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ABSTRACT

The Altar basin in northwestern Sonora, Mexico, is a subsidiary basin forming a now inactive part
of the Colorado River delta. Its sedimentary record illustrates how the delta prograded in the last 4-5
Ma over a late Miocene, structurally distinct, marine basin at the northern end of the Gulf of California.
Our interpretation of outcrop data, and data from seven exploratory wells, six analog seismic lines
of Petréleos Mexicanos (PEMEX), and magnetic and gravity surveys from various sources indicates
the existence of three sedimentary sequences, A, B, and C, which can be correlated at regional scale
and have a thickness >5 km at the basin depocenter. The lower sedimentary sequence A is a shale unit
representing open marine conditions (outer neritic). It grades into a thick sequence of interstratified
mudstone, siltstone, and sandstone (sequence B), which grades in turn into poorly consolidated sand
(sequence C). Extensive outcrops of a sandy, cut and fill succession exposed along the coast of Sonora
are consistent with sequences B and C being the sub-aqueous and the sub-aereal parts of the delta,
respectively. A contact at the base of the sequence A, where pre-marine continental deposits are missing,
and where the marine sequence overlies crystalline basement, is interpreted as tectonic transport along
a top-to-the-northwest detachment fault. The Altar basin became inactive as result of the westward shift
in the locus of tectonic activity from the Altar fault to the Cerro Prieto fault, coupled with realignments
in the course of the Colorado River during Pleistocene time.
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RESUMEN

El Desierto de Altar en el noroeste de Sonora, contiene una cuenca subsidiaria ubicada en la
parte inactiva del delta del Rio Colorado. El registro sedimentario ilustra como el delta progradé sobre
una cuenca marina estructuralmente independiente del Mioceno tardio, hacia la terminacién norte del
Golfo de California. La interpretacion de datos de afloramientos, datos de siete pozos exploratorios
y seis lineas sismicas analdgicas de Petréleos Mexicanos (PEMEX), ademas de datos magnéticos y
gravimétricos compilados de diversas fuentes, indican la existencia de tres secuencias sedimentarias,
A, By C, con més de 5 km de espesor y con una distribucion de escala regional. La secuencia inferior
(secuencia A) es una unidad de lutita marina de ambiente neritico externo. Esta unidad grada a una
potente secuencia de lodolita, limolita y arenisca (secuencia B), la cual a su vez grada a una secuencia
de arena poco consolidada (secuencia C). Las secuencias B y C se interpretan como parte del sistema
submarino y subaéreo, respectivamente, que progradd hacia la cuenca marina. Afloramientos de una
secuencia arenosa de corte y relleno, interpretada como depésitos fluviodeltaicos y expuesta a lo largo
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de la costa de Sonora, son consistentes con una interpretacion en donde la secuencia C forma parte
de la planicie fluvial del Rio Colorado. El contacto discordante de la base de la secuencia A sobre el
basamento cristalino y la ausencia de dep6sitos premarinos se interpreta como el resultado del transporte
tectdnico a lo largo de una falla de despegue con transporte de la placa superior hacia el nor-noroeste.
La subsidencia en la cuenca de Altar cesé debido al cambio en la localizacidn de la actividad tectonica
de la falla Altar a la falla Cerro Prieto, asi como al cambio en el cauce del Rio Colorado hacia el Valle

de Mexicali durante el Pleistoceno.

Palabras clave: estratigrafia, rifting, delta del Rio Colorado, Cuenca de Altar, Golfo de California.

