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INTRODUCTION 

The Salton Trough was formed by the late 
Cenozoic interaction of three major geologic systems: 
the Gulf of California, Colorado River, and San 
Andreas fault (Fig. 1). On this field trip we will exa-
mine the stratigraphic record of these three systems as 
exposed in the western Salton Trough. Each day will 
be spent in one of the three localities ~ Split Moun-
tain, Fish Creek Basin, and Coyote Mountains - that 
provide the best leverage on chronology, facies, and 
paleogeography of the early Salton Trough. Although 
the Salton Trough is not a significantly petroliferous 
basin, we will also examine sedimentary geometries, 
lateral variability, and reservoir-seal relationships as 
they might pertain to exploration and production in 
analogous basin settings. 

The Salton Trough long been a popular area for 
field trips emphasizing its strike-slip tectonic setting 
(e.g. Robinson and Threet, 1974, Crowell and Sylves-
ter, 1979, Kerr and Kidwell, 1991). In contrast to 
previous field trips this one will emphasize: 
(1) origins of the Salton Trough as part of the Mio-
cene proto-Gulf of California rift basin (pre-dating the 
San Andreas fault system); (2) recognition of clastic 
sediment derived from the Colorado River as a key to 
paleogeographic reconstruction; and (3) differentiation 
of Neogene basement topography from that of the 
present. 

Gulf of California 

The Gulf of California was initiated by middle 
Miocene extension -12-14 Ma, based on several 
recent studies (Stock and Hodges, 1989; Sawlan and 
Smith, 1984; Sawlan, 1991; Lyle and Ness, 1991). In 
contrast to the widespread extension that characterized 
much of southern California during the Miocene, Gulf 
of California extension was focused on a single long 
and relatively straight rift basin parallel to the pre-
existing continental margin. Baja California began to 
detach from intact North America essentially as a 
single rigid block (Sawlan, 1991). 

Marine inundation occurred as early as 13 Ma, 
in Patrick L. Abbott and John D. Cooper., eds., 1996, 
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based on molluscan biostratigraphy and radiometric 
dates at Isla Tiburon (Smith, 1991) (Fig. 2). By 
around 6.5 Ma, marine waters had extended northwest 
to San Gorgonio Pass (Fig. 1), approaching within 50 
km of the marine Los Angeles Basin but never quite 
reaching it. Prior to 5 Ma the Gulf of California 
apparently also extended through the Yuma Basin into 
the Bouse Embayment (now the lower Colorado River 
valley), based on estuarine macrofauna (Smith, 1960, 

Figure 1. Index map to key Neogene localities and 
strike-slip faults of the Salton Trough and vicinity. 
This field trip covers the Fish Creek-Vallecito and 
Coyote Mountains localities. 
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Figure 2. Neogene palinspastic paleogeographic reconstructions of Salton Trough and northern Gulf of California, 
from Winker and Kidwell (1986). Note narrow width of initial Gulf of California, and tectonic transport of field 
trip area (Fish Creek-Vallecito) past apex of delta plain. 

1970; Metzger, 1968; Winterer, 1975; Buising, 1989). 
More tenuous microfossil evidence suggests that 
marine waters may have spilled over into several 
basins of the Mojave Desert including Cadiz, Bristol, 
Danby, and Panamint (Smith, 1970). 

Colorado River 

In early Pliocene time, the Colorado River 
began to debouch into the Salton Trough through a 
gap between the Chocolate and Gila Mountains (Fig. 
1). The influx of fine-grained Colorado River sedi-
ment built a deltaic dam across the rift, cutting off the 
northwestern comer to form a lacustrine basin. The 
Salton Trough thus became a geographic entity dis-
tinct from the Gulf of California. For the Colorado 
River to enter the Salton Trough, the Bouse Embay-
ment had to emerge above sea level and become the 
Colorado River valley (Fig. 2). This radical alteration 
of the landscape appears to have occurred quite 
rapidly, over a million years or less. We will see 
some of the evidence for this chronology (Fig. 3) 
during the field trip. The thick pile of Colorado River 
sediments in the rift not only formed a topographic 
divide, but also fundamentally altered the nature of 
crustal formation in pull-apart basins along the evol-
ving strike-slip plate boundary (Elders and others, 
1972; Elders, 1979). The apex of the bipolar delta 
plain has remained anchored to the North American 
plate by the entry point of the Colorado River (Fig. 
1), while the Salton Trough has widened and its tip 

(at San Gorgonio Pass) has propagated toward the 
northwest (Fig. 2). 

San Andreas Fault System 

Between the middle Miocene and the some time 
in the Pliocene, Baja California was transferred from 
the North American to the Pacific Plate. Thus, the 
original Gulf of California rift basin evolved into the 
present transtensional plate boundary, accommodating 
the majority of the 5-6 cm/yr of dextral slip observed 
today between the Pacific and North American plates. 
This evolution is reflected in the history of the San 
Andreas fault system, which is best constrained in the 
vicinity of the San Gabriel Mountains and Ridge 
Basin (Crowell, 1982). Stratigraphic relationships 
there indicate that strike-slip faulting began in the 
middle Miocene (~12 Ma) on the San Gabriel fault. 
However, the modern San Andreas system, accommo-
dating a major part of interplate slip, did not begin 
until ~5 Ma (Crowell, 1982). Since that time, both 
the Gulf of California and Salton Trough have wi-
dened considerably through transtensional opening 
(Fig. 2). Large-scale tectonic translation of the wes-
tern Salton Trough relative to the North American 
plate is manifested by paleocurrent data from Pliocene 
deltaic deposits (Winker and Kidwell, 1986), which 
reflect a former position on the southeastern rather 
than the northwestern flank of the delta plain (Fig. 2). 

In the Salton Trough, we infer that strike slip 
was first accommodated primarily on the San Andreas 
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Figure 3. Neogene stratigraphic summary of Salton Trough based on informal genetic-stratigraphic units. 
Synonymy with formal nomenclature is discussed in Winker (1987). Sources of age dates: Fish Creek- Vallecito, 
Johnson and others (1983); Coyote Mts., Ruisaard (1979) and Mace (1981); Jacumba, Hawkins (1970); Whitewater 
Canyon, Matti and others (1985); Durmid Hill, Babcock (1974); Sierra de los Cucupas, Barnard (1968); Bouse 
Embayment, Shafiqullah and others (1980). 

fault proper, which runs along the eastern margin of 
the basin (Fig. 1). Major strike-slip faults in the wes-
tern Salton Trough have modern slip rates dispro-
portionate to their small total displacement, suggesting 
that they are of relatively recent origin (Winker, 
1987). Other manifestations of wrench tectonism in 
the western Salton Trough include: (1) numerous 
subordinate strike-slip faults of all orientations; (2) 
rapid Quaternary uplift (Johnson and others, 1983), re-
sponsible for the outcrops on this field trip; and (3) 
transpressive folding, dominated by east-west trending 
fold axes. 

STRATIGRAPHIC NOMENCLATURE 

In Neogene outcrops of the Salton Trough it is 
usually fairly easy to distinguish between marine and 
nonmarine strata. As discussed in the next section, it 
is also reasonably straightforward to differentiate be-
tween sediment derived from the Colorado River 
("C"-suite of Winker, 1987) and sediment derived 

more locally ("L"-suite). These relationships are por-
trayed in a fence diagram of the field trip area (Fig. 
4), and provide the primary basis for our stratigraphic 
subdivision of the Salton Trough (Fig. 3). An infor-
mal system of genetic units is convenient for summa-
rizing basic stratigraphic relationships within the basin 
(Fig. 3), and sidesteps the problems of proliferating 
local stratigraphic names and ambiguous or conflicting 
usages of more widely used names. 

Nevertheless, formal nomenclature based on 
properly defined units provides the foundation for 
careful mapping and stratigraphic description. In our 
initial studies we used the nomenclature of Woodard 
(1963) in the Fish Creek-Vallecito Basin, that of 
Christensen (1957) in the Coyote Mountains, and that 
of Dibblee (1954, 1984) in the rest of the western Sal-
ton Trough. In Split Mountain and the Fish Creek-
Vallecito Basin, Winker (1987) employed nomencla-
ture modified from Woodard (1963, 1974) and incor-
porated the facies-based mapping of Kerr (1982). 
Previous nomenclature has employed only two ranks, 
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Figure 4 (facing page). Schematic fence diagram of stratigraphic relationships in the field trip area, showing 
(A) distribution of marine deposits comprising the Imperial Group, and (B) differentiation in terms of provenance. 
For key to stratigraphic units, see Fig. 5. Initials of some localities visited or discussed in this field trip: FC, Fossil 
Canyon; AC, Andrade Canyon; CSN, Canyon Sin Nombre; SP, Sweeney Pass; EK, Elephant Knees; RR, Red Rock 
Canyon; BR, Barrett Canyon; BM, Boundary Mountain; CZ, Crazycline Canyon; SMG, Split Mountain Gorge; LY, 
Lycium Canyon; CW, Coral Wash; JF, Jackson Fork; GM, U.S. Gypsum mine; MG, mouth of Gorge; NR, No 
Return Canyon. 

formation and member. As our work progressed, we 
have found it convenient to add a third rank by raising 
three units of long standing (Split Mountain, Imperial, 
and Palm Spring) from formation to group. This revi-
sion is employed in this guidebook (Fig. 5). 

Basal nonmarine strata in the Salton Trough 
comprise the Split Mountain Group of Miocene age. 
The Split Mountain Group (Ms) consists of volcanic 
rocks (primarily basalt) of the Alverson Formation 
(Mv), and a variety of clastic units. The Red Rock 
Formation (Mr) consists of relatively localized fluvial 
and eolian sandstone and conglomerate, apparently 
filling bedrock paleovalleys. The Elephant Trees (Me) 
and Garnet (Mg) Formations are stratigraphically 

higher and consist of alluvial fan conglomerates and 
sandstones in Split Mountain and the Coyote Moun-
tains, respectively. 

Marine strata in the Salton Trough comprise the 
Imperial Group (MPi), ranging in age from late Mio-
cene to Pliocene. The Imperial Group is subdivided 
into: (1) evaporites of the Fish Creek Gypsum (Mf), 
(2) predominantly "L"-suite clastics of the Latrania 
Formation (MPI), and (3) predominantly "C"-suite" 
clastics of the Deguynos Formation (Pdg). The "L"-
suite Latrania Formation is in turn subdivided into 
several members (Lycium, Mly; Wind Caves, Pw; 
Stone Wash, MPs; Andrade, Ma; Jackson Fork; Pj) 
reflecting lateral facies variations in the early Gulf of 
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Figure 5. Stratigraphic nomenclature used in this guidebook. Abbreviations: ss = sandstone, sts = siltstone, els = 
claystone, eg = conglomerate). 
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California. The "C"-suite Deguynos Formation is sub-
divided into members (Mud Hills, Pm: Lavender Can-
yon, Pic; Yuha, Py; Camels Head, Pch) reflecting the 
vertical succession of a prograding marine delta. 

Post-Imperial nonmarine strata are all assigned 
to the Palm Spring Group of Pliocene to Pleistocene 
age. In the western Salton Trough the Palm Spring 
Group is divided into five formations. "C"-suite flu-
vial deposits of the Colorado River delta plain com-
prise the Diablo Formation (Pd). "L"-suite alluvial 
strata are subdivided into the Canebrake Conglomerate 
(PQc) and sandstones of the Hueso Formation (PQh). 
Where "C" and "L" alluvial deposits interfinger, they 
are assigned to the Olla Formation (Po). Lacustrine 
strata, which include both "C" and "L" clastics, are all 
assigned to the Borrego Formation (Pb and Qb). 

While conventional lithostratigraphic units pro-
vide the foundation for mapping and regional corre-
lation in the Salton Trough, we have not ignored se-
quence-stratigraphic aspects of these rocks. We have 
attempted to define the external geometry of litho-
stratigraphic bodies on a scale that would be recog-
nizable in seismic stratigraphy. Where possible, we 
have also defined cyclic units and traced stratal sur-
faces as a basis for defining stratal geometries. 
However, in much of the study area this is simply not 
feasible, due to structural deformation, poor exposures 
of some of the more friable units, and above all, the 
nature of stratigraphic relationships in this tectonically 
active setting. 

