracketed within a range
of possible end members, and the subsidence
curve is then bracketed using this range. Esti-
mates of paleo—water depth in the marine part
of the section are subject to large uncertainties
because of two plausible interpretations (mini-
mum and maximum water depth) of micropale-
ontology data presented by Dorsey et al. (2007).

Paleo-Elevation of Nonmarine Deposition

The geohistory analysis assumes that non-
marine deposits of the Split Mountain and Palm
Spring Groups accumulated slightly above
sea level. However, it is possible that the Split
Mountain Group accumulated in an active basin
either above or below sea level, and remained
subaerial for a period of time due to the presence
of topographic barriers. Based on comparison to
the modern Salton Sea, which is ~70 m below
sea level, we infer that this uncertainty may in-
troduce ~50-100 m of uncertainty in the sub-
sidence analysis prior to 6.3 Ma. Similarly, by
comparison to elevations in the modern Salton
Trough region, we assume that fluvial and del-
taic deposits of the Pliocene Palm Spring Group
accumulated at or near sea level, thus introduc-
ing a similar error of +50-100 m. This mag-
nitude of error is small compared to the large
thickness of the section, and therefore it does
not significantly affect the overall shape of the
subsidence curve.

RESULTS
Lithostratigraphy

The total thickness of the section is slightly
over 5500 m from the base of the Elephant
Trees Formation to the unconformable top of
the Hueso Formation (Fig. 5; Fig. DRI [see
footnote 1]). We use the stratigraphic nomen-
clature of Winker and Kidwell (1996), as modi-
fied slightly by Cassiliano (1999), in which the
Split Mountain, Imperial, and Palm Spring For-
mations are elevated to group status, and some
members of Winker (1987) are elevated to for-
mation status.

Split Mountain and Imperial Groups

The lower sandstone member of the Elephant
Trees Formation is exposed east of Split Moun-
tain Gorge (Fig. 2) in a small paleovalley, where
it rests on Cretaceous tonalite and is conform-
ably overlain by coarse bouldery conglomerate
(Figs. 5 and 6A). There, the lower sandstone
member is estimated to be 150-200 m thick
based on detailed geologic mapping, eye-height
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measurements, and visual inspection (Shirvell,
2006; Dorsey et al., 2007; this study). Else-
where, the lower sandstone member is thin to
absent, onlaps a buttress unconformity, and
passes laterally into conglomerate that also
rests directly on pre-Cenozoic crystalline rocks
(Shirvell, 2006). Red sandstone exposed be-
neath conglomerate on the west side of the main

wash in Split Mountain Gorge reveals a pro-
gressive unconformity (angular unconformity
that passes laterally into a concordant contact),
and records local tilting to the southeast during
deposition of the upper part of the lower sand-
stone member. Thick alluvial-fan conglomerate
of the Elephant Trees Formation is capped by
the lower megabreccia landslide derived from

Figure 6. Field photos of the Split Mountain Group in the lower part of the section.
(A) Coarse bouldery conglomerate of the Elephant Trees Formation records deposition by de-
bris flows and sheet floods in a fault-bounded alluvial fan. (B) Detail of the lower megabreccia.
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the nearby Vallecito Mountains (Figs. 5 and 6B;
Winker and Kidwell, 1996; Abbott et al., 2002;
Shirvell, 2006).

The lower megabreccia is overlain along
a sharp irregular surface by marine mudstone
and locally derived turbidites at the base of the
marine Imperial Group (Fig. 7). The oldest ma-
rine deposits interfinger laterally with the Fish
Creek Gypsum and are dated at ca. 6.3 Ma
with magnetostratigraphy (Fig. 5). About 2 km
north of the measured section, the base of the
Imperial Group is marked by an ~50-70-m-
thick conformable transition from nonmarine
conglomerate of the Elephant Trees Formation
through subaqueous conglomerate and sandy
turbidites into marine mudstone of the lower
Latrania Formation, and the lower megabrec-
cia is absent. This and other rapid lateral facies
changes in the Split Mountain area provide evi-
dence for steep paleoslopes and complex local
paleogeography that were controlled by active
extensional or transtensional structures prior
to and during latest Miocene marine incur-
sion (e.g., Winker and Kidwell, 1996; Shirvell,
2006). The observed correlation to a conform-
able transition indicates that very little time is
missing across the contact between the lower
megabreccia and marine Latrania Formation in
the measured section (Fig. 5).

The earliest input of sediment from the
Colorado River is based on first appearance of
fine-grained, well-rounded quartz sand with dis-
tinctive hematite coatings in sandy turbidites of
the lower Wind Caves Member at 702 m in the
section, 140 m above the base of marine deposits
(Fig. 5; Gastil et al., 1996; Winker and Kidwell,
1996; Dorsey et al., 2007). Above that, sandy
turbidites display gradual fining-up into ~100 m
of marine mudstone and claystone in the lower
Mud Hills Member of the Deguynos Formation
(Fig. 5). The claystone is a regionally exten-
sive marine unit also known as “Coyote Clays”
(Hanna, 1926; Jefferson and Lindsay, 2006) that
records a short-lived reduction of sand-sized
clastic input to the basin. Itis in turn gradationally
overlain by marine rhythmites of the upper Mud
Hills Member (Figs. 5 and 8C; Winker, 1987).
The rhythmites are overlain by fossiliferous
sandstone and mudstone of the Yuha and Cam-
els Head Members of the Deguynos Formation,
which were deposited in the shallow-marine part
of the prograding Colorado River delta (Winker,
1987; Winker and Kidwell, 1996). The top of the
Deguynos Formation is a well-defined conform-
able transition to fluvial deposits of the Arroyo
Diablo Formation (Fig. 5).