INTRODUCTION

The Colorado River delta largely fills the depression
known as the Salton trough, comprising the Imperial Valley,
in Southern California, and the Mexicali Valley, in northern
Baja California (Figure 1). The trough is traversed by ac-
tive faults associated with the southern San Andreas fault
system and the Gulf of California extensional province,
and so the Colorado delta is somewhat unique among the
world’s major deltas in being structurally confined and lying
across a major plate boundary between the Pacific and North
American plates (Figure 1) (Elders, et al., 1972; Lonsdale,
1989). The delta also contains a record of the erosion of
its source in the Grand Canyon and Colorado Plateau in
Arizona (Winker and Kidwell, 1996, and references therein;
Elders et al., 2001; Hunt and Elders, 2001). However, to
date, no synthesis of the geological structure and history of
the whole delta had been possible because some areas are
still poorly known. Therefore, we used data from onshore
wells and seismic reflection profiles from PEMEX (national
petroleum company of Mexico), and from magnetic and
gravity surveys, to gain insight into the sedimentation and
structure associated with this transform fault plate margin
and its relationship to the geological history of the Grand
Canyon and Colorado River (Elders et al., 2003; Espinosa-
Cardefia and Elders, 2003).

The Altar basin in northwestern Sonora shares a
common history with other basins within the trough,
and therefore exemplifies basin evolution in this tectonic
environment. Each of these basins has experienced the ef-
fects of three main geological events: 1) an initial period
of extension and subsidence; 2) an intermediate stage of
marine sedimentation; and 3) a later stage of basin filling,
largely dominated by the growth of the Colorado River
delta, and to a lesser extent by alluvial deposits from the
basin margin. Where age constraints for these three geologic
events exist, the onset and end of this sequence differs from
basin to basin, depending on its position relative to major
depocenters and on the configuration of the delta complex.
The construction of the Colorado River delta isolated the
Altar basin and the northern gulf from basins located to the
north and west within the Salton trough. Also, in the north-
central part of the trough, the growth of the delta produced

lacustrine environments that were periodically flooded by
discharges of the Colorado River (Dibblee, 1984; Winker
and Kidwell, 1996).

Besides sharing a complex structural control, the
individual basins also share an early stage dominated by
marine deposits, framed by basin-margin alluvial deposits,
which predated rapid deltaic progradation into the marine
basin. However, marine conditions may have persisted on
both flanks of the delta because the rift margins continued
to widen and subside. The Altar basin, east of the active
modern delta (Figure 1), is a good example of an abandoned
basin, whereas the Laguna Salada to the west is a good
example of a still active basin (Dorsey and Martin-Barajas,
1999; Martin-Barajas et al., 2001), although both are the
result of changes in the locus of tectonic deformation. On
the Sonoran side of the gulf, less is known about the timing
of major subsidence and the stratigraphic record produced
by the three major geological processes of transtensional
tectonics, proto-gulf marine sedimentation and deltaic
progradation.

The Altar basin covers an area between San Luis Rio
Colorado and Bahia Adair in northwestern Sonora (Figure
2). Itis assumed that this area was once part of the delta com-
plex, although the surface of the Altar basin is now above
the level susceptible to flooding by the Colorado River and
is an extensive eolian dune field. Until now, no stratigraphic
data had been published to interpret the nature of the basin
fill, inferred to be at ~5 km depth (Sumner, 1972).

Exploratory seismic reflection surveys and drilling
for hydrocarbons and geothermal resources have produced
a large amount of data, which for many years remained
unpublished, apart from a few preliminary reports (PEMEX,
1985; Guzman, 1981). In this paper, we integrate data from
the Altar basin that include seven well logs and six analog
seismic lines (Figure 2). Additionally, we use the gravity
and magnetic anomalies to interpret the structure of the
Altar basin. We also studied the sedimentology of outcrops
along the western margin of the Altar basin (Figure 2) to
gain insight of the sedimentary environments for the up-
permost part of sequence. Then, we contrast our model of
the structure and stratigraphy of Altar basin to other co-ge-
netic basins located to the west and northwest in the Salton
trough, and finally, we discuss the tectonic implications of
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Figure 1. Digital elevation model (DEM) map, and main tectonic features in the northern Gulf of California and Salton trough regions. The figure shows
the lower course of the Colorado River and delta, and the main physiographic and structural features. AF: Altar fault, AL: Algodones fault, CPF: Cerro
Prieto fault, IF: Imperial fault, LSF: Laguna Salada fault, MGE: main Gulf escarpment, SAF: southern San Andreas fault, SMD: Sierra Mayor detach-
ment, WSD: western Salton detachment, S2-14: well State 2-14. The inset map shows the main structural features in the northern Gulf of California, DB:
Delfin basin, IT: Isla Tiburén; TB: upper Tiburon basin; WB: Wagner basin.
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Figure 2. Simplified geologic map of northeastern Baja California and northwestern Sonora, and the modern delta of the Colorado River. Exploration
wells and seismic reflection lines studied here are from PEMEX. Exxon F-1 is well Exxon-Federal #1 drilled in the Yuma basin (Eberly and Stanley,
1978). CPF: Cerro Prieto fault, IF: Imperial fault, SLRC: San Luis Rio Colorado.
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our results. We first present a summary of the tectonic and
sedimentary background, which is necessary to understand
the conceptual model proposed here.