In vertical succession one commonly sees sud-
den, unique changes of lithology and paleoenviron-
ment, rather than multiple repetitions of similar cyclic 
units. From a cyclostratigraphic standpoint, the most 
interesting parts of the Neogene basin fill are: (1) the 
Latrania Formation associated with the Gulf of Calif-
ornia transgression (Days 1 and 3), and (2) the middle 
part of the Deguynos Formation (upper Mud Hills 
Member to lower Yuha Member) associated with 
progradation of the early Colorado River delta (Day 
2). In these situations we can recognize flooding 
surfaces and parasequences, with retrogradational 
stacking in the Latrania and progradational stacking in 
the Deguynos. Some candidates for sequence boun-
daries can be identified, such as the base of the Lav-
ender Canyon Member in the Deguynos Formation. 
However, we are unable to verify their regional 
significance or to use them for more than short-
distance correlation. 

Stratigraphic relationships and geometries in the 
region of Split Mountain, Fish Creek-Vallecito Basin, 
and Coyote Mountains are summarized in a schematic 
fence diagram (Fig. 4). This diagram was constructed 
to help visualize the geometry of basin fill as it 
existed prior to the Pleistocene (post-0.9 Ma) uplift 
that created the present-day topography and outcrops. 

It was drawn with a vertical exaggeration of 2:1 to 
approximate a typical aspect ratio for seismic cross 
sections (for example, 1"=4000', 1"=2.5 sec, and 
10,000 ft/sec yields a 2:1 vertical exaggeration). 

SOURCES AND DISPERSAL OF SEDIMENT 

Numerous petrographic studies have described 
upper Cenozoic sands and sandstones in the Salton 
Trough and northern Gulf of California (Van Andel, 
1964; Merriam and Bandy, 1965; Muffler and Doe, 
1968; Van de Kamp, 1973; Kerr, 1982; Potter, 1978; 
Winker, 1987; Armitage, 1989; Sentianin, 1989; Nuf-
fer, 1989, and Guthrie, 1990). These studies indicate 
three end-members for composition and source terrane 
(Fig. 6). (End-members may plot somewhat differently 
from study to study due to differences in methodol-
ogy). First, local plutonic and metamorphic sources 
produce arkoses rich in plagioclase (P/F 70-85%). 
Second, Miocene volcanic rocks yield volcanic lith-
arenites. Third, the Colorado River delivers lithic 
subarkoses to arkosic sublitharenites, with P/F of 23-
65%. Colorado River sands also have secondary 
characteristics such as better rounding and sorting, 
quartz overgrowths, hematite coating, and reworked 
Cretaceous foraminifera which indicate recycling from 
sedimentary rocks (Merriam and Bandy, 1965; Win-
ker, 1987). Mixing is common between the arkose 
and volcanic litharenite end-members (Fig. 6). Ad-
mixtures of Colorado River sands with the other two 
are relatively uncommon but are usually easy to iden-
tify because of the mixture of rounded and angular 
quartz grains. 

Arkoses, litharenites, and their admixtures 
typically occur in association with conglomerates 
representing the lithologies of local plutonic, meta-
morphic and volcanic rocks. (The Red Rock Forma-
tion is an exception; it also contains extra-local clasts 
of silicic metavolcanics similar to the Eocene Poway 
and Ballena Gravels, according to Kerr, 1982, 1984). 
Associated siltstones are typically biotite-rich. 
Together, these sediments comprise the "L" suite. 
Typical colors are gray, olive, green, brown, white, 
red, orange, and pink (reddish colors occur mainly in 
the Miocene Red Rock, Elephant Trees, and Garnet 
Formations). 

The "C" suite consists of Colorado River-type 
sandstones associated with siltstone and claystone. 
These lithologies occur together in two color schemes. 
In predominantly marine rocks, gray claystones are 
associated with pale yellow siltstones, and pale yel-
low, ochre, or brown sandstones. In predominantly 
nonmarine rocks, red claystones are associated with 
pale orange (buff) siltstones and sandstones. 

Diagenesis in these sandstones is dominated by 
physical compaction and carbonate cementation. 
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Figure 6. Summary of sandstone point-count data in the Salton Trough. A. Ternary diagrams of point- count data 
from Winker (1987) using the technique of Dickinson (1985). B. Summary of porosity and cement in several thin 
sections, plotted in approximate stratigraphic order, from Winker (1987). Most samples are keyed to cross sections 
(Figure 16). C. Ternary diagrams comparing point-count data from various studies. Plots for the same 
end-member can differ from study to study due to differences in methodology. 
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Hematite cementation resulting from degradation of 
biotite is seen in some of the "L"-suite deposits. 
Little evidence was seen for dissolution of feldspars. 
Sandstone porosities derived from point counts are 
highly variable, ranging from zero to 28% (Fig. 6). 
Porosities are generally low (<10%) in "L"-suite 
sandstones, but can range as high as 16%. "C"-suite 
sandstone porosities range from a few percent up to 
28%. These numbers are somewhat biased toward 
low porosities because competent samples were 
favored over highly friable samples. Because "C"-
suite sandstones are more commonly friable than "L"-
suite, an unbiased sample of porosities should show 
an even greater disparity between "C" and "L" suite. 
Cement plus porosity is more similar for the two 
suites, ranging from 8 to 35% with a mode around 
20% (Fig. 6). "C"-suite sandstones are all fine to very 
fine grained, but are consistently better sorted than 
"L"-suite sandstones. In summary, "C"-suite sand-
stones would have relatively good reservoir potential 
in their present state, while "L"-suite sandstones 
would make relatively poor reservoirs unless dissol-
ution produced secondary porosity. 

Paleocurrent patterns and proximal-distal rela-
tionships within the field trip area are strongly corre-
lated with provenance. In "L"-suite units, paleocur-
rent modes are directed mostly toward the east or 
ENE (Fig. 7), away from the western basin margin. 
(One exception is the Red Rock Formation, where 
paleocurrent directions seem to be controlled more by 
the orientation of bedrock paleovalleys). In "C"-suite 
units, paleocurrent modes are directed mostly toward 
the south to southeast, or parallel to the paleo-basin 
margin (Fig. 8). With respect to the overall shape of 
the rift basin (Fig. 2), the "L" suite represents centri-
petal transport while the "C" suite represents axial 
transport. 

STRATIGRAPHIC SUMMARY 

Basement Rocks 

Crystalline basement in the western Salton 
Trough is dominated by lower to middle Cretaceous 
plutonic rocks usually classified as tonalite. These 
granitoid rocks are rich in plagioclase and biotite, as 
reflected in the composition of "L"-suite sandstones 
and siltstones. Several distinctive lithologies occur in 
veins, including a "spotted tonalite" (Kerr, 1982) and 
tourmaline-bearing pegmatites. Similar plutonic rocks 
form much of the Peninsular Ranges between San 
Diego and the Salton Trough. 

Metamorphic rocks of greenschist to amphi-
bolite grade, including schist, gneiss, and marble, 
occur in the Fish Creek Mountains and the Coyote 
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Figure 7. Paleocurrent data for various units com-
posed of "L"-suite sediments, from Winker (1987). 
Except for Red Rock Member, main dispersal direc-
tion was toward the east or ENE, in contrast to south 
to SSE directions for the "C"-suite deltaic succession 
(Figure 8). 
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Mountains (Day 3). Marble from the Coyote Moun-
tains has yielded Ordovician conodonts (Miller and 
Dockum, 1983). Marble is of particular interest for 
marine paleogeography because it was unusually resis-
tant to erosion during formation of the Gulf of Calif-
ornia rift, and formed small islands in the late Mio-
cene Gulf of California. Where marble is overlain 
directly by marine strata it is typically pockmarked by 
teardrop-shaped borings of pholads (a marine pelecy-
pod) and the network galleries of boring clionid 
sponges (e.g. Watkins, 1990a, b). Other metamorphic 
and igneous rocks were also exposed locally on the 
seafloor based on rare occurrences of encrusting 
oysters on schist, corals on basalt, and barnacles on 
plutonic rocks. 

Sheared rocks ranging from augen gness to 
ultramylonite comprise the Santa Rosa Cataclasite 
Zone (SRCZ), formed during late Cretaceous or Pale-
ogene time. These rocks are exposed at Yaqui Ridge 
(optional STOP 1-6), as described by Simpson (1984), 
Schultejann (1984), and Engel and Schultejann (1984). 
The SCRZ provides piercing points for determining 
the offset of the San Jacinto fault (Sharp, 1967). 

Frost and Shafiqullah (1990) reported a K-Ar date of 
10.4+3 Ma from pseudotachylite on a detachment 
fault at Yaqui Ridge overlain by tilted conglomerate. 

Clastics in Basement Paleovalleys 

Basal rift-related strata in the Salton Trough are 
basalts and fanglomerates, commonly resting on base-
ment. Locally, thick (up to 200 m) occurrences of 
sandstone, conglomeratic sandstone, and conglomerate 
intervene between basement rocks and unequivocally' 
rift-related strata. We refer to these rocks collectively 
as the Red Rock Formation (Mr). The Red Rock For-
mation tends to be distinctively colored ~ pink in 
Split Mountain, and white grading up to bright red in 
the Carrizo Impact Area. It consists mainly of brai-
ded-stream deposits, but also contains eolian deposits 
at Red Rock Canyon (Kerr, 1982, 1984). As men-
tioned in the previous section, Red Rock clastics dif-
fer from typical 'L"-suite deposits in terms of paleo-
currents (Fig. 7) and the presence of resistant, extra-
local clasts of silicic metavolcanics (Kerr, 1982, 
1984). In contrast to our interpretation, Kerr (1982, 
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feather edge ~4 km to the east. In a proximal direc-
tion it terminates fairly abruptly against highly frac-
tured plutonic basement, as seen in No Return Canyon 
(STOP 1-5). Kerr (1982, 1984) and Dean (1988) 
differentiated these fanglomerates into a lower, red-
dish unit of Miocene age, and an upper, greenish unit 
of Pliocene age, whereas Winker (1987) mapped them 
as a single unit in which color was not believed to be 
significant for stratigraphic correlation. 

Lithology ranges from boulder conglomerate 
with thick debris-flow beds in Split Mountain Gorge 
(1-2) and No Return Canyon, to ripple-laminated 
sandstone and siltstone just below the Fish Creek 
Gypsum in the vicinity of the U.S. Gypsum quarry. 
Colors range from reds and browns to greens and 
grays. Kerr (1982, 1984) described the sedimentology 
of alluvial fan deposits in Split Mountain (STOP 1-2), 
recognizing: (1) debris-flow beds, (2) sheet-flood 
beds, and (3) clast-supported conglomerate beds. 
Clast-supported conglomerates appear near the top of 
the section at the expense of sheet-flood beds, sugges-
ting overall progradation of the fan (Kerr, 1982, 
1984). 

A monomictic megabreccia referred to as the 
Lower Megabreccia (lm) overlies Elephant Trees 
fanglomerates in Split Mountain from Split Mountain 
Gorge to Boundary Mountain. At Split Mountain 
Gorge (STOP l-3a) deformation of the underlying 
fanglomerate and internal shearing in the megabreccia 
indicate that it was emplaced as landslide deposit 
(Robinson and Threet, 1974; Kerr and Kidwell, 1991). 
According to Kerr (1982), the megabreccia attains a 
thickness of 180 m on the western flank of Boundary 
Mountain. 

Fanglomerate and megabreccia overlie Alverson 
volcanics between Boundary Mountain and Red Rock 
Canyon (BM and RR in Fig. 10) (Ruisaard, 1979). 
This is the only direct indication that the Elephant 
Trees is younger (at least in part) than the Alverson. 

In the Coyote Mountains, reddish-brown 
conglomerates of the Garnet Formation occupy an 
analogous stratigraphic position between Alverson vol-
canics and marine Latrania sandstones (Andrade 
Member). Christensen (1957) named the Garnet For-
mation and mapped it as Pleistocene alluvial deposits 
postdating the Neogene units. However, our mapping 
recognized that his Garnet Formation conglomerates 
actually underlie and grade laterally into marine 
Andrade sandstones, even along the crest of the 
Coyote Mountains (e.g. STOPS 3-lb & c, 3-2a). The 
Garnet Formation generally wedges out toward the 

1984) interprets these braided stream deposits as a 
distal facies of the fanglomerates. rather than repre-
senting a distinctly earlier phase (as discussed in Kerr 
and Kidwell, 1991). 