Palm Spring Group

The Palm Spring Group is subdivided into
two main intervals (Figs. 4 and 5). The lower
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interval consists of laterally equivalent facies
of the Arroyo Diablo and Olla Formations and
Canebrake Conglomerate. The Arroyo Diablo
Formation contains well-sorted, fine-grained,
quartz-rich sandstone and mudstone that ac-
cumulated in the nonmarine portion of the
Colorado River delta (Fig. 8D; Winker, 1987;
Winker and Kidwell, 1996). Paleocurrent mea-
surements reveal significant scatter, with over-
all transport to the south (Winker and Kidwell,
1986). Winker and Kidwell (1986) interpreted
this to record original transport to the southeast
after correcting for ~35° of postdepositional
clockwise rotation (Johnson et al., 1983). Re-
cent paleomagnetic studies suggest ~24° of
clockwise rotation between ca. 4.0 and 2.5 Ma,
during deposition of the Arroyo Diablo Forma-
tion (Housen et al., 2005, 2006). The implied
syndepositional rotation history suggests a need
for reconstruction of paleocurrents at a level of
detail that is not possible with the available data.
We therefore infer that fluvial transport was
generally toward the south to SSE during depo-
sition of the Arroyo Diablo Formation between
4.2 and 2.8 Ma.

The Arroyo Diablo Formation passes later-
ally to the northwest into the Olla Formation, a
fluvial unit that contains more than ~20%-50%
distinctive interbeds of arkosic and detrital
mica-rich locally derived sandstone and passes
laterally northward into the Canebrake Con-
glomerate (Fig. 2; Winker, 1987; Winker and
Kidwell, 1996; Kairouz, 2005). The Canebrake
Conglomerate is age-equivalent to both the
lower and upper intervals of the Palm Spring
Group (Fig. 4), and it consists of pebble- to
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cobble-boulder conglomerate that accumulated
in alluvial fans around the fault-bounded mar-
gins of the basin. North of the Vallecito Moun-
tains, Canebrake Conglomerate in the lower
Palm Spring interval is faulted against the West
Salton detachment fault (Steely et al., 2009;
Belgarde, 2007; Matti et al., 2002).

The upper interval of the Palm Spring Group
consists of the Hueso and Tapiado Formations
and laterally equivalent Canebrake Conglomer-
ate (Figs. 4 and 5). The contact with underlying
deposits is sharp but conformable, and, where
it overlies the Arroyo Diablo Formation, the
contact is marked by an abrupt change from
Colorado River—derived to locally derived sand
composition (Winker, 1987; this study). The
Tapiado Formation consists of interbedded la-
custrine mudstone, siltstone, and sandstone that
passes laterally to the northwest and southeast
into the lower part of the Hueso Formation
(Figs. 2 and 8E; Winker, 1987). Two fine-grained
air-fall tuffs provide critical age control in the
lower 100 m of the Tapiado Formation (Fig. 5;
Fig. DRI [see footnote 1]). The Hueso Forma-
tion contains locally derived fluvial sandstone,
conglomerate, and thin-bedded sandstone with
mudstone transitional to the Tapiado Forma-
tion (Fig. 8F). The upper interval of the Cane-
brake Conglomerate rests in fault contact on
the low-angle West Salton detachment fault,
thus defining the steep proximal margin of the
Pliocene-Pleistocene  supradetachment basin
(Axen and Fletcher, 1998; Kairouz, 2005).

The contact between the Hueso Formation
and overlying Quaternary gravel (Mesa For-
mation of Woodard, 1963) is marked by an

~150-200-m-thick interval of fanning dips that
begins slightly below the base of the Jaramillo
subchron (1.07 Ma) and contains reworked
sandstone clasts, paleosols, and restricted la-
custrine deposits (Fig. 5). This fanning-dip
interval records the onset of tilting at ca. 1.1—
1.2 Ma (Dorsey and Axen, 2009). The base of
the Mesa Formation is ~30 m above the top of
the Jaramillo subchron and is estimated to be
ca. 0.95 Ma.

Tuff Ages

Sample 02-440 (4454 m above Base
of Section)

About 50 zircon grains were handpicked
from the heavy mineral concentrate of sample
02-440. The zircon grains are euhedral, equant
to elongate crystals with bipyramidal termina-
tions, or they are fragments of such grains. They
are <100 um in length. The CL images show
a simple oscillatory-zoned internal structure,
with some grains having broad even CL zona-
tion. For this study, 18 grains were analyzed
because many of the zircons were cracked
or irregular fragments and not ideal even for
the 20-pum-diameter SHRIMP spot diameter
(Table 1). Two of the areas analyzed were sig-
nificantly enriched in common Pb, with mea-
sured total 2”Pb/**Pb ratios of ~0.3. The other
16 analyses were more enriched in radiogenic
Pb, but the *7Pb/*Pb ratios were elevated, in
the range ~0.065 to ~0.136. The calculated
radiogenic 2®Pb/**U ages show a simple bell-
shaped distribution on a relative probability plot
(Fig. 9A). If the slightly older analysis of grain 6
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: 8 top of  EEE
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Figure 7. Field photo looking approximately ESE at the irregular top of the lower megabreccia (emplaced in a subaerial alluvial-fan
setting), and directly overlying marine turbidites of the basal Latrania Formation and laterally equivalent Fish Creek Gypsum in the
lowermost Imperial Group. Person standing in foreground (circled) for scale. The basal contact of the Imperial Group records rapid

marine incursion at ca. 6.3 Ma.
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Figure 8. (A) Sandy turbidites of the Latrania Formation, showing a typical paleomagnetic sampling site (~590 m in section; Fig. 5).
Hammer (circled) is 32.5 ¢cm long. (B) Transition from muddy turbidites of the upper Latrania Formation (foreground) to marine
claystone in the lower Mud Hills Member of the Deguynos Formation (middle ground). Ridge in distance is held up by shallow-marine
calcarenite and shell beds at the base of the Yuha Member of the Deguynos Formation (Fig. 5). View shows about 400 meters of section.
(C) Marine rhythmites of the Mud Hills Member (~1070 m in Fig. 5). Hammer (circled) is 32.5 cm long. (D) Channelized, cross-bedded
sandstone and interbedded mudstone of the Arroyo Diablo Formation (Palm Spring Group). (E) Tabular-bedded lacustrine mudstone
and sandstone of the Tapiado Formation. (F) Interbedded fluvial sandstone and mudstone of the Hueso Formation. Resistant sandstone
unit in right center of photo is 5.5 m thick.
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(*Pb/>*¥U age of ca. 2.94 Ma) is excluded, the
weighted mean age is 2.65 £ 0.05 Ma (mean
square of weighted deviates [MSWD] = 1.3; un-
certainty given as 95% confidence limits). This
is interpreted as recording the time of zoned ig-
neous zircon crystallization.