TECTONIC AND SEDIMENTARY BACKGROUND

Onset of extension in the northern
Gulf of California Extensional Province

Major pulses of Cenozoic extension in northern
Sonora include development of detachment faults and
metamorphic core complexes in late-Oligocene to middle-
Miocene times (Nourse et al., 1994). Continental basins in
central Sonora are capped with middle-Miocene basaltic
flows (McDowell et al., 1997). No time constraint for the
onset of extension has been reported for the area west of
Caborca, nor in the Altar Desert (Figure 1). However, the
northwest trending Basin and Range physiography (Figure
1) suggests that this area has undergone a large amount of
extension similar to that documented in northern Sonora
and southwestern Arizona.

In southwestern Arizona, a pulse of extension that has
been named “late-Miocene block-faulting episode” (Eberly
and Stanley, 1978), produced Basin and Range structures
and thick continental and lacustrine deposits with local
marine intervals in the Yuma basin (Figure 1) between ~13
and >10.5 Ma (Eberly and Stanley, 1978). This is consistent
with the post-17 Ma age for widespread normal faulting
in the Yuma area proposed by Spencer et al. (1995). The
age of the Altar basin is not well constrained, but, owing
to its proximity to the Yuma area, we consider a late- to
middle-Miocene age as the most likely time for the onset
of extension in the basin.

In northern Baja California, the onset of Miocene ex-
tension is constrained by faults that cut arc-related volcanic
rocks dated at approximately 16 Ma in the range front of
Sierra Juarez (Lee et al., 1996; L. Forsythe, unpublished
ages). In the southern end of Laguna Salada, trachyandesite
lava flows from Sierra Las Tinajas were emplaced at ~10.5
Ma, and they overlie three continuous, welded to unwelded
tuffs dated at ~12 Ma (Mendoza-Borunda et al., 1998).
These lava flows and tuffs are cut by a series of east- and
west-dipping normal and oblique faults (Mendoza-Borunda
et al., 1995, 1998) and provide maximum age for the on-
set of extension along the Main Gulf Escarpment in Baja
California. Additionally, exhumation ages of crystalline
rocks on Sierra El Mayor at the western edge of the delta
plain constrain the early uplift of this intra-rift crystalline
block between approximately 15 and 10 Ma beneath a
detachment fault (Axen et al., 2000).

In the southwestern Salton trough, an early- to middle-
Miocene period of continental sedimentation occurred
during the emplacement of arc-related lava flows of the
Alverson Volcanic unit (22—-14 Ma) (Kerr, 1984). This early
phase of weak extension preceded a late-Miocene phase

of high-magnitude extension and rift-basin development
along a top-to-the-east detachment fault system (Axen and
Fletcher, 1998; Winker and Kidwell, 2002). This detach-
ment system changes polarity to the south in the Laguna
Salada basin (Axen, 1995), and both detachments were
coeval with strike-slip faults of the San Andreas system
(Axen et al., 1999).