Miocene Volcanic Rocks 

Miocene basalts and associated volcanic and 
volcaniclastic rocks comprise a discrete, mappable 
formation that extends discontinuously from the Carri-
zo Impact Area and the Coyote Mountains southward 
to the Jacumba area. This unit is known as Jacumba 
Basalt near Jacumba (Hawkins, 1970; Minch and Ab-
bott, 1973) and as Alverson Formation (Mv) in the 
Coyote Mountains and Carrizo Impact Area. The 
Jacumba Basalt and Alverson Formation have similar 
geochemistry - alkaline to tholeiitic — and yield 
similar early to midle Miocene radiometric ages in the 
range of 14 to 22 Ma (Hawkins, 1970; Minch and Ab-
bott, 1973; Eberly and Stanley, 1978; Ruisaard, 1979; 
Mace, 1981; Gjerde, 1982). These volcanics seem to 
be the immediate precursor to rifting rather than actual 
syn-rift rocks, based on their geographic distribution 
and stratigraphic relationships to alluvial fan deposits. 
The predominant Alverson lithology is amygdaloidal 
olivine basalt in 10-30 m thick flows with brecciated 
flow tops. Other lithologies include tuff, agglomerate, 
and volcanic sandstone and conglomerate. The Alver-
son is generally 50-150 m thick (Ruisaard, 1979). 

Alverson basalt was exposed during inundation 
of the early Gulf of California, based on marine fos-
sils encrusting its surface and sediment infiltrated into 
fractures in the basalt. Volcanic conglomerate is 
locally incorporated into fossiliferous sandstone of the 
Andrade Member. 

Miocene Alluvial Fan and Landslide Deposits 

Alluvial fan conglomerates (grading distally into 
sandstones) are present in the area of Split Mountain 
(Elephant Trees Formation, Me) and in the Coyote 
Mountains (Garnet Formation, Mg). These fanglom-
erates were shed from the west or southwest, based on 
paleocurrents, facies relationships, and distal thinning 
and pinchouts (Fig. 9). Thus, they provide the oldest 
clear evidence for a basin margin to the southwest. 

Stratigraphic relationships in Split Mountain are 
summarized in Fig. 9 and 10. The Elephant Trees For-
mation attains a maximum thickness of over 400 m in 
Split Mountain just west of the gorge (Kerr, 1982) 
(STOPS 1-1 and 1-2). It wedges distally toward a 

Figure 9 (facing page). Fence diagram summary of pre-Deguynos stratigraphy, facies, and paleogeographic 
elements. Bottom: nonmarine units (Split Mountain Group) and marine evaporites (Fish Creek Gypsum). 
Top: pre- deltaic marine units (Latrania Formation) 
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Figure 10. Geologic map and schematic cross section of Split Mountain and southwestern flank of Fish Creek 
Mountains in Carrizo Impact Area, showing units in Split Mountain Group, Fish Creek Gypsum, Latrania Formation. 

breccia, but is overlain by full marine turbidites of the 
Lycium Member. It appears to occupy a paleo-low 
straddling the distal edge of the Elephant Trees allu-
vial fan (Fig. 9). Winker (1987) referred to the Fish 
Creek Gypsum as "pre-marine" evaporites, and sug-
gested that the evaporite basin could have been 
connected to the advancing Gulf of California by a 
permeable sill or narrow passage. 

Primary laminated gypsum also occurs as thin 
seams interbedded with sandstone in Gypsum Canyon 
near the Flatiron in the Coyote Mountains (Bell-Coun-
tryman, 1984). These gypsum-bearing sandstones of 
the Andrade Member yield no marine microfossils (T. 
Cronin, pers. comm.), whereas overlying Andrade 
sandstones contain a diverse marine macrofauna. 

Non-Deltaic Marine Deposits 

Marine deposits of the Latrania Formation con-
tain diverse macrofauna and ichnofauna and complex 
internal stratigraphic relationships. Broadly speaking, 

east or northeast, and grades laterally and vertically 
into marine sandstone near the toe of the wedge. Our 
view of paleogeographic relationships in the Coyote 
Mountains (Fig. 11) contrasts with previous inter-
pretations of the Coyote Mountains as a Neogene 
paleo-island rimmed by concentric bands of marine 
facies (e.g. Stump, 1972). 

Marine Evaporites 

The Fish Creek Gypsum (Mf) provides the 
oldest evidence for incursion of Gulf of California 
waters into the western Salton Trough. Dean (1988) 
demonstrated a marine origin for this extensive body 
of remarkably pure (95-99% in area of U.S. Gypsum 
quarry) gypsum and anhydrite on the basis of calcar-
eous nannofossils extracted from clay seams. Prior to 
Dean's study, the origin of the gypsum had been un-
certain because of its ambiguous stratigraphic context: 
it rests on nonfossiliferous, probably nonmarine strata 
of the Elephant Trees Formation and Lower Mega-
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Figure 11. Late Miocene paleogeographic elements of Coyote Mountains. Andrade sandstone (Ma) covered most 
of this area except in areas of Andrade limestone (Mai) and paleo-islands. 

base of the diatomite is not exposed, but it is overlain 
by the Canon las Cuevitas Member, a shallower-
marine, more clastic-rich, and more aerobic deposit. 
The diatomite indicates the presence of a deep-marine 
basin with a well-developed oxygen minimum and 
vigorous upwelling by the end of Miocene time 
(Boehm, 1984; Ingle, 1984). While this facies is not 
exposed in the Salton Trough, it could exist in the 
subsurface, raising the possibility of local source rocks 
for hydrocarbon generation. 

Shallow Marine Facies 

Fossiliferous, shallow-marine sandstones (and 
local limestones) of the Andrade Member (Ma) are 
extensively distributed in the Coyote Mountains and 
Carrizo Impact Area. Similar deposits occur along the 
flank of the Vallecito Mountains in Coral Wash (prox-
imal Stone Wash Member) and Jackson Fork (Jackson 
Fork Member) (STOP 2-6). 

The most typical aspect of the Andrade Member 
is massive, fossiliferous, bioturbated sandstone. Fos-
sils typically include large pyctiodontid oysters and 

they can be divided into: (1) shallow marine deposits 
with a diverse macrofauna, and (2) deeper-marine 
deposits with abundant trace fossils, few body fossils, 
and sedimentary structures indicative of deposition by 
sediment gravity flows. Facies relationships and 
paleocurrent directions indicate that "L"-suite clastic 
sediments were shed mainly from the southwest, 
similar to the alluvial Elephant Trees and Garnet 
Formations. In fact, deposition of the Latrania is 
closely related to the underlying alluvial fan deposits; 
the intervening contact is time-transgressive and 
sometimes gradational. As we will see, transgression 
occurred by a series of flooding or back-stepping 
events. Between flooding surfaces both prograd-
ational and retrogradational successions can be 
observed. 

An additional, even deeper-marine facies of the 
pre-deltaic Neogene Gulf of California is exposed in 
the Sierra San Felipe, Baja California (Fig. 1, 2), and 
was described as follows by Boehm (1982, 1984). 
Laminated diatomite of the San Felipe Diatomite 
Member contains a bathyal microfauna yielding bio-
stratigraphic age of 5.5-6.0 Ma (latest Miocene). The 
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other epifaunal bivalves (pectinids, spondylid rock oy-
sters), infaunal bivalves, gastropods, corals, barnacles, 
bryozoans, and serpulid worms. Many variations on 
this theme occur in the Andrade Member, especially 
in the Coyote Mountains. Andrade sandstones overlie 
unfossiliferous Garnet conglomerates and extend be-
yond the downdip Garnet pinchout to rest directly on 
basement or Alverson volcanics. 

For example, on the northern flank of the 
Coyote Mountains, the Andrade Formation attains its 
maximum thickness of 60-70 m and exhibits a variety 
of features including: (1) bioturbated fossiliferous 
sandstone; (2) thick (1-2 m) in situ accumulations of 
Pycnodonte heermanni (a thick-valved free-living 
oyster) and the coral Pontes; (3) large-scale trough 
crossbeds in medium-grained echinoid-bearing sand-
stone with infaunal echinoids; and (4) near the top, 
knobs of channelized fossiliferous conglomerate with 
basal erosional relief of 2 m. In the Fossil Canyon 
area (STOP 3-lb), Garnet conglomerate grades up 
and laterally into Andrade sandstone which in turn 
grades up and laterally into Pycnodonte-Porites lime-
stone (Kidwell, 1988). In the vicinity of Marble 
Mountain (STOP 3-lc) Andrade sandstone grades 
laterally into thin limestone (Mai) which laps out 
against paleo-islands of marble, with local occurrences 
of pholad borings. In the easternmost Coyote Moun-
tains, where Alverson volcanics made up much of the 
substrate, the Andrade is typically thin and locally ab-
sent. As discussed earlier, basalt, marble, and other 
basement rocks were also exposed on the sea floor. 
Richly fossiliferous Andrade sandstone and limestone 
facies are also present in the Carrizo Impact Area, 
where they rest on Alverson volcanics. 

Other fossiliferous, shallow-marine deposits of 
the Latrania Formation occur on the western flank of 
the Vallecito Mountains in the vicinity of Coral Wash 
and Jackson Fork. Fossiliferous deposits at Coral 
Wash comprise a proximal facies of the Stone Wash 
Member (MPs) described below. The Jackson Fork 
Member (Pj) of the Latrania Formation underlies the 
Camels Head Member (Pch) of the Deguynos Forma-
tion, and is probably a lateral equivalent as well. The 
Jackson Fork comprises a diverse assemblage of "L"-
suite sandstones and conglomerates, including both 
debris-flow and sheetflood beds similar to those of the 
Elephant Trees. However, it also contains claystones, 
suggesting an age equivalence to the Deguynos Mem-
ber. The Jackson Fork Member contains a fossil 
assemblage dominated by marine molluscs and 
echinoids, and trace fossils including camel tracks. 

Deeper Marine Facies 

Latrania Formation clastics in Split Mountain 
are dominated by sediment-gravity flow processes, 

probably in somewhat deeper water, perhaps up to 
200 m (Winker, 1987). Sandstones typically occur as 
discrete beds with bioturbated tops, commonly with 
turbidite-like features such as coarse-tail grading and 
sole marks. Interpretation as turbidites is fairly 
straightforward at Split Mountain Gorge (STOP 1-3), 
where partial Bouma sequences can be recognized. 
Interpretation is more problematic in more proximal 
settings and with more conglomeratic lithologies, as at 
Lycium Canyon (STOP 3-5). Nevertheless, we inter-
pret most of the Latrania Formation in Split Mountain 
as submarine sediment-gravity flow deposits. 

In Split Mountain, stratigraphic relationships are 
laterally quite variable (Fig. 10). We recognize four 
members there within the Latrania Formation: Lycium 
Member (Mly), comprising bedded "L" sandstones; 
Wind Caves Member (Pw) comprising bedded "C" 
and "L" sandstones); Stone Wash Member (MPs), 
comprising amalgamated conglomerates; and the 
Upper Megabreccia (um). The Upper Megabreccia 
has a similar but slightly more extensive distribution 
compared to the Lower Megabreccia. The Upper 
Megabreccia separates the underlying Lycium Member 
from the overlying Wind Caves and Stone Wash 
Members; where the Megabreccia is absent the 
Lycium grades vertically and proximally into the 
Stone Wash. Tongues of the Upper Megabreccia 
protrude down into the Lycium Member, which is 
deformed into outcrop-scale disharmonic folds (STOP 
l-3b). The Upper Megabreccia is polymictic, with 
abundant metamorphic clasts, in contrast with the 
monomictic plutonic-clast Lower Megabreccia. Other 
workers have postulated a source to the east or south-
east in the Fish Creek Mountains (Pappajohn, 1980; 
Abbott and Rightmer, 1995). We prefer a source in 
now-buried basement terrain to the south or south-
west, because facies relationships in the Carrizo Im-
pact Area (based on recent field work by the authors) 
are inconsistent with the Fish Creek Mountains as a 
major source of coarse clastics. 

Lycium Member sandstones are subdivided into 
lower and upper submembers. The lower submember 
(Mlyl) comprises thin-bedded turbidites that overlie 
the Fish Creek Gypsum, and grade proximally into a 
transitional member (Mlyt) with thin-bedded debris 
flow deposits ("green beds") at Split Mountain Gorge 
(STOP l-3a). These grade more proximally into the 
upper part of the Elephant Trees Formation (Mel) 
(Fig. 10). The upper (Mlyu) submember is substan-
tially thicker and crops out extensively in Split 
Mountain Gorge (STOP 1-3) and Lycium Canyon 
(STOP 1-5). 