Sample 02-441 (4488 m above Base
of Section)

Slightly more zircon grains (~65) were hand
selected from the heavy mineral concentrate of
sample 02—441. The zircon grains have a wider
size range, up to 200 pum in length, with most be-
ing <100 pm. The morphology is also more vari-
able. Euhedral, elongate to equant crystals with
pyramidal terminations are the more dominant;
however, equant to elongate round grains are
also present and clearly have undergone consid-
erable surface transport. These were interpreted
to be reworked detrital grains and are quite dis-
tinct from the euhedral, igneous zircon. For the
fresh igneous zircons, the CL images once again
show a simple oscillatory-zoned internal struc-
ture with some sector zoning.

For this study, 17 grains were analyzed, as
once again, many of the zircons were cracked
or irregular fragments, or were clearly detrital
(Table 1). Two of the grains analyzed are signifi-
cantly older, with >Pb/>U ages of ca. 160 Ma
(grain 7) and ca. 97 Ma (grain 10). These are not
shown on the relative probability plot (Fig. 9B),
nor are they considered further in this discus-
sion. The analyses of grains 11 and 19 yield
a 2Pb/>8U age of ca. 3.0 Ma, similar to that
for grain 6 in sample 02-440. These are inter-
preted as slightly older magmatic zircons that
were incorporated into the ash deposit. The
calculated radiogenic 2Pb/*®U ages for the
remaining 13 analyses show a relatively simple
bell-shaped distribution on a relative probability
plot (Fig. 9B), though the curve is skewed to the
younger age side. If the slightly younger anal-
ysis of grain 3 (*Pb/*®U age of ca. 2.37 Ma)
is excluded, the weighted mean age is 2.60 +
0.06 Ma (MSWD = 0.97; uncertainty given
as 95% confidence limits). As with sample
02—440, this is interpreted to record the time of
zoned igneous zircon crystallization.

The source of the two dated tuffs is uncertain
but may be the Long Valley caldera in eastern
California, which experienced many late Plio-
cene to Pleistocene eruptions and repeatedly
deposited ash layers around southern California
and Nevada (e.g., Sarna-Wojcicki et al., 1984,
1997, 2005). The two tuffs in this section are 21
and 55 m beneath the Gauss-Matuyama reversal,
similar to a group of tuffs named the “tuffs of the
Badlands (lower set)” that are found in a 50 m
interval below the Gauss-Matuyama boundary
near Long Valley (Sarna-Wojcicki et al., 2005).
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Figure 9. Tera-Wasserburg concordia plots of sensitive high-resolution ion micro-
probe (SHRIMP) U-Pb zircon data for tuffaceous rock samples 02—440 (A) and 02—441
(B). Data are plotted as 16 error ellipses. Insets show the relative probability plots of the
206Ph/238U ages. Weighted mean age calculation results are also shown, with age uncertainties
given as 95% confidence limits. MSWD—mean square of weighted deviates.
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Based on their similar stratigraphic position, we
speculate that these tuffs may have been pro-
duced by the same eruptions at Long Valley.

Magnetostratigraphy

The results of the demagnetization experi-
ments revealed that many of these rocks have
a significant normal-polarity overprint, as also
noted by Opdyke et al. (1977) and Johnson et
al. (1983). Examples of stepwise demagnetiza-
tion are shown in Figure 10, which shows sev-
eral types of behavior. Many specimens have
very well-defined first- and second-removed
magnetization directions (Fig. 10A) that al-
low clear and unambiguous definitions of their
magnetic polarity. Sites where the majority of
samples display this behavior are referred to as
class A results. Many specimens have less well-
defined second-removed components, due to
either catastrophic disintegration of the rocks
during thermal demagnetization (Fig. 10B) or
a significant overlap in thermal or AF unblock-
ing spectra, but for which polarity can be un-
ambiguously determined by great-circle trends
(Fig. 10C). Sites where the majority of samples
displayed this behavior are referred to as class B
sites. Several specimens have a combination of

Figure 10. Examples of paleomagnetic re-
sults. For all orthogonal vector plots, open
symbols denote projection of vector on the
vertical plane, and filled symbols denote
projection on the horizontal plane. De-
magnetization steps are given in degrees
C (77 K denotes liquid-nitrogen treatment
step). For the stereographic (equal-angle)
projections, filled symbols denote lower-
hemisphere directions, and open sym-
bols denote upper-hemisphere directions.
(A) Orthogonal vector plot of a class A
specimen with clear, linear magnetiza-
tion components. (B) Orthogonal vector
plot of a class B specimen that failed by
catastrophic disintegration during heat-
ing, but still shows clearly defined polarity.
(C) Orthogonal vector plot, and stereo-
graphic projection of a class B specimen
with overlapping first- and second-removed
magnetization components; polarity is well
defined by great-circle trend of directions
during demagnetization. (D) Orthogonal
vector plot and stereographic projection of
a class C specimen; although the magne-
tization is poorly defined, the polarity can
be inferred by a combination of the vector
and great-circle demagnetization trends.
NRM— natural remanent magnetization.
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weak magnetization and poor demagnetization
behavior (Fig. 10D), but a polarity of the last-
removed magnetization can be safely inferred,
sites where the majority of samples display this
behavior are termed class C. Table DR1 (GSA
supplementary material; see footnote 1) pro-
vides a complete list of site locations, polarities,
and data quality.

A

Based on these results, we find good agree-
ment between the polarity determined by the
majority of our sample sites and those of John-
son et al. (1983). There were several cases
where our results clearly indicated reversed po-
larity for the same or very similar stratigraphic
levels that Johnson et al. (1983) determined to
be normal polarity (see Table DR2; see footnote

Up
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1). We attribute this difference to the combined
effects of the often difficult to remove normal-
polarity overprint, and the single-step thermal
treatment (with no vector or great-circle analy-
sis), of Johnson et al.’s (1983) results. We also
identified several sites reported in our prior
work in the Split Mountain Gorge area (Dorsey
et al., 2007) where revisions to the reported po-
larity are made in this study. These changes are
attributed to a combination of sparse demagne-
tization data (1-2 samples in the study by John-
son et al., 1983), revisions in demagnetization
treatments that led to better-defined results, and
use of combined vector and great-circle trends
to determine the polarity of the last-removed
magnetization component. The end result is
the delineation of 26 polarity reversals that
are defined by 228 sites in the section (Fig. 5;
Fig. DRI [see footnote 1]).