In summary, onset of extension in the area now oc-
cupied by the Altar basin may have occurred sometime after
~16 Ma, which is suggested by field data on both rifted mar-
gins of this basin. However, little evidence exists for the tim-
ing of strike-slip motion transference into the northernmost
part of the gulf, and of full establishment of modern wrench
tectonics along the Cerro Prieto fault zone (c.f., Stock and
Hodges, 1989). Low-angle normal faults and transtensional
faults may have co-existed in the western Salton trough and
the Laguna Salada basin (Axen and Fletcher, 1998; Axen et
al., 1999). The Altar basin thus lies between two detachment
fault systems of distinctly different age: (1) the late-Miocene
Salton trough (and Laguna Salada) detachment to the west,
and (2) an older detachment system in central Sonora and
southwestern Arizona (Eberly and Stanley, 1978; Nourse et
al., 1994; Spencer et al., 1995).

The proto-Gulf of California

The concept of a proto-gulf was first used by Karig
and Jenski (1972) to refer to the early period of extension in
the Gulf of California, an analog to other “volcano-tectonic
rift zones associated with an active trench-arc system”.
Subsequently, the term proto-gulf has been used indis-
criminately as a synonym for the presence of early basins
and marine incursion in the gulf area (Gastil et al., 1975;
Stock and Hodges, 1989), and to name the early period of
orthogonal extension and basin development (Dokka and
Merriam, 1982; Henry and Aranda-Gémez, 2000; Roldan-
Quintana et al., 2004). We use the term proto-gulf extension,
as defined by Henry and Aranda-Gomez (2000), to name the
extensional event that affected the entire Gulf Extensional
Province (GEP) from ~12 to ~6 Ma. This event is the result
of'the partitioning of strain in strike-slip faults in the Pacific
margins offshore Baja California and extensional faults
within the GEP (c.f., Stock and Hodges, 1989). The upper
limit for the proto-gulf stage is placed at 7-6 Ma, when
the plate boundary became localized in the gulf area and
the modern transform fault system developed (Curray and
Moore, 1984; Lonsdale, 1989; Oskin et al., 2001).

A middle-Miocene age for the proto-gulf marine basins
at Isla Tiburén was suggested by Gastil and Krumennacher
(1977) and Gastil et al. (1999). However, Oskin and Stock
(2003) determined a younger age for the marine section in
Isla Tiburon (<6.2 Ma), and proposed that the marine incur-
sion in the northern Gulf of California occurred after 7 Ma,
when the boundary between the Pacific and North American
plates moved fully into the gulf region. This is consistent



Stratigraphy and structure of the Altar basin of NW Sonora 5

with published ages of the oldest marine deposits cropping
out in the northern Gulf of California and Salton trough
areas as being younger than 7.4 Ma (Quin and Cronin,
1984; Dean, 1996; McDougall et al., 1999; Martin-Barajas
et al., 2001). Nevertheless, the possibility of an older age
for the first marine incursion cannot be completely ruled
out. Paleontological evidence of reworked microfossils of
middle-Miocene age identified in some localities with late-
Miocene to Pliocene marine sequences, and discrepancies
in chronological distribution of key microfossil species (J.
Helenes, A.L Carrefio, unpublished data; Lozano-Romen,
1975; Gastil et al., 1999; Helenes and Carrefio, 1999;
Delgado-Argote et al., 2000; Kris McDougall, personal
communication) maintain the argument for a somewhat old-
er marine incursion in the northern gulf region. Additionally,
ongoing biostratigraphic studies of cutting samples from
a PEMEX well in the upper Tibur6n basin, indicate the
presence of middle-Miocene marine microfossils at depth
(Helenes et al., 2005).