The upper Lycium grades upward and prox-
imally (westward) into conglomerates of the Stone 
Wash Member (MPs). The Stone Wash is best ex-
posed in Lycium Canyon (STOP 1-5), where it con-
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sists of thick, amalgamated, lenticular beds. The 
Stone Wash Member extends more than 2 km west of 
Lycium Canyon, where it laps out against plutonic 
basement. In Coral Wash, a typical Andrade-like 
assemblage of oysters, echinoids, and corals occurs on 
the top of the Stone Wash Member. 

The Wind Caves Member overlies the Upper 
Megabreccia and grades laterally into the Stone Wash 
Member. The Wind Caves starts with basal "L"-suite 
turbidite sandstones similar to those of the Lycium, 
followed by some 200 m of "C"-suite turbidites alter-
nating with subordinate, thin, "L"-suite turbidites. 
This unit represents the oldest datable occurrence of 
Colorado River-derived sediment in the Salton 
Trough. On the basis of foraminiferal biostratigraphy, 
K. MacDougall (1995, pers. comm.) places the Mio-
cene-Pliocene boundary (5.1 Ma) at the base of "C"-
suite turbidites. Unlike the other members of the 
Latrania Formation in Split Mountain, which are all 
related to alluvial fan-deltas, the Wind Caves Member 
is interpreted as a small submarine fan sourced from 
the mouth of Colorado River and ponded in the Split 
Mountain sub-basin (Fig. 9). Average bedding thick-
ness and overall sandstone percentage decrease up-
section and laterally toward the margins of the fan. 
This retrograde vertical succession may be related to 
enlargement of the fan as the sub-basin was progres-
sively filled. 

Deltaic Succession 

In contrast to the underlying units, the marine 
Deguynos and nonmarine Diablo Formations represent 
a single, very large depositional system, the Colorado 
River delta, which spanned the width of the Salton 
Trough, and spread across the mosaic of environments 
existing in pre-deltaic times. Also unlike the under-
lying units, the deltaic deposits show axial rather than 
centripetal sediment transport (Fig. 8). The vertical 
succession described here (Fig. 8 and 12) is based on 
exposures in the Fish Creek Basin, but a similar suc-
cession occurs in the Carrizo Impact area, on the nor-
thern and eastern flanks of the Coyote Mountains, and 
in the Yuha Desert south of the Coyote Mountains. 

Prodelta 

Prodelta claystones and siltstones comprise the 
Mud Hills Member (Pm) (STOPS 2-2, 2-3). This unit 
is very thick in the Fish Creek Basin, roughly 700 
meters (difficult to estimate due to scarcity of bedding 
and presence of faulting). It thins to a few tens of 
meters in the Carrizo Impact Area and Coyote Moun-
tains (Fig. 4). Claystones in the Mud Hills Member 
are massive and mostly featureless. 

Siltstones commonly exhibit "rhythmite" bed-

ding (STOP 2-3). Unlike turbidites. the rhythmites do 
not represent discrete depositional events, but rather 
more continuous, traction-dominated deposition alter-
nating between slightly coarser and finer textures. 
Primary physical structures are mostly obscured by 
bioturbation, "but ripple lamination is occasionally 
observed. We attribute the rhythmites to annual 
cycles controlled by seasonal discharge of the 
Colorado River, although other interpretations are 
certainly possible. 

Delta Front 

Upward-coarsening parasequences representing 
the delta front begin near the top of the Mud Hills 
Member and extend up into the lower Yuha Member 
(Py), for a total thickness of 200-250 m (Fig. 13). A 
typical parasequence begins with claystone, grades up 
into mudstone and siltstone, commonly with rhythmite 
bedding, and may continue to grade up into sandstone 
and/or oyster-shell coquina with a sandy matrix. Fine-
grained sandstones al the top of parasequences are 
generally trough cross-bedded, indicating southward 
paleocurrents (Fig. 8). Coquina beds are composed 
largely of single valves and fragments of the small 
oyster Dendostrea vespertina in a cemented sand 
matrix, oriented parallel or oblique to bedding, sug-
gesting sorting and redeposition (see description by 
Watkins, 1990b). Articulated specimens are rare and 
mostly limited to the very tops of coquinas, where 
they may be accompanied by a modest assemblage of 
other mollusks, solitary corals, sharks teeth, and 
marine mammal bones. Coquinas exhibit both trough 
and low-angle crossbedding and are especially 
resistant to erosion, resulting in hogbacks like the 
Elephant Knees ridge (STOP 2-2). High-energy 
sandstones and coquinas capping parasequences are 
mostly discontinuous, extending laterally for one to a 
few kilometers. Some high-energy caps are locally 
sharp-based, and even channelized. 

The thickest and most extensive of the high-
energy sandstone caps begins at the Elephant Knees 
(Fig. 13) where it forms the basal Yuha Member, and 
extends some 10 km east into the Carrizo Impact Area 
where it comprises a mappable, sharp-based unit 
known as the Lavender Canyon Member (Pic). The 
Lavender Canyon ranges up to -100 m in thickness. 
Trough crossbedding can be observed locally, but the 
Lavender Canyon Member generally appears 
structureless. 

Parasequences in the Yuha Member maintain a 
fairly uniform thickness and can be readily correlated 
(Fig. 13). In contrast, parasequences in the Mud Hills 
Member thicken toward the southeast (oblique to de-
positional dip), and are relatively difficult to correlate 
without closely spaced control. Parasequence thick-
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Figure 12. Summary of the deltaic succession in the Fish Creek-Vallecito Basin. 

ening in the Mud Hills Member is interpreted to 
represent clinoform geometry developed on the 
leading edge of a prograding shoal-water delta plat-
form, whereas parasequences in the Yuha Member are 
interpreted as smaller-scale prograding or upward-
shoaling cycles developed on top of the delta 
platform. 

Clearly, these are not the parasequences of 
barrier islands or a wave-dominated shoreface, and 
given the paleogeographic setting (Fig. 2), that type of 
parasequence would hardly be expected. This type of 
upward-coarsening cycle has not been reported or 
predicted in studies of the modern Colorado River 
delta (Thompson, 1968, 1975; Meckel, 1975). A pos-
sible analog for this type of delta front is the modern 
Mahakam delta front, a mixed tide- and river-domi-
nated delta (Allen and others, 1976, 1979). The 
Mahakam has a broad delta platfornf with numerous 
distributary and tidal channels and channel-mouth and 
channel-margin shoals. The boundary between delta 
platform and prodelta is marked by a sharp break in 
slope. A series of long cores through the'delta front 
show a consistent pattern of upward-coarsening para-
sequences, rather than upward-fining channel-fill 

cycles (Allen and others, 1976, 1979). This suggests 
that the channelized topography of the Mahakam delta 
platform was created more by accretion of shoals than 
by downcutting and migration' of channels. If the 
parasequences in the Deguynos Formation are analo-
gous, paleocurrent directions (Fig. 8) would indicate 
that the shoals are very strongly ebb-dominated. 

Tidal Flats 

Above the delta-front parasequences is a very 
thick (~500 m) transition zone into the nonmarine 
delta plain, which is represented by the Diablo Forma-
tion (Pd). This transition zone comprises the upper 
Yuha Member (Py) and the Camels Head (Pch) Mem-
ber (defined by mixed gray and red claystones). The 
transition zone is distinguished from the delta front by 
the paucity of upward coarsening cycles and the ab-
sence of rhythmite bedding. Several features appear 
in the transition zone which are absent in the prodelta 
and delta front. The first is beds of articulated, and 
mutually attached Dendostrea and anomiid bivalves in 
a muddy matrix, interpreted as small in situ oyster 
biostromes. Second is an association of lenticular, 



311 

~TTrr 

NF-4 

datum 

E 
8 

ft 
r300 

-90 

•80 

70 
•200 

•60 

•50 

40 

•30 
•100 

20 

10 

0 •0 

i ^ N F - 4 

cross-stratification 

rhythmite bedding 

(poorly exposed or developed) 

shells 

i coquina bed 

not exposed 

" y ' / / A 
1 ulo S % / / 
1 1 / I /u 
I I / 
I I / 

Creek 

0.5 1 mi i l 
0.5 1 km 

r 

EK-3 

> — £ 

TP 

datum 

Py 
Pm 

EK-2 

> 111 r ti > > resistant hogback-former 

channeled base 

Yuha-Mud Hills contact 
Pm 

FC-6 

Figure 13. Cross-section of delta-front parasequences (upper Mud Hills Member and lower Yuha Member) in the 
Fish Creek Basin. STOP 2-2 lsat EK-2 and EK-3; STOP 2-3 is at FC-6; and STOP2-4 is at NF-3. 



312 

wavy, and flaser bedding typical of tidal flats (Rei-
neck and Wunderlich, 1968), and referred to here as 
the wavy-bedding association. Third, shell material 
occurring as lag deposits in channel sandstones is 
typically encrusted with sheet-form bryozoans or 
serpulid worm-tubes in circumrotarv colonies, indi-
cating repeated reworking (Gyllenhaal and Kidwell, 
1989). These distinctive features all suggest that the 
thick transition zone represents broad, channelized 
tidal flats between the delta plain and delta front. 

Facies and features in the transition zone are 
vertically gradational, without obvious depositional 
breaks. Several vertical trends are recognized (Fig. 
12). (1) Bioturbation is intense and pervasive in the 
lower transition zone (middle Yuha Member) but 
decreases up-section. (2) Oyster-shell coquinas 
decrease in abundance. (3) Reddish claystones begin 
to appear (defining the base of the Camels Head) and 
become increasingly prevalent up-section. (4) Sand-
stones increase in abundance up-section, occurring 
both in the wavy-bedding association and as massive, 
trough cross-bedded, channel sandstones. (5) Sand-
stones change in color up-section from pale yellow to 
pale orange (buff). The overlying Diablo Formation 
is dominated by massive, buff-colored channel sand-
stones and reddish claystones. Oyster shells occur 
locally in the Diablo as channel lags, but coquina 
beds, in situ biostromes, the wavy-bedding associ-
ation, and bioturbation are all absent. 

Delta Plain 

The nonmarine Diablo (Pd) and Olla (Po) For-
mations are quite interesting from a sedimentologic 
standpoint (Winker, 1987), but are beyond the scope 
of this field trip and will be seen only from a dis-
tance. The Olla Formation represents the interfln-
gering of Colorado River and locally derived alluvium 
(Fig. 4). Relative to the width of the paleo-Salton 
Trough of tens of kilometers (Fig. 2), the outcrop 
width of the Olla is fairly narrow, about 5 km. Ave-
rage paleocurrents in "C "-suite channel sandstones in 
the Olla are south to southeast, similar to those in the 
Diablo Formation (Fig. 8). Average "L"-suite paleo-
currents in the Olla are east-directed (Fig. 7). Thus, 
the Olla demonstrates the mixture of centripetal sedi-
ment transport from the basin margins with axial sedi-
ment transport from the Colorado River. 

The Olla Formation occupies a fairly narrow 
outcrop belt in the western Salton Trough (Fig. 14). 
These outcrops are of considerable paleogeographic 
position because they provide the best information on 
the orientation of the basin margin during the Plio-
cene, post-dating the initial Miocene rifting but pre-
dating Quaternary uplift and deformation. Presuma-
bly, the Jackson Fork Member has a similar distribu-

tion and paleogeographic significance, but it crops out 
in only one locality whereas the Olla occurs in four 
discrete localities (Fig. 14). At present the Olla out-
crops define a roughly north-south trend, but this 
distribution has certainly been affected by dextral 
shear during the Quaternary. Winker (1987) attemp-
ted to account for these distortions by restoring: (1) 24 
km of dextral shear on the San Felipe fault system 
(Sharp, 1967), (2) 35° of CCW rotation in the Fish 
Creek-Vallecito basin (Johnson and others, 1983), and 
(3) ~3 km of dextral shear on the Elsinore fault, based 
on offset of the Canebrake-Olla-Diablo facies tract. 
After restoration the average orientation is NNW-SSE, 
bending from N-S in the north to NW-SE in the south 
(Fig. 14). 

TECTONICS AND PALEOGEOGRAPHY 

Stratigraphic relationships in the western Salton 
Trough demonstrate three tectonic phases, each with a 
different paleogeographic setting. The first phase, 
from the middle Miocene to earliest Pliocene, was the 
time of initial rifting, volcanism, and marine trans-
gression (Split Mountain Group, Fish Creek Gypsum, 
Latrania Formation). During this time the major 
paleogeographic elements were the basin-bounding 
fault or faults, the uplifted basement terrain to the 
west providing the major source for clastic sediment, 
and a pattern of sub-basins and local, low-relief base-
ment highs to the east (Fig. 9). Sub-basins include 
Split Mountain, the Carrizo Impact Area from Barret 
Canyon to Red Rock Canyon, and the north-central 
Coyote Mountains. Local basement paleo-highs are 
recognized in the eastern Coyote Mountains, the eas-
tern Fish Creek Mountains east of Barrett Canyon, 
and Boundary Mountain. None of these local highs 
appear to have been major sources for clastic 
sediment. 