Correlation of 26 magnetic reversals to the
geomagnetic polarity time scale (GPTS; Cande
and Kent, 1995; Gradstein et al., 2004) pro-
vides excellent control on the age of the sec-
tion (Fig. 5). The reversals are hung from the
GPTS using biostratigraphic placement of the
Miocene-Pliocene boundary at 691 m in the
section (Dorsey et al., 2007) and new U-Pb ages
of the two tuffs at 4454 and 4488 m (2.65 +
0.05 and 2.60 + 0.06 Ma, this study). The re-
sulting correlation to the GPTS is the only one
that produces a reasonable chronology of sedi-
ment accumulation. Alternative correlations
require extremely large, unreasonable spikes
in sedimentation rate and violate independent
age controls, and thus are rejected (Fig. 11).
Our preferred chronology places the Miocene-
Pliocene boundary at the position determined
from marine microfossils (Dorsey et al., 2007),
and it is consistent with prior results of Opdyke
et al. (1977) and Johnson et al. (1983).

There is some uncertainty in the age of the
lower part of the section (Fig. 5; Fig. DR1 [see
footnote 1]). We infer that the thick reversed
interval in the lower half of the Elephant Trees
conglomerate member correlates to the lower
part of the Gilbert magnetochron (7.09-7.34
or 7.43 Ma). One short-lived normal subchron
(C3Br.1n; 3 k.y. duration) likely was missed
between sample sites (Fig. 5). Our lowest re-
versed site, at the top of the lower sandstone
member, most likely sits just above the top
of subchron C4n.ln (7.43 Ma) or subchron
C3Br.2n (7.34 Ma). This interpretation yields a
nondecompacted sediment-accumulation rate of
0.4-0.5 mm/yr in the lower 130 m of the con-
glomerate member, consistent with rates calcu-
lated for the upper half of the Elephant Trees
Formation. Because there is no age control in
the lower sandstone member of the Elephant
Trees Formation (Fig. 5), the age of the oldest
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sediment at the base of the section, east of Split
Mountain Gorge, is estimated by extrapolating
a nondecompacted sediment-accumulation rate
of 0.2-0.5 mm/yr through the lower 140-190 m
of section, and adding the range of possible du-
rations to the inferred age of the lowest paleo-
magnetic collection site (7.34 or 7.43 Ma). This
yields an age of 8.0 + 0.4 Ma for the oldest de-
posits at the base of the section.

Our new data confirm that the change from
normal to reversed polarity located 21 + 13 m
above the upper tuff is the Gauss-Matuyama
boundary (2.58 Ma) (Fig. 5). Using present-
day stratigraphic thicknesses, we calculate un-
decompacted sediment-accumulation rates of
~0.7 mm/yr between the two tuffs, and 1.0 mm/yr
between the upper tuff and the Gauss-Matuyama
reversal. These rates are similar to the average,
longer-term nondecompacted accumulation rate
of ~0.60 mm/yr calculated using magnetic rever-
sals in this part of the section (Fig. 12).

SUBSIDENCE ANALYSIS

Figure 12 tracks 7 m.y. of subsidence in the
Fish Creek—Vallecito basin, from ca. 8.0 to
0.95 Ma. This plot includes three curves for
basin subsidence: one showing a plot of pres-
ent-day thickness as a function of age (= nonde-
compacted subsidence), one for total subsidence
calculated using the decompaction method de-
scribed previously, and one for the component
of total subsidence that is attributed to a tectonic
driving force. All three curves are corrected for
changes in global eustatic sea level using the
curve of Hardenbol et al. (1998), and assume
that nonmarine units accumulated at or close
to sea level. The magnitude of eustatic change,
albeit uncertain, is small relative to stratigraphic
thickness, so the choice of a eustatic curve does
not strongly affect the overall shape of the sub-
sidence curve. The curve that uses present-day
thickness does not include the effects of sedi-
ment compaction during burial and therefore
is not an accurate subsidence historys; it is in-
cluded for comparison and completeness only.
The curve for total subsidence tracks the depth
to the base of the section through time and ac-
counts for the effects of progressive sediment
compaction with increasing burial depth. Tec-
tonic subsidence is calculated by removing the
effect of the sediment load assuming a local
(Airy) isostatic response to loading, and the re-
sidual is assumed to be due to a tectonic driving
force (Angevine et al., 1990). All three versions
of the subsidence curve reveal a relatively sim-
ple four-part history of moderate (8.0-4.5 Ma)
to fast (4.5-3.1 Ma) to moderate (3.1-0.95 Ma)
subsidence, followed by post—1 Ma rapid uplift
of the base of the section (Fig. 12).

The decompacted subsidence curves diverge
into two lines in the marine part of the sec-
tion (Fig. 12), reflecting uncertainty in paleo—
water depth. Curves that assume a minimum
paleobathymetry reveal relatively constant
subsidence at a rate of 0.46 mm/yr (total) and
0.26 mm/yr (tectonic) between 8.0 and 4.5 Ma.
In contrast, curves that assume the maximum
paleobathymetry suggest a period of accelerated
subsidence followed by rapid uplift between
ca. 5.8 and 5.0 Ma, reflecting inferred large
changes in paleo—water depth. While we cannot
rule out the maximum estimate of paleobathym-
etry, we favor the minimum estimate because
it is consistent with observed lithofacies, and it
removes a short-lived pulse of uplift in the basin
for which we have no other evidence and no ob-
vious mechanism.

The plot in Figure 12 reveals an abrupt
change at 4.5 Ma to rapid subsidence
(2.11 mm/yr total rate; 0.85 mm/yr tectonic
rate) that lasted for 1.4 m.y. until 3.1 Ma. The
end of this segment is marked by a similarly
abrupt return to moderate subsidence rate that
lasted from 3.1 Ma to the end of basin subsid-
ence at ca. 1 Ma. Since ca. 1 Ma, the entire
basin has been inverted, uplifted, and deeply
eroded, exposing the base of the section at el-
evations up to ~300 m above sea level around
Split Mountain Gorge (Figs. 2 and 12).