The delta of the Colorado River

Field studies in the western Salton trough and NE
Baja California indicate that Pliocene-Pleistocene fluvio-
deltaic deposits from the Colorado River prograded over
late-Miocene to early-Pliocene marine deposits (Johnson et
al., 1983; Dibblee, 1984; Winker and Kidwell, 1986; Dorsey
and Martin-Barajas, 1999; Martin-Barajas et al., 2001).
The change from marine to fluvio-deltaic environments
was induced by the entry of the Colorado River into the
northern gulf. The establishment of an integrated Colorado
River occurred either by headward erosion (Lucchita et al.,
2001) or by lake overflow near Lake Mead (Spencer and
Pearthree, 2001; Meek and Douglass, 2001); the course
of the Colorado River below Grand Wash and the site of
the Hoover Dam was established post 6 Ma and pre 4.8 to
4.3 Ma (Howard and Bohannon, 2001). This age interval
marks the time when the upper Colorado River integrated
its course to that of the lower Colorado, so drainage from
the Rocky Mountains reached the Gulf of California and
dramatically increased the sediment supply and the growth
rate of the delta (Johnson et al., 1983; Winker and Kidwell,
1986). However, the position and extent of the delta com-
plex in early-Pliocene time is poorly constrained because
of the complexities produced by the tectonic activity. Early
Colorado River sediments recognized within the Wind Cave
Member of the Latrania Formation, in the southwestern
Salton trough, include a >200 m-thick submarine fan turbi-
dite sequence dated at the transition between late Miocene
and early Pliocene (Winker and Kidwell, 1996; Dorsey et
al., 2005). This age constraint in the Salton trough can be
extrapolated to the Altar basin because its depocenter was
closer to the Split Mountain area in early-Pliocene time. We
can infer 175 to 200 km of tectonic restoration assuming
that most of this displacement occurred by dextral shear be-

tween the Cerro Prieto fault and the Main Gulf Escarpment
in southeastern California and Baja California (Winker and
Kidwell, 1986, 1996) (Figure 1).

DATA SET AND METHODS
Gravity and magnetic data

We made a compilation of gravity and magnetic data
covering the Mexicali valley, Mesa Sonora and southern
Arizona to produce magnetic and gravity anomaly maps
(Figures 3a and 3b, respectively). All gravity data were
merged and reduced to Bouguer gravity anomalies using
the 1971 international gravity formula (Morelli, 1976), a
reduction density of 2.67 g/cm?, and a datum plane at mean
sea level. Terrain correction was available for most of data.
The merged data were then gridded at an interval of 2.5 km
and contoured to produce a Bouguer gravity anomaly map.
Magnetic data over parts of northern Sonora and northern
Baja California were obtained from a digital magnetic
anomaly database of North America (USGS, 2002). This
data base resulted from leveling and merging acromagnetic
surveys from the U.S. Geological Survey, and Consejo de
Recursos Minerales (Finn et al., 2001). The data are gridded
to a spacing of 1 km and continued to an elevation of 3.5
km above the terrain.

Seismic profiles

PEMEX made six large-format, analog seismic pro-
files available to this study (Figure 2). These seismic profiles
were originally processed in the early 1980°s at the Instituto
Mexicano del Petroleo. The seismic profiles are 48 fold and
six seconds of register. The filters applied to the raw data
affected the higher frequencies and render the upper 0.3
seconds (two-way travel time, TWTT) practically useless.
Although these seismic lines are of medium quality, they
show little coherent noise (multiples) so that the boundaries
of the major sedimentary sequences could be traced and
interpreted in this study.

Well data

Interpretation of digital and analog well logs from
seven exploratory wells (Figure 2) allowed us to interpret
the lithostratigraphy of the Altar basin from gamma ray
(GR), self-potential (SP) and resistivity logs, and from the
mud-log reports (Serra, 1984; PEMEX, unpublished well
reports). The petrographic descriptions of several sediment
cores helped calibrate the response of the well logs to the
lithology.

For each PEMEX well, we computed a velocity pro-
file from stacking velocities and used it to convert depth
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Figure 3. a) Magnetic anomaly map of the northern Gulf of California, northwestern Sonora, and southern Arizona. The Altar basin is clearly imaged by
a broad magnetic low bounded to the east by a northwest trending magnetic gradient inferred to be produced by the Altar fault and the rise of crystalline
basement. b) Bouger anomaly map showing northwest trending lineations in the Altar basin, which include a local gravity high north of well W-5. Note
the elongated gravity low west of the Cerro Prieto fault.
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to time in order to incorporate the well stratigraphy into
the nearest seismic profiles. As the seismic digital data are
not available to us, we used the method of Metcalf (1981)
to estimate the interval velocity, the average velocity, and
the cumulative depth to any given horizon as defined with
pairs of TWTT and normal move-out velocity (NMO). The
method uses the equations developed by Dix (1955) (see
Appendix 1 for details).