The second phase, during the Pliocene and early 
Pleistocene, was characterized by initially rapid but 
decelerating subsidence (Johnson and others, 1983) 
and high sediment influx which blanketed the paleo-
geographic elements remaining from the first tectonic 
phase with a thick cover of deltaic, lacustrine, and 
alluvial strata (Deguynos Formation and Palm Spring 
Group). With the second tectonic phase, the pos-
tulated (but as yet unidentified) basin-bounding faults 
apparently stepped westward relative to the basin-
bounding faults of the first tectonic phase. The basin-
margin bajada represented by the Canebrake Conglo-
merate and Hueso Formation became increasingly 
extensive during the late Pliocene and early Pleis-
tocene, and as "L"-suite clastics became more 
voluminous and finer-grained overall. This may 
reflect progressive dissection and drainage integration 
in basement terrain to the west. 
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Figure 14. Distribution of the Diablo (Pd) and Olla (Po) Formations and Canebrake Conglomerate (PQc) in the 
western Salton Trough, in their present distribution (left) and after palinspastic restoration of Quaternary tectonic 
displacements (right). A similar paleogeographic relationships is thought to apply to the Deguynos Formation 
(marine deltaic platform) and Camels Head Member (basin-margin alluvial fans and tidal flats). 

The final phase, during the Quaternary, was a 
time of locally rapid uplift (Johnson and others, 1983), 
major strike-slip faulting (Sharp, 1967), and trans-
pressive deformation throughout the western Salton 
Trough. This resulted in substantial reorganization of 
the major topographic elements to create the modern 
landscape. Stratigraphically, Quaternary wrench 
tectonism is manifested by the regional-scale (and 
probably time-transgressive) angular unconformity 
between the relatively conformable Neogene to Pleis-
tocene succession and Quaternary terraces and 
alluvium, by the eastward displacement of east-
transported, locally-sourced clastics, and probably by 
increased mixing of "L" and "C"-suite sands. Quater-
nary wrench tectonism also caused regional-scale dis-

tortion of paleogeographic relationships, as suggested 
by our attempted palinspastic restoration of the Cane-
brake-Olla-Diablo facies (Fig. 14). 

During all three phases the Salton Trough 
experienced geographic distortion through tectonic 
translation on a regional scale. Palinspastic recon-
struction of the Salton Trough is complicated by 
uncertainties about total displacements and slip his-
tories on the component faults (Fig. 1). Fig. 2 is 
based on a simplified kinetic model (Winker and 
Kidwell, 1985); Winker (1987) discussed some of the 
uncertainties in the analysis. Nevertheless, a few 
things seem clear. First, the late Miocene northern 
Gulf of California was considerably narrower (~50 
km) than at present (~150 km). Second, the western 
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Salton Trough was originally farther southeast (rela-
tive to the North American plate) than at present, 
opposite northwestern Sonora rather than Arizona. 
Finally the Colorado River delta prograded southward 
rather than westward from the Colorado River entry 
point to reach the field trip area. Lacustrine sedimen-
tation did not begin in the western Salton Trough 
localities until they had been transported tectonically 
past the topographic divide formed by the Colorado 
delta plain. 

RESERVOIR ANALOGS FOR 
CLASTIC-DOMINATED MARINE RIFT BASINS 

Potential reservoir-seal combinations in Neo-
gene strata of the western Salton Trough include 
alluvial fan clastics overlain by marine evaporites, 
marine sandstones overlain by marine claystones, and 
alluvial sandstones overlain by lacustrine claystones. 
Of these, the combination of marine sandstones and 
claystones is most attractive due to the lateral conti-
nuity, thickness, and purity of the claystones, the 
typically sharp intervening contact, and the relatively 
good sorting of most of the sandstones. 

Latrania sandstones are widespread beneath 
Mud Hills claystones, except where absent over paleo-
highs, replaced by limestone over paleo-highs, or 
replaced by conglomerate near the basin margin. Of 
the various facies that occur at the top of the Latrania, 
Andrade sandstone is the most extensive in the study 
area. Andrade sandstones are generally well-sorted 
near the top; the primary concern from a reservoir 
standpoint would be occlusion of porosity in the "L"-
suite sandstones by carbonate cement. "C"-suite sand-
stones in the Wind Caves Member generally show 
better preservation of primary porosity, reflected in 
their friable nature in outcrop. Here, the main con-
cern from a reservoir standpoint would be upward 
decrease in bedding thickness and net/gross sandstone, 
making for poorer quality reservoir near the top than 
near the base. In summary, all facies of the Latrania 
are somewhat problematic as potential reservoirs, each 
for a different reason. Some of this lateral variability 
should be predictable from seismic stratigraphy on the 
basis of gross geometry (Fig. 4, 9). 

Delta-front sandstones of the Deguynos 
Formation generally show better reservoir potential, 
due to the combination of good sorting, upward-
coarsening, sharp tops, and relatively good porosity 
preservation in "C"-suite sandstone, again reflected in 
their friable nature. Where sandstone is replaced by 
coquina, however, porosity is generally very low due 
to carbonate cementation. Another reservoir-quality 
concern is the lateral variability of individual sand-
stone bodies (Fig. 13). Clearly, these tide- and river-
dominated sandstone bodies are clearly much more 

variable than those of wave-dominated deltas. Be-
cause wave-dominated deltas would not be expected 
in narrow rift basins, the Deguynos Formation is pro-
bably a good analog for large marine deltas in this 
tectonic setting. In the subsurface, the delta-front 
facies should be detectable as a low-continuity, high-
reflectivity seismic facies overlying oblique clino-
forms. Correlating and mapping individual reservoirs 
would require closely spaced well control and/or a 
well-calibrated 3D seismic survey. 
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ROAD LOG 

Day 1. Inception, Northern Gulf of California 

Depart San Diego Convention Center to 1-8 East 
and leave the San Diego area. Proceed across the 
Peninsular Ranges toward the Salton Trough. These 
ranges constitute a largely intact block of continental 
crust forming the backbone of Baja California; sepa-
ration of this block from the North American plate 
formed the Gulf of California. As we descend from 
the Peninsular Ranges to the Salton Trough from 
Jacumba to Ocotillo (Fig. 15), we pass outcrops of 
Jacumba Basalt, the southern counterpart of the Alver-
son Formation (Mv) (STOP 3-la). Weather permit-
ting, we can see the Colorado delta plain to the south-
east, and the Gulf of California beyond; the Salton 
Sea is to the northeast. 

Refer to Fig. 15 for the field trip route. Exit at 
Ocotillo and turn left to cross 1-8 heading north. The 
range in front is the Coyote Mountains (Day 3). In 
Ocotillo, turn right (east) onto S-80 and proceed to 
Plaster City. The low outcrops are of Pliocene Diablo 
Formation (Pd), which represents the ancient Colorado 
River delta plain. On the east side of Plaster City, 
turn left (north) on the road that parallels the narrow-
gauge railroad to the U.S. Gypsum quarry ("USG" in 
Fig. 15). Our route here follows that of the de Anza 
expeditions (1774-1776) which established an over-
land route from Mexico to California and led to the 
founding of San Francisco (Lindsay and Lindsay, 
1978) 

The topographic high on our right is Super-
stition Mountain, a ridge of crystalline basement and 
Neogene strata pushed up along the Superstition 
Mountain fault, one segment of the San Felipe fault 
(Fig. 1). Beyond this range are the low Superstition 
Hills, composed of uplifted Plio-Pleistocene lacustrine 
Borrego Formation (Pb & Qb), and beyond them the 
Salton Sea, standing at 70 m below sea level. The 
Salton Sea was created by accidental diversion of the 
Colorado River in 1905-1907, and is now maintained 
against evaporation by irrigation runoff (Hely and 
others, 1966). 

The range to our left is the Fish Creek Moun-
tains, made of recently uplifted plutonic and meta-
morphic basement. As recently as one million years 
ago, these rocks were buried under ~5 km of late 
Cenozoic sediment represented today by the exposed 
Fish Creek-Vallecito section. This thickness is com-
parable to depths to refraction basement in the deepest 
parts of the Salton Trough (Fuis and Kohler, 1984). 
The Fish Creek Mountains have since been uplifted to 
their present elevation and are likely still rising. The 
steep slope facing us appears to be a fault scarp, 
though none has been mapped there. 

Near the base of the escarpment is the highstand 
shoreline of Holocene Lake Cahuilla, last occupied 
-600 years ago (Weide, 1976; Wilke, 1978; Waters, 
1983). William Blake, who published the first geolo-
gical description of the Salton Trough as part of the 
Pacific Railway Surveys (U.S. Senate Executive 
Documents, 1856), was much impressed by the traver-
tine deposits and freshwater mollusc shells left by the 
ancient lake. Lake Cahuilla is named for the local 
Cahuilla Indians whose legends recalled past inunda-
tions of the Salton Trough by waters of the Colorado 
River. Maximum elevation of this lake stands ~12 m 
above sea level, controlled by the sill formed by the 
Colorado delta-plain. Lake Cahuilla is only the latest 
stage of the naturally occurring intermittent lake 
recorded in the Plio-Pleistocene Borrego Formation 
(Fig. 15). 

At Split Mountain Road (paved), turn left 
(south) and look for signs to the Fish Creek entrance 
to Anza-Borrego Desert State Park. Turn right into 
Fish Creek Wash, where we will stop a short way in 
for an overview of the Split Mountain area. The first 
two days will be spent in Anza-Borrego, the largest 
state park in the United States. Collecting or altering 
the natural environment in any way is prohibited 
within park boundaries, so do not use rock hammers. 
Stops for Days 1 and 2 are summarized in index and 
geologic maps in Fig. 16. 

STOP 1: Fish Creek Wash, Park Entrance 

The view from Fish Creek Wash just inside the 
park entrance provides an overview of two manifes-
tations of Miocene rifting - fanglomerates of the 
Elephant Trees Formation (Me), and overlying "pre-
marine" evaporites of the Fish Creek Gypsum (Mf). 
Fanglomerates resting on plutonic basement form the 
cliff to the WSW, and are exposed in Split Mountain 
Gorge in the core of the Split Mountain anticline 
(STOP 1-2). The fanglomerate attains a maximum 
thickness there of -400 m (Kerr, 1982), but thins to 
the east and southeast, and pinches out entirely about 
4 miles (6 km) southeast of here. The No Return 
fault (STOP l-5b), which we interpret as syn-deposi-
tional with the Elephant Trees, is a little more than 2 
miles ( -4 km) to the west, and downthrown toward 
us. 

The Fish Creek Gypsum is the distinctive tan-
colored unit exposed on hills to the north, south, and 
southeast of us. Gypsum is mined at the U.S. Gyp-
sum quarry just southeast of here and hauled to 
Plaster City. Strontium was once mined from the Fish 
Creek Gypsum on the hill just to our north. 

Proceed up Fish Creek Wash and enter Split 
Mountain Gorge. The long straight stretch of the 
gorge follows an up-to-the-west fault with low-angle 
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Figure 16. Index map (facing page) and geologic map of Split Mountain Gorge and Fish Creek Basin (Days 1 and 2). 
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Figure 17. Details of stratigraphy in and adjacent to 
Split Mountain Gorge. 

slickensides, and transects the Split Mountain 
Anticline. The stratigraphic succession differs 
considerably on opposing limbs of the anticline (Fig. 
17). Stop in the axis of the anticline by the high, 
nearly vertical cliff on the right, where the gorge jogs 
to the left. 

STOP 1-2. Split Mountain Gorge, Anticlinal Axis 

Pink sandstone at the top of the Red Rock 
Formation is overlain by reddish conglomerates of the 
Elephant Trees (a.k.a. Split Mountain or Anza) 
Formation. There is a slight angular discordance at or 
near the top of the Red Rock (the contact is 
lithologically gradational). This outcrop demonstrates 
the combination of debris-flow and sheetflood deposits 
characteristic of the Elephant Trees Formation. 