DISCUSSION

The results of this study provide new insights
into the subsidence history of the Fish Creek—
Vallecito basin, crustal deformation related
to development of the Pacific—North America
plate boundary, chronology and dynamics of
the Pliocene Colorado River, and the competing
roles of subsidence and sediment supply in fill-
ing this large transtensional basin. We find that
the base of the Elephant Trees Formation is 8.0
+ 0.4 Ma, the oldest marine deposits are 6.3 Ma,
and Colorado River—derived sand first appears
in this section at 5.3 Ma (Fig. 5), consistent with

»
>

Figure 11. Comparison of our preferred
correlation to the geomagnetic polarity time
scale (GPTS) with two alternative correla-
tions. (A) Present-day stratigraphic height
versus age. (B) Sediment-accumulation
rates (using present-day thicknesses) ver-
sus age. The alternative correlations yield
unreasonably large spikes in sediment-
accumulation rate, and do not correctly
correlate the Gauss-Matuyama reversal to
the two dated tuffs at ~4500 m in the section
(Fig. 5).
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Figure 12. Subsidence curve for the Fish Creek—Vallecito basin, showing total decompacted subsidence, subsidence that would be
calculated using present-day thicknesses, and tectonic subsidence (the component of subsidence due to a tectonic driving force).
All three curves reveal a segmented, three-stage history of moderate to fast to moderate subsidence, from ca. 8.0 to (.95 Ma.

the conclusions of Dorsey et al. (2007). Fig-
ure 12 tracks ~7 m.y. of crustal subsidence in
response to tectonic driving forces and sediment
loading, and provides new evidence for onset of
rapid uplift and inversion at ca. 1 Ma.

Figure 13 presents paleogeographic recon-
structions for the Salton Trough basin at 7-8,
6, 4, and 2 Ma. The reconstructions restore
~22 km of offset on the San Jacinto fault and
~10-15 km on the West Salton detachment fault
(e.g., Sharp, 1967; Janecke et al., 2010; Shirvell
et al., 2009), and build on previous reconstruc-
tions of this region (Winker and Kidwell, 1986;
Matti and Morton, 1993). We assume an average
slip rate of ~45-50 km/m.y. for the San Andreas
fault prior to 1 Ma (DeMets and Dixon, 1999),
and ~15-20 km/m.y. since ca. 1 Ma (e.g., van
der Woerd et al., 2006), for a total Pacific—North
America offset of ~290 km since 6 Ma (Oskin
and Stock, 2003b). We restore an additional
~20-30 km to arrive at the reconstruction for
ca. 7-8 Ma (Fig. 13A). Figure 14 presents the
results of the stratigraphic analysis on a linear
time scale to highlight the chronology of subsi-
dence and deposition in the basin.
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Onset of Deformation and
the San Andreas Fault

The Cenozoic history of displacement on the
Pacific-North America plate boundary in the
Salton Trough and Gulf of California is widely
debated, with prevailing models falling into two
main groups. According to the first group of
models, roughly 300 km of dextral translation
has accumulated since ca. 6 Ma along the south-
ern San Andreas fault system (Crowell, 1981;
Ehlig, 1981; Nicholson et al., 1994; Ingersoll and
Rumelhart, 1999) and Gulf of California (Gastil
et al., 1973, 1991; Spencer and Normark, 1979;
Stock and Hodges, 1989; Atwater and Stock,
1998; Oskin and Stock, 2003b). These studies
conclude that prior to 6 Ma, relative plate mo-
tion was accommodated by dextral offset in the
Los Angeles basin, offshore California border-
land basins, and the Tosco-Abreojos fault west
of Baja California. The second group of mod-
els proposes that relative plate motion began in
the Gulf of California to Salton Trough corridor
much earlier, initiating ca. 12—-17 Ma and accu-
mulating ~300-450 km of total offset (Powell,

1981, 1993; Powell and Weldon, 1992; Weldon
et al., 1993; Matti and Morton, 1993; Gans,
1997; Fletcher et al., 2007). Many group-two
models suggest ~160 km of post-6 Ma offset
on the San Andreas fault in southern California,
much less than the ~300 km inferred by the first
group. Other workers have proposed that dis-
crepancies in displacement magnitude between
the two groups of models can be reconciled by
including off-fault deformation and large-scale
clockwise rotation (Dickinson, 1996; Dickinson
and Wernicke, 1997; Axen, 2000). While the
geometrical models provide useful insights, lack
of consensus on the question of timing prevents
a full understanding of the kinematic evolution
of the Pacific—North America plate boundary.
Data presented herein record the onset of
strong local extensional or transtensional defor-
mation at Split Mountain Gorge by ca. 7.4 Ma
(age of oldest conglomerate in the Elephant
Trees Formation), likely starting ca. 8.0 =+
0.4 Ma (base of the lower sandstone member).
Although boulder-bearing conglomerate pro-
vides the earliest direct evidence for structurally
controlled steep topography at ca. 7.4 Ma, the

Geological Society of America Bulletin, May/June 2011


http://gsabulletin.gsapubs.org/

1 10T Qunf/Ae]A ‘Uuno[ng BOLIDWY JO AJ100S [BOIS0[090)