Geologic mapping at El Golfo de Santa Clara

Extensive outcrops of the upper ~200 m of the sedi-
mentary section where studied along the shore centered at
El Golfo de Santa Clara (Figure 2). These outcrops provided
useful stratigraphic and sedimentological information to
interpret and constrain the depositional environments of
the uppermost sequence along ~25 km of outcrop. Selected
samples where also investigated for microfossil content.

RESULTS
Structure of the Altar basin

The Altar basin is bounded by two major oblique
normal faults on its eastern and southwestern side. Both, the
Altar and Cerro Prieto faults, are inferred to have significant
dextral offset, but both drop the southwestern side down
(Figures 3a, 3b). The southeastern edge of the Altar basin is
anorth dipping detachment fault that was active while most
of the sedimentary sequence deposited (see below).

In our gravity and magnetic maps, the Altar basin is
defined by a broad magnetic low, interrupted to the NW
by a local magnetic high north of W-4, and bounded to the
east by a positive magnetic lineation related to basement
rocks merging into the NW-oriented range of Sierra El
Rosario (Figure 3a). This range, composed of pre-Tertiary
metamorphic and granitic basement rocks (Figure 2), clearly
produces the magnetic and gravity highs that bound the
basin to the east. On the basis of 2-D modeling of aero-
magnetic data and localized gravity data, Sumner (1972)
proposed a large NW-trending, west-dipping fault as the
eastern structural boundary of the Altar basin, which we
name here as the Altar fault. This structure is also inferred
from the gravity and magnetic lineations that project from
Bahia Adair toward the NW (Figures 3a, 3b), and by a subtle
apparent dextral displacement of the magnetic and gravity
highs. The northwest-trending magnetic and gravity gradi-
ents, and the horizontal displacement suggest continuation
of the Altar fault to the northwest, where it is co-linear to
the Algodones and San Andreas faults in the eastern edge
of the Salton trough (Figure 1).

In the gravity and magnetic anomaly maps, the Cerro
Prieto fault zone apparently bounds the northwest trending
anomalies (Figures 3a, 3b). This fault zone crudely marks

the western boundary of the magnetic low related to the Altar
basin, but also bounds an elongated gravity low west of the
fault trace (Figure 3b). To the south, a gravity high separates
the southeastern end of the Altar basin from a gravity low in
the northernmost gulf. Within the Altar basin, a gravity high
with no associated magnetic anomaly is present to the north
of well W-5. The NW-trending, high magnetic anomalies
northwest of the Altar basin and southeast of the Nuevo
Ledn magnetic anomaly (Goldstein et al., 1984) suggest
the presence of basaltic intrusions along of the Cerro Prieto
fault, although well W-3 cut Cretaceous granitic basement
at 4.5 km depth in a zone with a gravity low.

An uplifted alluvial terrace up to 130 m high and the
exposures of the ancient delta in ravines along the shore at
El Golfo de Santa Clara indicate current tectonic uplift of the
southwestern Altar basin along the trace of the Cerro Prieto
fault zone (Ortlieb, 1991). This uplift is also consistent with
subsidence produced by the Cerro Prieto fault in the basin
southwest of the modern shoreline (Hurtado-Artunduaga,
2002; Sanchez-Guillén, 2004).

Stratigraphy of the Altar basin

Well logs in the Altar Desert and the eastern part of the
Mexicali Valley indicate three main sedimentary sequences,
which in some cases overlie crystalline basement (Figure 4).
The scant paleontological data available from well samples
of'the older sequence help document the paleoenvironments
and determine the age of deposition. However, age correla-
tion between wells is not possible at this stage because age
constraints are insufficient. Therefore we base our correla-
tion on lithostratigraphic criteria, realizing that these facies
could be laterally diachronous and may represent a more
diverse and complex assemblage of sedimentary environ-
ments than the suggested here.