Drive up the gorge, stopping short of the 
massive, dark gray, ledge-forming unit on the east 
side of the wash, which constitutes the Lower 
Megabreccia. From here we will hike to the head of 
the gorge, stopping at points of interest along the way. 

STOP l-3a. Split Mountain Gorge, Nonmarine-
Marine Contact 

At the base of the Lower Megabreccia (lm), 
note the intense deformation of the underlying reddish 
flanglomerate, and the refolded shear zones within the 
massive bed. On the top of the bed, observe the 
large boulders, several meters in diameter, rafted 
along the top of the flow. These features are 
characteristic of landslide megabreccias, as discussed 
by Robinson and Threet (1974), Kerr (1982, 1984), 
and Kerr and Kidwell (1991). The megabreccia is 
present in a single locality on the west wall, but is 
otherwise absent west of the gorge. 

The Fish Creek Gypsum (Mf) overlies the 
megabreccia but does not quite extend to the wash; its 
feather edge can be found with a short climb east of 
the gorge. Where the megabreccia is absent the basal 
contact of the Fish Creek Gypsum is gradational with 
the Elephant Trees, with gypsum and "L"-suite 
siltstone and sandstone interbedded. 

Above the Lower Megabreccia and the feather 
edge of the gypsum is a succession of marine 
sediment gravity flow deposits summarized in a 
measured section (Fig. 18). These deposits constitute 
the Lycium Member, Upper Megabreccia, and Wind 
Caves Member. The Lycium Member is divided into 
three sub-members, all visible here (Section SM-2, 
Fig. 18). First, the thin greenish beds dominated by 
debris flows represent a lateral transition (Mlyt) 
between thin marine turbidites (Mlyl) which overlie 
the Fish Creek Gypsum in Crazycline Canyon (Fig. 
17), and thin to medium, greenish to reddish beds of 
the upper Elephant Trees Formation (Meu), seen on 
the west wall of the gorge. Overlying the transitional 
Lycium "green beds" (Mlyt) are thin turbidite beds 
(Mlyl) followed the more typical medium-grained "L"-
suite turbidite beds that comprise most of the Lycium 
Member (Mlyu). 

Proceed up the gorge and look for turbidite 
characteristics, including coarse-tail grading, 
bioturbated flow tops, a variety of partial Bouma 
sequences, flame structures, sole marks, intraclasts, 
lenticular bedding geometries, and amalgamation 
surfaces. Beware of bedding-parallel thrust faulting 
and associated duplex geometries that might be 
mistaken for bedding geometry. Stop at the large 
disharmonic fold in the west wall, marked by a State 
Park sign. 

Figure 18 (facing page). Field log of marine Lycium (Mly), upper Megabreccia (um), and lower Wind Caves (Pw) 
at Split Mountain Gorge. Locations are shown in Fig. 16; also see Figs. 10 and 17. Note change from "L" to 
"C"-suite sandstones in section SM-1 at 46.5 m. 
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STOP l-3b. Outcrop-scale Fold 

Interpretation of this outcrop is complicated by 
the Split Mountain fault, which cuts into the west wall 
where the gorge bends. Here, the polymictic Upper 
Megabreccia (um) cuts down into Lycium turbidite 
sandstones and has "shouldered" them aside, creating 
the large fold. Tongues and intrusions of the Upper 
Megabreccia and outcrop-scale folds in the underlying 
Lycium turbidite sandstones are abundant in 
Crazycline Canyon and also occur in Oyster Shell 
Canyon. Fold axes show a preferred NE-SW 
alignment, but no preferred direction of overturning 
(Fig. 19). We consequently think the fold axes may 
be aligned with the transport direction of the 
megabreccia rather than transverse to it as commonly 
supposed. Note the "crackle breccia" or jigsaw-puzzle 
texture of the megabreccia, indicating pulverization of 
initially larger clasts during transport (Abbott and 
Rightmer, 1995). 

Continue up the gorge on foot. Sole marks in 
the Lycium turbidites are poorly exposed in the gorge, 
but trains of intraclasts give a sense of transport 
toward the east. Discussion of larger-scale bedding 
geometry will be deferred to Lycium Canyon (STOP 
1-5), where it is better preserved. 

Figure 19. Stereonet of fold axes in Lycium 
Member (Mly) where deformed by emplacement of 
Upper Megabreccia (um). SMG = Split Mountain 
Gorge (STOP l-3b); OS1 = Oyster Shell Canyon #1; 
other data from Crazycline Canyon (Figure 15). 
Arrows indicate vergence or sense of overturning. 

STOP l-3c. Head of Split Mountain Gorge 

The succession here is summarized in measured 
sections SM-3 and SM-1 (Fig. 18). Here we can see 
medium and thin-bedded "L"-suite sandstones of the 
Lycium Member (Mly) overlain by the Upper 
Megabreccia (um). Near the contact the Lycium 
exhibits channel-like lenticular geometries and 
boulders and cobbles floating in a sandstone matrix. 
The megabrecca contains large inclusions of Lycium 
sandstones and exhibits the crackle breccia texture. It 
grades up into laminated sandstone which may 
represent the same flow event ~ a turbiditic top to a 
subaqueous landslide deposit. 

About 20 m above the megabreccia is another 
lithologic change that is less striking in outcrop but 
that has considerable regional significance. This is 
not only the first occurrence of "C"-suite sandstone in 
this outcrop, it is also the oldest datable Colorado 
River-derived sediment in the Salton Trough. K. 
MacDougall (1995, pers. comm.) places the Miocene-
Pliocene boundary (5.1 Ma) essentially at this 
lithologic boundary on the basis of foraminiferal 
biostratigraphy. Note that the "C"-suite sandstones are 
more friable and thicker-bedded (~5 m) than the "L"-
suite beds we have seen so far. Although it is not 
obvious here, paleoQurrents also change, from mainly 
ENE below to mainly south above (Fig. 7, 8, 9). 
From here, bedding thickness decreases both up-
section and laterally (compare STOP 1-4); this 
appears to be in the axis of the Wind Caves ponded 
submarine fan (Fig. 9). 

From here we will drive to an unspectacular but 
relatively complete and undeformed exposure of the 
Wind Caves Member in North Fork (STOP 1-4), one 
of two where the entire Wind Caves section is 
completely exposed. The route to STOP 1-4 
parallels the dip slope of the Upper Megabreccia, 
offset by a series of up-to-the-west faults. The 
exposure begins just past the entrance to Oyster Shell 
Wash (a misnomer!) (Fig. 16). 

STOP 1-4. North Fork 

The purpose of this stop is to view the upward-
thinning succession characteristic of the Wind Caves 
Member, and the alternation of "C" and "L"-suite 
sandstones. Upward thinning in the Wind Caves 
submarine fan may represent a change from more 
channelized fan-lobes near the base to more sheet-like 
deposits near the top, reflecting net retrogradation and 
spreading of the fan as it filled the Split Mountain 
sub-basin (Fig. 9). 

Proceed a short distance up North Fork, then 
enter Lycium Canyon on the left. This wash follows 
a long, winding course through the lower Mud Hills 



Member (Pm) of the Deguynos Formation (Pdg), a 
thick, monotonous succession of slightly silty 
claystones representing the prodelta of the Colorado 
River delta (Day 2). We will see a few stray beds of 
"L"-suite turbidites within the Mud Hills Member. 
Proceed up Lycium Wash as far as possible, and park 
vehicles. 

STOP l-5a. Lycium Canyon 

This stop, summarized by the measured section 
in Fig. 20, demonstrates a more proximal counterpart 
of the "L"-suite marine sandstones observed in Split 
Mountain Gorge (STOP 1-3). It involves a lengthy 
hike of about 2 miles (3 km) up the canyon to the No 
Return Canyon overlook, and back. 

The dip slope here is formed not by the Upper 
Megabreccia as at the last two stops, but by the 
conglomeratic Stone Wash Member (MPs). The 
Stone Wash is overlain with sharp contact by the Mud 
Hills Member (there are isolated turbidite beds within 
the Mud Hills in this area). The Stone Wash Member 
is the lateral equivalent (more proximal in a facies 
sense) of the lower, "L"-suite part of the Wind Caves 
Member. The upper "C"-suite Wind Caves has lapped 
out and/or shaled out between here and the last stop; 
in other words 200 m of section has disappeared about 
3 km. The Stone Wash Member laps out against 
plutonic basement 2 km west of here. 

Enter Lycium Canyon through the narrow, 
slanting cut in the top of the Stone Wash Member and 
proceed down-section (upstream). Marine indicators 
are absent in the upper part of the Stone Wash. Near 
the top, note the wide variety of clast sizes, mostly 
poorly sorted. There are relatively few discrete flow 
units or interbed contacts, suggesting that the flow 
units are highly amalgamated. The strongest evidence 
for a sediment-gravity flow origin is in bioturbated 
bed tops arid sole marks near the base of the Stone 
Wash Member. 

Note also that the conglomerate is polymictic, 
with metamorphic clasts. The nearby Vallecito 
Mountains consist of exclusively plutonic basement. 
This lends support to the argument that 
paleotopography included basement exposures that are 
now buried - in this case below Fish Creek Basin. 
Farther northwest, closer to the Vallecitos, the Stone 
Wash Member becomes monomictic. 

At the base of the Stone Wash (by definition) is 
the westernmost occurrence of the Upper Megabreccia 
(um). Below that is the Lycium Member (again by 
definition) but here the upper Lycium is very similar 
to the Stone Wash (Fig. 20). Proceeding down-
section, the Lycium becomes less conglomeratic, then 
entirely sandstone. Overall, the Lycium-Stone Wash 
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succession gives the impression of a prograding fan 
delta (Fig. 20). 

Look in the Lycium Member for evidence of a 
peculiar bedding geometry of "retrograde sigmoid 
bedsets" which was first recognized by M.B. Edwards 
(1986, pers. comm.) at this location (Fig. 21). The 

Figure 20. Field log of marine Lycium Member 
(Mly), Upper Megabreccia (um), and Stone Wash 
Member (MPs) at Lycium Canyon. Location is 
shown in Figure 17; also see Figure 10. Key to 
symbols in Figure 18. 
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A. Retrogradational bedforms ("antidunes") 

Figure 21. Schematic representation and 
interpretation of retrograde sigmoid bedsets in Lycium 
Member, with vertical exaggeration. 

true geometry is best observed by examining dip-
oriented (i.e. E to NE) exposures and trace out 
individual beds. We perceive the beds as bundled 
into sigmoidal packages with thinner beds near the top 
and base and thicker beds in the middle, and 
sometimes an erosional surface at the base of the 
bundle. Bed contacts are accentuated by bioturbation; 
where beds are thin the bioturbation may coalesce to 
obscure the bedding. We infer that these sigmoid 
bundles were created by a bedform with several 
meters of relief that migrated in a consistently up-
current direction. 

The Lycium Member rests with sharp contact 
on the upper member of the conglomeratic Elephant 
Trees Formation (Meu), which we last saw in the west 
wall of Split Mountain Gorge (STOP l - 3 a ) . From 
here, proceed up Lycium Canyon to the overlook of 
No Return Canyon. 

STOP l-5b. No Return Canyon Overlook 

At the eastern edge of the canyon visible from 
this overlook and extending down to the mouth of the 
canyon is a thick section of olive-gray lower Elephant 
Trees fanglomerate (Mel) in a very proximal facies, 
dipping generally toward the west. Boulders up to 2 
m diameter are common, in debris-flow beds up to 10 
m thick. The outcrop directly in front (NW) of us 
across the canyon is strewn with boulders, but without 
any evidence of bedding and with clear evidence of 
igneous dikes in place. Hence, we are viewing 

bedded conglomerates abutting basement, presumably 
in a fault contact, although the inferred fault cannot be 
precisely located. The plutonic basement appears to 
be highly fractured. In fact, the change from 
sedimentary to igneous rocks is difficult to recognize 
up close, when hiking up the canyon from the 
Elephant Trees area. 

This outcrop illustrates some of the difficulties 
in recognizing and mapping major faults associated 
with the Miocene extensional esisode that created the 
early northern Gulf of California. It is evident that a 
thick section of fanglomerate is replaced immediately 
to the west by older plutonic rocks, suggesting a fault 
contact, but the fault or faults themselves are not 
clear. 

Retrace route through Lycium Canyon and 
return to vehicles. Retrace route out of the State Park 
via North Fork and Fish Creek, and turn left (north) 
onto Split Mountain Road (paved); follow this road to 
Ocotillo Wells. In Ocotillo Wells, turn left at the "T" 
onto State Route 78. Seven miles west on Route 78 
we either turn right onto Borrego Springs Road and 
take the short cut to Borrego Springs. Alternatively, 
if time permits, we can continue another 3 miles on 
Route 78 to the edge of Yaqui Ridge. 