L8L

”future
1. Col.R. A

\:‘\
? Qj‘\a

3 Area of
Figs. B-E

0 50 100 km
e

114°

marine
embayment

7/ <— Colorado River C

depositional Y shallow -

contact mj_rin_e__
Jpp— T delta
Q20 kM - platform

Locally derived
alluvial fans
and rivers

0 10 20 km —
—

2 Ma. Mod. subsidence, progradation of local seds

Present day

6 Ma. Moderate subsidence, marine incursion

4 Ma. Rapid subsidence, C.R. seds fill basin

Figure 13. Paleogeographic reconstructions of the Salton
Trough and surrounding region at 7.5-8, 6, 4, and 2 Ma.
Reconstructions hold the Pacific plate stationary, restore
~22 km of offset on the San Jacinto fault (e.g., Sharp,
1967; Janecke et al., 2010), and assume a total Pacific—
North America offset of ~290 km since 6 Ma (e.g., Os-
kin and Stock, 2003b). (A) Late Miocene tectonic setting
during inferred transfer of relative plate motion from
offshore borderland basins to the southern paleo-San
Andreas fault. (B) Latest Miocene marine incursion
during moderate basin subsidence. (C) Progradation
of Colorado River and delta into Salton Trough dur-
ing rapid subsidence. (D) Expansion of locally derived
alluvial fans and rivers from the west during moderate
subsidence. (E) Present day. Abbreviations: CM—Coyote
Mountains; FCM—Fish Creek Mountains; FCVB—
Fish Creek—Vallecito basin; LM—Laguna Mountains;
SFBB—San Felipe-Borrego basin; SMG—Split Moun-
tain Gorge; SRM—Santa Rosa Mountains; SYM—San
Ysidro Mountains; TAF—Tosco-Abreojos fault; TBM—
Tierra Blanca Mountains; VM—Vallecito Mountains;
WP—Whale Peak.

TTOZ ‘62 YaJe\ uo Biosqndesb unajngeshb wol} papeojumoq


http://gsabulletin.gsapubs.org/

788

Downloaded from gsabulletin.gsapubs.org on March 29, 2011
Geomagnetic polarity time scale

PLEISTOCENE

PLIOCENE

MIOCENE

0

C2An.1n

w

C2An.2n

C2An.3n

R C3An.1n

C3An.2n

0]
Q .
< Interpretation
P~
@ Lithostratigraphy i
(plotted in time)
=] gravel bypass

© 51
§ |
> £ locally derived
© iy streams
= % -

ol

I .

) o

Reunion ) I

Clxsg

sre shallow lake

©
a a
oLe =— tuffs (2.65 and 2.60 Ma)
o= 2« base of Local Sst
» al ok
7] nl| el
=} w F
“’ S| af
(O] | 6
o ¢ Colorado River,
s F and basin-
@ O F margin
£ SF streams
o af
AN
8| [}
Tg- < [ Jo
3 Paleobathymetry 2 8
3 E 0050(m T o
<@ et ©
1) %) = O
%] o o ©
s 5
a3 Q5

=l o)) o

@] 8 I

@

0wle] O
a0z |
— 02-310%270 <
— 04-250242001 —
(0] 04-240] (C c
Eel oA Wl T
'(3 042104 O p
02-3004 E c
04-200 .g
02-290 5]
Silae] - g
ot 160.00.286%] '3
04-15 b H H H
orfe &—— marine incursion
04-13 0 lower megabreccia
04-12 @
022605 &
04—10nodalao: o) E
04-09 . .
008l g w rift-basin,
- [} .
04-06
ocose] o | & alluvial fans
04-07 O s |‘:
04-04 0 —
04-030 c
0020 = | ©
anST i s 02-20-23
[0}

o No age control in 150-200 m
lower sst member. We use
estimated sed-accumulation

< rate in overlying deposits to
s estimate an age of 8.0 +/- 0.4
c Ma for the base of the section.
o erosion See text for discussion.
and/or
non-
deposition

Geological Society of America Bulletin, May/June 2011

Decompacted

subsidence rate

(mm/yr)
0o 1 2

3

0.40 mm/yr

2.2 mm/yr

assumes

paleo-

0.46 mm/yr

M

assumes
“minimum”

“maximum”

bathymetry

paleobathymetry



http://gsabulletin.gsapubs.org/

Downloaded from gsabulletin.gsapubs.org on March 29, 2011
Late Cenozoic basin development, southern California

conformable nature of the lower Elephant Trees
Formation east of Split Mountain Gorge indi-
cates that the lower sandstone member likely ac-
cumulated in a tectonically active basin starting
ca. 8.0 £ 0.4 Ma. We speculate that the onset of
local deformation may reflect initiation of off-
fault strain adjacent to the paleo—San Andreas
fault when it became established as the Pacific—
North America plate boundary in the Salton
Trough at ca. 7-8 Ma (Fig. 13A). This coincides
temporally with—and may have been linked
to—a change to a more strike-slip relative plate
motion at ca. 8 Ma (Atwater and Stock, 1998),
though newer analyses do not indicate a change
in plate motion at this time (Wilson et al., 2005).
Alternatively, the onset of deformation in this
area could represent intraplate strain prior to es-
tablishment of the Pacific—North America plate
boundary in the Salton Trough at ca. 6 Ma, or it
could be off-fault strain that started long after
initiation of the paleo—San Andreas fault around
12-17 Ma. We favor the first hypothesis—onset
of local deformation due to initiation of the
paleo—San Andreas fault—because the present-
day San Andreas fault is embedded in a wide
belt of deformation, and the study area restores
to a position close to the paleo—San Andreas
fault in the reconstruction (Fig. 13A). While we
cannot rule out the possibility that the paleo—
San Andreas fault was present NE of the Salton
Trough before the onset of deformation at Split
Mountain Gorge, the overlying marine deposits
and correlation to other distant localities pro-
vide clear evidence that the plate boundary was
established in the Salton Trough by or before
6.3 Ma (see following).

Our conclusion that local transtensional de-
formation started at ca. 8.0 = 0.4 Ma differs
from a recent study of (U-Th)/He cooling ages
in the lower plate of the West Salton detachment
fault (Shirvell et al., 2009), which suggested
that exhumation due to slip on the detachment
fault may have started as early as ca. 12 Ma.
However, Shirvell et al. (2009) did not consider
long-term cooling due to a regional thermal