STOP 1-6. Yaqui Ridge, (optional). 

At the road cut is a poor exposure of 
conglomerate just south of a better exposure of 
plutonic basement. The contact between conglomerate 
and basement is better exposed in gullies cut into the 
pediment just east of us. The contact is a detachment 
fault containing pseudotachylite that has been dated by 
K-Ar on feldspar concentrates at 10.4+3 Ma (Frost 
and Shafiqullah, 1990). This would make place the 
detachment faulting within the age brackets for 
fanglomerates of the Elephant Trees Formation. 

Retrace the route to Borrego Springs Road, and 
turn left toward Borrego Springs for overnight 
accommodations. 

Day 2. Deltaic Succession 

Refer to Fig. 15 for the field trip route. From 
Borrego Springs, head southeast on Borrego Springs 
Road. Turn left at the T to S-78. In Ocotillo Wells 
turn right onto Split Mountain Road. At the entrance 
to Anza-Borrego State Park, turn right off pavement 
and return to Split Mountain Gorge, proceed up to the 
head of the gorge, and turn left into Fish Creek Wash. 
Watch on the left for the head of Wind Caves trail. 
Park the vehicles and hike the short trail up to the 
Wind Caves (Fig. 16). 
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STOP 2-1. Wind Caves 

These caves were produced by weathering of 
arkosic "L"-suite turbidite sandstones of the basal 
Wind Caves Member (Pw). The dip slope here is 
formed by the Upper Megabreccia (um). This is a 
good vantage point from which to visualize local 
paleogeography of the late Miocene Gulf of California 
(Fig. 9) prior to the arrival of the Colorado River 
delta (Fig. 12). 

Day 2 will focus on the Deguynos Formation, 
which comprises the marine portion of the deltaic 
succession. The next three stops are devoted to the 
upper Mud Hills and lower Yuha Members, 
representing the delta front facies (Fig. 13). In the 
facing slope of the large hogback to the southwest 
(Elephant Knees Ridge), the grayer colors represent 
claystone and the yellower colors represent siltstones, 
while sandstones and coquina mostly have a brown 
desert varnish. Note the leftward thickening in the 
facing slope, interpreted as clinoform geometry below 
the lowest sandstone and coquina beds (Fig. 13). 
Return to vehicles and proceed the short distance up 
Fish Creek Wash to the entrance of Mud Hills Wash 
(closed to vehicles). 

STOP 2-2. Elephant Knees 

Hike up Mud Hills Wash to the split in the 
Elephant Knees ridge at measured section EK-3 (Fig. 
16). Cut banks of Mud Hills Wash show sandstone 
beds at the top of the Wind Caves Member, and thin 
siltstone beds within claystone of the Mud Hills 
Member. The Mud Hills Member contains 
foraminifera and a sparse aragonitic fauna of deposit-
feeding bivalves. 

Section EK-2 shows seven complete delta-front 
parasequences (Fig. 13). The "knees" on the north-
facing slope consist of claystone at the base of the 
second exposed parasequence. Sandstone and oyster-
shell coquina cap the third parasequence; the resistant 
coquina forms the dip slope of the hogback. At 
section EK-2, the coquina is 6 m thick and composed 
of densely packed Dendostrea valves in very large-
scale, south-directed cross-sets. 

Hike along the base of the dip slope to section 
EK-3 (Fig. 16). In this short distance the coquina has 
been replaced by sandstone with trough crossbedding 
indicating unimodal, south-directed paleocurrents. In 
addition, the third parasequence of section EK-2 has 
split into two. Some of the parasequences here show 
hints of rhythmite-type bedding, which we will 
observe at STOP 2-3. Sandstones of the basal Yuha 
Member at section EK-3 grade into the Lavender 
Canyon Member east of here, in the Carrizo Impact 
Area (Fig. 16). 

Return to vehicles and continue up Fish Creek 
Wash to the strikingly ribbed cliff on the left (south) 
side of the wash. 

STOP 2-3. Rhythmites, Fish Creek Wash. 

This remarkable outcrop of rhythmically bedded 
siltstones is part of the upper Mud Hills Member, 
below the first clear parasequence (Fig. 13). Similar 
rhythmic bedding is commonly observed within the 
silty portion of parasequences. The ~10 cm cycles are 
symmetric, without sharp contacts, and are due to 
subtle textural differences which account for slight 
differences in resistance to erosion. In this outcrop 
the alternation is between clayey and sandy siltstones; 
elsewhere, rhythmites with finer and coarser textures 
are also observed. Rhythmic cycles are typically 
bioturbated, but finer-scale bedding and ripple 
lamination are locally preserved. Thickness of 
rhythmite cycles ranges from about 5 cm to as much 
as 30 cm. 

We interpret the rhythmites as annual cycles 
controlled by seasonal discharge of the ancestral 
Colorado River. The modern Colorado River has a 
strongly seasonal discharge dominated by meltwater 
runoff from the Rocky Mountains. This interpretation 
implies rock accumulation rates within the rhythmites 
(50-300 mm/yr) one to two orders of magnitude 
greater than average rates of 3-4 mm/yr for this part 
of the succession based on paleomagnetism (Johnson 
and others, 1983). This is not unreasonable if 
sedimentation on the delta front occurred by rapid 
progradational episodes alternating with prolonged 
periods of relatively slow sedimentation (non-rhythmic 
claystones). 

Backtrack down Fish Creek Wash and turn left 
into North Fork. Proceed up North Fork through the 
very thick succession of Mud Hills Member. Park the 
vehicles at STOP 2-4, and climb out the south bank 
of the wash and approach The Notch (Section NF-3 in 
Fig. 13) from below. 

STOP 2-4. The Notch. 

Measured section NF-3 contains two complete 
parasequences below the resistant cross-bedded 
sandstone, and at least six parasequences above (Fig. 
13). This second parasequence has well-exposed 
rhythmite bedding in the siltstone portion and is 
capped by trough cross-bedded sandstone. 
Paleocurrent directions in this sandstone are unimodal 
toward the south, consistent with what we observed at 
STOP 1-2. The third parasequence is manifested by a 
thin lag of oyster shells; this has been physically 
correlated with the thick coquina beds at the Elephant 
Knees hogback (STOP 2-2). Proceed up-section by 



326 

four more parasequences, where we see a sandstone 
unit that is sharp-based. This is laterally equivalent to 
a gradationally-based sandstone at section FC-7. The 
sharp base exhibits abundant trace fossils 
(Thalassinoides and Gyrolith.es) and molds of in situ 
pholad bivalves. We interpet such occurrences of 
pholads as evidence that the clay was quite stiff due 
to exhumation of previously compacted clay, perhaps 
at the base of tidal channels. 

Return to North Fork wash. Depending on 
time, the next stop (2-5) can be conducted either by 
hiking or driving slowly up the wash and stopping at 
specific points of interest. Refer to the measured 
sections in Fig. 22 and the base map in Fig. 16. 

STOP 2-5a. Upper Yuha Member, North Fork 

This stop corresponds to section NF-4a at 160 
m. This is the first good example of the wavy 
bedding association of lenticular, wavy, and flaser 
bedding commonly observed on tidal flats (Reineck 
and Wunderlich, 1986). Occurrences of the wavy 
bedding association persist to the top of the Camels 
Head Member (Section NF-7 at 140 m). Also look 
for Thalassinoides, Gyrolithes, in situ pholads, and 
oyster shells in a muddy matrix. 

(interpreted as tidally influenced point bar deposits), 
and repeated occurrences of the wavy bedding 
association, interpreted as tidal flat deposits. 

STOP 2-5c. Camels Head Member, North Fork 

This stop demonstrates the occurrence of 
transported shell material within a channel sandstone 
of the Camels Head Member. Also note the wavy-
bedding association, this time associated with reddish 
claystones. Bioturbation at this point is minor and 
burrowed horizons are uncommon. In the base of one 
sandstone bed observe concretion-like lumps that are 
actual mollusc shells encrusted by multiple concentric 
layers of sheet-form bryozoans, indicative of repeated 
reworking, presumably in a tidal channel. Cross-
sections of elongate specimens reveal that many of 
these circumrotary colonies started as overgrowths of 
snail shells that had been occupied by hermit crabs 
(Gyllenhaal and Kidwell, 1989). Modern examples 
can be found along both shores of the northern Gulf 
of California. 

Continue up North Fork to the confluence with 
Jackson Fork. Proceed on foot up Jackson Fork. 

STOP 2-6. Jackson Fork 

STOP 2-5b. Upper Yuha Member, North Fork 

This stop begins at the base of section NF-5. 
The steep cut bank demonstrates non-parallel stratal 
geometry in the upper Yuha Member. We envision 
considerable paleorelief on the delta platform due to a 
complex of channels and shoals. A short distance 
along the wash is a relatively thick accumulation of 
oyster shells in a muddy matrix. We interpret these 
as in situ oyster concentrations located either on tidal 
flats or within tidal channels. Note the large number 
of articulated specimens attached to others-of-kind in 
small life-positioned clusters, and the relative sparsity 
of layers composed of fragmented, reworked skeletal 
debris. We believe that this part of the delta served 
as a source of the oyster debris that forms the thick 
cross-bedded coquinas in the subtidal delta front 
(STOPS 2-2 and 2-4). 

Continue up the wash, and observe the first 
occurrence of reddish claystone that defines the base 
of the Camels Head Member (Section NF-5 at 73 m). 
Also observe the increasing abundance of thick, cross-
bedded, sharp-based sandstones with fossil material 

Walk toward the Vallecito Mountains (and back 
down-section), and look for locally-derived "L"-suite 
sandstones and conglomerates interbedded with the 
typical "C"-suite Camels Head lithologies. Some of 
the "L"-suite beds are of debris-flow origin, indicated 
by their dark color (presence of clay matrix), poor 
sorting, and absence of lamination. Some lithic clasts 
in the "L" suite are encrusted with, serpulid worm 
tubes or solitary corals, indicating deposition in 
marine waters. Within the Camels Head Member look 
for : (1) beds of articulated oyster shells in a clay-silt 
matrix, similar to those of STOP 2-5; (2) mud cracks; 
(3) a variety of burrows; (4) casts of in situ pholads in 
claystone, suggestive of erosion to expose stiff, 
compacted clay; and (5) the wavy bedding association. 
A succession of purely "L"-suite sandstone and 
conglomerate comprises the Jackson Fork Member 
(Pj) of the Latrania Formation. This Member is 
younger than the Latrania Formation in other 
localities; the Latrania-Deguynos contact is time-
transgressive. The Jackson Fork Member is 
interpreted as a mixture of debris-flow 

Figure 22 (facing page). Field log of deltaic Deguynos Formation (from uppermost Mud Hills Member, Pm) to 
lowermost Diablo Formation (Pd). These logs comprise a continuous composite section. 
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and sheetflood deposits typical of an alluvial fan, 
but with marine indicators. Look for evidence of: (1) 
burrows, particularly Ophiomorpha\ (2) cloven hoof-
prints of camels, 10-15 cm across, on the bases of 
sandstone beds; and (3) shell beds rich in shallow 
marine gastropods (turritellids, naticids, cerithiids, 
limpets, cowries), bivalves (cardiids, crassatellids, 
venerids, pectinids, anomiids), echinoids (sand dollars) 
and balanid barfiacles. 

After rounding a broad bend to the left, proceed 
up a fossiliferous dip slope toward the exposure of 
plutonic basement on the flank of the Vallecito Moun-
tains. Conglomerate of the Jackson Fork Member 
appears to be in nonconformable contact with base-
ment. The same lap-out relationship can be seen all 
along the southeastern flank of the Vallecito Moun-
tains, in the Stone Wash Member, Jackson Fork Mem-
ber, and Canebrake Conglomerate. Return to vehicles 
and retrace route down North Fork and Split Mountain 
Gorge. As on Day 1, turn left onto Split Mountain 
Road, then left onto State Route 78, then right onto 
Borrego Springs Road. 

Day 3. Inception of Gulf of California, Part 2. 