<
<

Figure 14. Chronostratigraphic summary
of the Fish Creek-Vallecito basin show-
ing lithostratigraphy, subsidence rates,
and inferred paleobathymetry for the ma-
rine Imperial Group (Dorsey et al., 2007;
this study), plotted as a function of time.
Paleomagnetic sample sites and polarities
are shown for the lower part of the sec-
tion, where scale permits. Additional de-
tails of sample locations are provided in the
GSA Data Repository online supplement
(Fig. DR1; see text footnote 1).
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event—perhaps related to development of a
slab window east of the San Andreas transform
boundary (e.g., Dickinson and Snyder, 1979;
Severinghaus and Atwater, 1990; Wilson et al.,
2005)—as an alternative explanation for the
data. The cause of slow cooling since ca. 25 Ma
north of Split Mountain Gorge in the eastern
Peninsular Ranges (Luther et al., 2008) is simi-
larly enigmatic. We propose that, in contrast to
ambiguous results emerging from thermochro-
nologic studies, stratigraphy provides a robust,
well-dated record of crustal deformation in this
area, and that there is no compelling evidence
for major extensional or transtensional deforma-
tion in the Fish Creek—Vallecito basin prior to
ca. 8 Ma. Suggestions that an older stratigraphic
record resides concealed in the subsurface are
untenable because the latest Miocene and Plio-
cene base of the section is well exposed in
numerous places due to young uplift and exhu-
mation. Because the Salton Trough has opened
by lithospheric rupture and spreading (e.g., Fuis
et al., 1984), the study area restores to a position
close to the paleo—San Andreas fault (Fig. 13A),
making it unlikely that a deep older section is
preserved at depth in the subsurface of the mod-
ern Salton Trough. We therefore conclude that
crustal extension or transtension in the western
Salton Trough began at ca. 7.5-8 Ma, and that
older (U-Th)/He ages in the footwall of the West
Salton detachment fault most likely record the
younger part of a protracted regional cooling
history that began in middle Tertiary time.

Late Miocene Marine Incursion

The oldest marine deposits at Split Moun-
tain Gorge, dated here at ca. 6.3 Ma, record late
Miocene marine flooding into the Salton Trough
(Fig. 13B). Subsidence rate in the basin was
moderate and more or less constant from ca. 8.0
to 4.5 Ma (Fig. 12), so it is unlikely that marine
incursion resulted from an abrupt increase in
subsidence rate at 6.3 Ma. Thus, it is tempting
to attribute this event to a late Miocene rise in
global sea level (e.g., Haq et al., 1987; Hard-
enbol et al., 1998) superimposed on long-term
tectonic subsidence. However, recent recon-
structions of global sea level based on refined
stratigraphic analysis and backstripping meth-
ods do not reveal a large-magnitude change in
global sea level in late Miocene time (Van Sickel
et al., 2004; Miller et al., 2005). Large discrep-
ancies between published sea-level curves,
combined with possible complications related to
slab-window thermal effects (e.g., Wilson et al.,
2005) and dynamic topography (Moucha et al.,
2008; Spasojevic et al., 2008), currently make
it impossible to assess the possible influence of
eustatic sea-level change on this event.

Despite the uncertain role of late Miocene
eustatic sea level, the regional distribution of
marine sediments places a useful constraint
on the timing of plate-boundary deforma-
tion. Marine deposits of remarkably similar
age (ca. 6.3-6.5 Ma) are preserved in a nar-
row, ~600-km-long belt from Isla Tiburon in
the south (Oskin et al., 2001; Oskin and Stock,
2003a) to the northern Salton Trough and south-
ern San Bernardino Mountains (Rymer et al.,
1994, 1995; McDougall et al., 1999; McDou-
gall, 2008). In most localities, late Miocene
marine deposits conformably overlie nonmarine
deposits that themselves rest nonconformably
on Cretaceous or older plutonic rock. This sug-
gests that these localities were either uplifting
or neutral until a structural change caused sub-
sidence and deposition in nonmarine environ-
ments, which subsequently were inundated by
marine water. The similar timing of these events
along a 600-km-long narrow belt provides clear
evidence that the Pacific—North America plate
boundary was established along the Salton
Trough—Gulf of California corridor by the time
of marine incursion. We infer that local defor-
mation at Split Mountain Gorge and elsewhere
was replaced by regionally integrated exten-
sion and transtension along the plate boundary,
which caused crustal thinning and lowering of
topography to sea level and culminated in ma-
rine flooding at ca. 6.3-6.5 Ma.

Controls on Segmented Basin Subsidence

As noted already, the subsidence history for
the Fish Creek—Vallecito basin consists of three
linear segments with abrupt changes in rate from
moderate (0.46 mm/yr) to fast (2.11 mm/yr)
to moderate (0.40 mm/yr), followed by rapid
uplift and exhumation (Fig. 5). This is not pre-
dicted for rift basins, which typically show a
gradual decay of subsidence rate in response to
lithospheric cooling (McKenzie, 1978; Sclater
and Christie, 1980; Bond et al., 1983). Instead,
the second two stages of subsidence are remi-
niscent of strike-slip—related basins, such as
the Miocene-Pliocene Ridge Basin (Crowell
and Link, 1982; Christie-Blick and Biddle,
1985) and Pliocene Loreto basin (Dorsey and
Umbhoefer, 2000), which experience an early
stage of rapid subsidence followed by an abrupt
change to slower subsidence (see also Xie and
Heller, 2009). Pitman and Andrews (1985) pro-
posed that the segmented subsidence pattern
of transtensional strike-slip basins results from
significant heat loss during rifting, with much
slower postrift subsidence due to little heat loss
after the end of the rift phase. Karner and Dewey
(1986) suggested that the presence of a subho-
rizontal midcrustal detachment leads to thinning
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of the crust without involvement of the mantle
lithosphere, thus maximizing subsidence rate
during rifting. Segmented subsidence histories
also result from geometric complexities and
changes in fault geometry and slip rate as rocks
enter and exit bends and steps in strike-slip fault
systems. Such changes typically occur in strike-
slip fault zones over short time scales (Mann et
al., 1983; Dickinson et al., 1987; Machette et al.,
1991, 1992; McCalpin and Nishenko, 1996) and
have been documented north of the Fish Creek—
Vallecito basin in smaller Pleistocene strike-slip
basins (Lutz et al., 2006; Kirby et al., 2007; Bel-
garde, 2007; Steely et al., 2009).

In the Fish Creek—Vallecito basin, temporal
changes in subsidence rate likely reflect changes
in slip rate on basin-bounding faults, and may
record initiation of the West Salton detach-
ment fault as early as 8.0 + 0.4 Ma or as late as
ca. 4.5 Ma. Onset of lithospheric rupture and vo-
luminous mafic intrusions in the Salton Trough
(e.g., Fuis et al., 1984) may have also played a
role. Although a specific driving mechanism can-
not be isolated, the segmented subsidence curve
in Figure 12 suggests evolving deformation ad-
jacent to geometrically complex transtensional
faults in a regional strike-slip—related fault sys-
tem. This conclusion is consistent with our gen-
eral understanding that Pliocene subsidence and
deposition took place during translation along the
San Andreas fault at the northeast margin of the
basin (Figs. 1 and 13; Axen and Fletcher, 1998).

Progradation and Basin Filling by
the Colorado Delta

During early Pliocene time, the Colorado
River produced a large volume of sediment that
filled the Salton Trough up to sea level, forcing
progradation of the fluvial delta plain southeast
into the northern Gulf of California (Fig. 13C).
Up-section coarsening through the upper Mud
Hills, Yuha, and Camels Head Members (Fig. 5)
records progradation of the Colorado River
delta into the basin from ca. 4.9 to 4.2 Ma. The
base of the Arroyo Diablo Formation signals ar-
rival of the fluvial part of the system at 4.25 Ma.
It is significant that the delta prograded into this
area continuously during an abrupt fourfold in-
crease in subsidence rate at ca. 4.5 Ma (Fig. 12).
If other parameters (sea level, climate, rate of
sediment input) are held constant, an increase
in subsidence rate should cause retrogradation
and retreat of a delta, which would produce an
up-section decrease in grain size and change to
more distal deposits (e.g., Paola et al., 1992;
Heller and Paola, 1992), opposite of the docu-
mented coarsening-up trend.

The observation that delta progradation took
place during accelerated subsidence, and that
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fluvial conditions persisted for 1.4 m.y. during
the rapid-subsidence phase, provides evidence
that a large increase in sediment flux to the ba-
sin at 4.9-4.6 Ma overwhelmed the competing
effect of increased subsidence rate, which oth-
erwise would have caused coastal transgression
and a decrease in the size of the delta (e.g., Van
Wagoner et al., 1990; Posamentier et al., 1988;
Muto and Steel, 1992, 2001, 2002). This kind of
behavior—strong delta progradation during in-
creased production of accommodation space—
has been observed elsewhere and is used to
document the occurrence and significance of
supply-driven deltas (e.g., Goodbred and Kuehl,
2000; Carvajal and Steel, 2006; Porebski and
Steel, 2006).

Basin Inversion and Uplift

The Fish Creek—Vallecito basin is well ex-
posed because the section has been uplifted,
tilted, and eroded during the past ~1 m.y. The
onset of tilting is dated at ca. 1.2 Ma based on
a zone of fanning dips that begins just below
the base of the Jaramillo subchron (1.07 Ma;
Fig. 5). Basin subsidence and sediment accumu-
lation had ended by ca. 0.95 Ma. We infer that
post—1 Ma tilting is currently taking place in a
large tilt block bounded by the Elsinore fault
on the southwest and the Fish Creek Mountains
fault on the northeast (Fig. 2). Because strati-
graphic thickness likely represents total depth
of the basin, and the base of the section is now
exposed at ~300 m elevation, we conclude that
there has been as much as 5.7 km of uplift in
the Fish Creek Mountains since 0.95 Ma, at an
average rate of ~6 mm/yr. The amount of uplift
decreases to the southwest and approaches zero
to slight subsidence close to the Elsinore fault
(Fig. 2). The change from widespread subsi-
dence to uplift and basin inversion resulted from
initiation of the Elsinore and other strike-slip
faults in the western Salton Trough at ca. 1.1-
1.3 Ma (Johnson et al., 1983; Lutz et al., 2006;
Kirby et al., 2007; Steely et al., 2009; Janecke
et al., 2010; this study). Onset of this new struc-
tural style represents a major, relatively recent
tectonic reorganization and southwestward wid-
ening of the San Andreas fault system.

CONCLUSIONS

A 5.5-km-thick stratigraphic section exposed
in the Fish Creek—Vallecito basin provides a
high-fidelity record of sedimentation, subsi-
dence, basin filling, and uplift from late Miocene
time to the present. Geohistory analysis reveals
a segmented history of: (1) moderate subsidence
from 8.0 to 4.5 Ma; (2) rapid subsidence from
4.5 to 3.1 Ma; (3) moderate subsidence from 3.1

to 0.95 Ma; and (4) tilting and rapid uplift and
erosion since ca. 1 Ma. The strongly segmented
nature of the subsidence history is likely related
to changes in slip rate and slip partitioning on
basin-bounding faults, in particular the low-
angle West Salton detachment fault on the west
and the San Andreas fault on the northeast.

The onset of subsidence and deposition at
ca. 8.0 = 0.4 Ma resulted from onset of local
extensional or transtensional deformation, and
may record initiation of the paleo—San Andreas
fault when it became established as the Pacific—
North America plate boundary in the Salton
Trough. Alternatively, plate-boundary strain
could have initiated in the Salton Trough region
prior to or after the onset of deformation in this
area, but no later than 6.3 Ma (age of wide-
spread marine incursion). The age of the West
Salton detachment fault remains uncertain, and
could be as old as ca. 8.0 or as young as 4.5 Ma
(age of abrupt increase in subsidence rate).

Large-scale progradation of the Colorado
delta into the basin took place during an abrupt
increase in subsidence rate at ca. 4.5 Ma, and
fluvial-deltaic conditions persisted for 1.4 m.y.
during the rapid-subsidence phase. This behav-
ior contradicts the predictions of subsidence-
driven stratigraphic models because, if other
parameters are held constant, a change to rapid
subsidence should cause retreat and retrograda-
tion of a delta, not progradation. We therefore
infer that Pliocene progradation of the delta re-
sulted from a large increase in sediment input
from the Colorado River that overwhelmed the
competing influence of rapid subsidence.

Rapid uplift, inversion, and erosion of the ba-
sinal succession began at ca. 1 Ma in response
to initiation of currently active strike-slip faults
and dextral wrench deformation in the western
Salton Trough. Complex segmentation and de-
struction of the formerly intact supradetachment
basin reflect profound, relatively recent reorga-
nization of the San Andreas fault system.
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