Referring to Fig. 15, leave Borrego Springs on 
Borrego Springs Road, but this time turn right (south) 
at Casa del Zorro onto Route S-3, and proceed across 
Yaqui Ridge (optional STOP 1-6) to the junction with 
State Route 78 (off the map). Turn right onto Route 
78 and continue west to the junction with Route S-2 
(Imperial Highway), turn left (southeast) onto S-2, and 
proceed toward Ocotillo. After passing the Vallecito 
State Park (VSP in Fig. 15) campground on the right, 
look for outcrops of the light gray Canebrake Conglo-
merate (PQc), a widespread Plio-Pleistocene unit of 
alluvium derived from the paleo-basin margin. Just 
past the Bow Willow Campground (BWC in Fig. 15), 
roadcuts in the switchbacks at Sweeney Pass expose 
conglomeratic sandstones of the Hueso Formation 
(PQh). Pass the Canyon Sin Nombre overlook, 
where we return for the last stop (3-3) of the field 
trip. 

The range to the left (north) is the Coyote 
Mountains, a long, narrow, asymmetric basement-
cored uplift. Its southern edge is marked by the 
active Elsinore strike-slip fault, with at least 3 km of 
strike slip based on offset of the Olla-Diablo contact, 
and a significant dip-slip component. Basement in the 
Coyotes is predominantly metamorphic, mainly schist 
and marble intruded by small plutons and pegmatites. 
Despite the rather low elevation (735 m maximum), 
the Coyote Mountains are quite rugged and access is 
rather limited, making for slow mapping. Patterns of 
faulting (predominantly strike-slip) within the Coyotes 
are complex and confusing; a fault that appears to be 

major at one point may seem to disappear or be trun-
cated by another fault a short distance away. The 
extent of paleogeographic distortion due strike-slip 
faulting and possible block rotations is still under 
study. 

On the outskirts of Ocotillo, turn left onto Shell 
Canyon Road and follow it north toward the base of 
the Coyotes and veer left toward the mouth of Alver-
son (Fossil) Canyon. Park vehicles at the mouth of 
Fossil Canyon (westernmost point, where road turns 
north into gated canyon) and proceed on foot ~100 m 
west to the next canyon, Ocotillo Canyon. Refer to 
Fig. 23 for STOPS 3-1 and 3-2 (alternate). 

STOP 3-la. Ocotillo Canyon 

Park the vehicles and hike up Ocotillo Canyon 
to view a thick vertical succession in a west-facing 
outcrop. Three units here comprise the Split Moun-
tain Group: (1) The Red Rock Formation (Mr) 
consists of reddish conglomerate resting on meta-
morphic basement; (2) the Alverson Formation (Mv) 
consists of basalt flows and volcaniclastics; and (3) 
the Garnet Formation (Mg) consists of tan conglom-
erates with basalt clasts in addition to basement-
derived clasts. Ocotillo Canyon is the only locality in 
the Coyote Mountains where all three units can be 
seen in succession; elsewhere in the Coyotes only 
two, one, or none of these uriits intervene between 
basement and marine Imperial strata (Latrania and 
Deguynos Formations). 

From here, backtrack down Ocotillo Canyon 
until it is possible to climb out the east wall via a 
narrow gulch, then walk north up this gulch to ob-
serve in the west-facing wall the vertical and lateral 
transition of Garnet Formation conglomerate into 
fossiliferous sandstones of the Andrade Member. 
Climb onto the top of the east wall and walk NNE 
obliquely down the dip slope to the floor of Fossil 
(Alverson) Canyon. In recent years this dip slope has 
been heavily mined by fossil collectors, but we will 
still see abundant pycnodontid oysters and other 
mollusks. It is possible to trace individual cobble 
layers and shell beds from the gulch to STOP 3-lb, 
revealing a set of low-angle clinoforms in thin sandy 
parasequences (Fig. 24). Shell lags mantle the 
flooding surfaces; proximal infaunal bivalve-
dominated sands change distally into an oyster-coral-
dominated limestone at STOP 3-lb. 

STOP 3-lb. Fossil Canyon 

This exposure of Andrade Member sandstone is 
typical of Andrade occurrences at or near the toes of 
Garnet fanglomerate wedges, which can be observed 
in elsewhere in the Coyote Mountains at Hidden 
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Figure 23. Index map and geologic map of Coyote Mountains. Location is shown in Figure 15 ("DAY 3"). 

Valley (STOP 3-lc), Cahuilla Canyon, upper Fossil 
Canyon, and west of Andrade Canyon (STOP 3-2a). 
These sandstones are richly fossiliferous and have an 
almost nodular appearance due to bioturbation and 
carbonate cementation. At the northern end of the 
narrow gorge, at wash level, is the typical 2-3 meter 
thick, densely packed shell bed that forms a distal 
limestone facies within the Andrade Member 
(described in Kidwell, 1988). Dominated by large 
Pycnodontid heermanni, this facies includes small 
subspherical to dumbbell shaped Pontes corals 
(corallite diameters 1-2 mm) and large, 10-20 cm 
massive and palmate heads of the corals Solenastrea 
and Siderastrea. Although coral-bearing portions of 
the Andrade Member are often referred to as 
"reefs", note that boundstone fabrics are modest to 
non-existent and that there are no flanking beds or 
other evidence of significant topographic relief on the 
seafloor. These pycnodontid oysters were unattached 
epifauna. Corals encrust single bivalve shells rather 
than forming interlocking frameworks of skeletons. 
We thus interpret these bioclastic limestones as coral-
bearing shell-grounds rather than reefs. 

Proceed on foot up Fossil Canyon and down-
section through Garnet Formation conglomerates, 
greenish volcanic sandstones of the Alverson Forma-
tion, and Alverson basalt. Cross a fault into metamor-
phic basement, then back into Alverson. Note the 
absence of Red Rock Formation. Turn right up a 
steep mining road known as Tunnel Road. Here, 
densely fossiliferous Andrade limestone, much like 
that at STOP 3-lb, sits directly on Alverson volcan-
ics; Garnet conglomerate is absent. At the top of 
Tunnel Road, walk north and cross a fault back into 
metamorphic basement which forms the eastern wall 
of Fossil Canyon, and continue east up a very steep, 
boulder-filled gulley (to the left, i.e. north, of Tunnel 
Road). 

At the top of the canyon wall, proceed northeast 
over a low ridge into Hidden Valley. Here, reddish 
Garnet Conglomerate rests directly on basement; both 
Red Rock and Alverson are now absent. The low, 
rolling hills and limited exposure are typical of the 
Garnet Formation in the Coyote Mountains. Continue 
down to the sandy wash and follow it downstream. 
Marine Andrade sandstone overlies the Garnet in 
small patches. The drainage we are following steep-
ens down the flank of the Coyote Mountains and joins 
the Garnet Canyon drainage. Before it does so, stop 
at an outcrop on the right (north) side of the wash. 

STOP 3-lc. Garnet Wash Overlook 

This outcrop displays several key stratigraphic 
relationships in a small area which are representative 
of this part of the Coyote Mountains. First, reddish 
conglomerate of the Garnet Formation rests directly 
on basement; Red Rock and Alverson are again 
absent. Within the space of this outcrop, the Garnet 
itself pinches out toward the east to where Andrade 
rests directly on basement. Andrade sandstone over-
lies the Garnet but grades upward and eastward into 
an arenaceous limestone, also within the space of this 
outcrop. To the north, this limestone facies of the 
Andrade Member laps out against a hill composed of 
marble. Two additional lines of evidence suggest that 

Lower Alverson Canyon 
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Figure 24. Cross-section for lower Fossil Canyon 
(STOP 3-lb) based on measured sections and 
individual bed correlations, from Kidwell (1988). 
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this marble hill represents a paleo-island in the Andra-
de sea. First, the Andrade limestone contains a bed of 
marble boulders, presumably shed from a very nearby 
source. Second, borings of marine pholad bivalves 
can be found in the marble adjacent to the contact 
with Andrade and in some boulders within the 
Andrade. 

Climb this marble hill and paleo-island for an 
overlook of Garnet Wash and Coyote Mountains. To 
the east are other paleo-islands which were identified 
in similar fashion, including Marble Mountain imme-
diately to the northeast, which we will pass on the 
return hike. The Andrade flanking the marble paleo-
islands consists of arenaceous, sparsely fossiliferous 
limestone similar to this outcrop. The limestone 
facies of the Andrade occurs distally to the distal 
pinchout of wedging Garnet Formation. These marine 
toes of Garnet Formation can be identified at several 
places in the Coyote Mountains (Fig. 11). 

From the Garnet Wash overlook, proceed to the 
southeast across the intervening valley toward Marble 
Mountain to the jeep trail. Observe how Andrade 
limestone laps out against the base of Marble Moun-
tain, as we saw at the overlook outcrop. Also note 
pholad borings in marble basement and marble-clast 
conglomerate in the Andrade. On the opposite side of 
Marble Mountain is another paleo-low with Andrade 
limestone and similar lap-out relationships, and 
beyond that another paleo-high. Return to Hidden 
Valley via the jeep trail and backtrack down to Fossil 
Canyon. 

Downstream of STOP 3-lb, in the walls of 
Fossil Canyon, observe the rapid facies change from 
oyster-coral limestone and sandstone in the north to 
conglomerate in the south. We are looking at the 
lateral change from Andrade Member into Garnet 
Formation, and on a broader scale the time-
transgressive nature of the contact between the marine 
Imperial and nonmarine Split Mountain Groups. 

Return to vehicles and retrace the route back 
down Fossil Canyon Road toward Ocotillo, and turn 
right onto Imperial Highway (Route S-2). Drive 6 
miles west on Imperial Highway, then turn right onto 
an unpaved road toward Andrade Canyon. 

STOP 3-2. Andrade Canyon (optional) 

Continue on foot up the old mining road. 
Along the way note exposures of fossiliferous An-
drade sandstone (especially on your left, onlapping 
basement) and overlying muddy strata of the Deguy-
nos Formation (marine deltaic succession). Approxi-
mately one mile up the old mining road, continue 
west on a faint, steep jeep trail (rather than turning 
north into the wash) and follow it for approximately 
one-half mile. This trail crosses the edge of an out-

crop of Garnet Formation conglomerate, as described 
at STOP 3-1. This occurrence is an eastward-
thinning wedge overlain by Andrade sandstone at its 
eastern toe. As the trail crosses onto the basement 
complex of schist and marble, watch for pholad 
borings. 

From this vantage point we also have a good 
overview of the Andrade Member in Alpine Valley to 
our east. In Alpine Valley, Andrade sandstone is 
thicker than we have seen before and generally rests 
directly on basement. At Reba Ridge, about 2 miles 
east of here but hidden from view, the Andrade attains 
a thickness of 60 m. In this case, the Andrade seems 
to thicken distally from the toe of the Garnet Forma-
tion alluvial fan that we are standing on. In contrast, 
at Hidden Valley, Andrade at the toe of that Garnet 
Formation alluvial fan becomes calcareous distally and 
laps out against paleo-islands. 

Backtrack down the steep trail to the main 
wash, and then walk north (downstream) in this wash 
to Andrade Canyon proper on the northern flank of 
the Coyotes Mountains (STOP 3-2b). Observe the 
buttress nonconformity of the thin conglomerate and 
thick sandstone on basement in the floor of the gorge, 
and the rapid facies change from conglomerate to 
sandstone northward away from basement. 

Return to vehicles and drive back to the Impe-
rial Highway. Turn right and drive approximately 5 
miles to the Canyon Sin Nombre overlook on the 
right, just before Sweeney Pass. Park vehicles in the 
parking lot. 

STOP 3-3. Canyon Sin Nombre Overlook 

This stop affords an overlook of Split Mountain 
(north) and the Carrizo Impact Area (northeast) in the 
distance, summarized in Fig. 10. In the foreground 
we can also observe exposures of the nonmarine Palm 
Spring Group in the Vallecito Basin and Carrizo Bad-
lands (Fig. 15). Immediately in front of us are 
variegated beds of the Olla Formation (Po), represen-
ting the interfingering of "C"-suite fluvial deposits 
(buff and reddish colors) with "L"-suite alluvium 
(gray and greenish colors). The Olla grades laterally 
and toward the right into the "C"-suite Diablo Forma-
tion (Pd), and upward and to our left into the "L"-
suite Hueso Formation (PQh). The Hueso-Olla-Diablo 
facies tract is offset approximately 3 km dextrally by 
the Elsinore fault. The Olla Formation occurs at 
several localities in the western Salton Trough, which 
define a SSE-NNW orientation of the paleo-basin 
margin after palinspastic reconstruction (Fig. 14). 

Return to vehicles and backtrack along the 
Imperial Highway to Ocotillo, turn right toward 1-8 
west, and return to San Diego. 
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