Basement rocks

Wells W-1, W-3, and W-7 bottomed in late-Cretaceous
to early-Tertiary granitic rocks (Figure 4). The crystalline
basement in well W-1 is a grey-greenish biotite granodiorite,
with plagioclase, potassic feldspar and quartz. A K-Ar age in
K-feldspar concentrate was reported as 63+5 Ma (PEMEX,
1985). The basement rock cut in well W-3 is a granodiorite,
reported as having the same mineralogy as the basement
in well W-1, but with less chloritized biotite; the K-Ar age
reported for K-feldspar concentrates was 59+5 Ma. The
crystalline basement in well W-7 consists of a biotite-mus-
covite-hornblende-garnet-bearing granitic rock, with quartz
and K-feldspar; this rock has mildly granoblastic texture
and is highly fractured, containing hematite as fracture fill,
which could reflect deformation at and beneath the Altar
detachment fault. The reported K-Ar ages in K-feldspar con-
centrates varies from 79+5 Ma to 6145 Ma (PEMEX, 1985).
Although these reported ages have large errors, we are con-
fident that these three wells terminated in late-Cretaceous to
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early-Tertiary granitic and metamorphic basement rocks and
not in late-Cenozoic magmatic intrusions. However, well
W-2 ends in a young volcanic intrusion, which classified
as quartz-bearing andesite in the petrographic report by
PEMEX. This rock was dated in 1.4+0.5 Ma by PEMEX
(K-Ar in feldspar separates). The magnetic high west and
southwest of well W-2 and the gravity high around it may
reflect mafic magmatism in the area.

Sequence A. Marine shale

The lower stratigraphic sequence is a gray-black,
well-indurated, mildly calcareous shale, with subordinate
siltstone beds. This unit directly overlies granitic basement
in three of the wells (Figure 4), and has a thickness of >1,000
m in well W-7, ~500 in well W-6, and ~500 m in well W-1
(Figure 4). The upper part of this mudstone sequence was
also cut at depth in well W-5 (Figure 4).

The upper boundary of sequence A is transitional
and is arbitrarily defined by an increase in silt and sand
layers in the shale unit in each well. The shale lithofacies
produce “cylinder-type” electrosequences, 5 to 30 m thick,
separated by relatively thick (1-2 m) siltstone to sandstone
beds as defined in the Spontaneous Potential (SP) logs
(Figure 5a). The silt and sand layers within the shale unit
produce “funnel-shaped” electrosequences (e.g. grain size
increasing up-section), similar to the distinctive pattern of
sequence B shown in the Gamma-ray (GR) and induction
(IL) logs of Figure 5b.

Sequence B. Mudstone-sandstone sequence

The lower marine shale sequence progressively grades
up-section into alternating mudstone-siltstone and sandstone
beds. The regular increase in abundance of siltstone and

sandstone beds marks the base of sequence B, a lithologi-
cally distinctive sequence with a thickness ranging from
~600 m in well W-6, to ~2,300 m in well W-3 and W-7
(see Figure 4).

Sequence B is composed of regularly inter-bedded,
poorly cemented, fine-grained sandstone, siltstone and
mudstone. Mudstone and siltstone beds are more abundant
both towards the base and top of sequence B. The well logs
show meter-scale, funnel-shaped and bell-shaped electrose-
quences, which specifically are abundant toward the upper
part of sequence B. The funnel-shaped electrofacies repre-
sents upward-coarsening intervals, whereas the bell-shaped
electrofacies represents upward-fining intervals (Figure 5b).
However, this sequence also includes very thick sandstone
intervals, up to 100 m thick (see well W-2), and mudstone
intervals that can reach up to 400 m in thickness (see well
W-6 in Figure 4).

Sandstone beds are composed of light grey to tan-
colored, quartz-rich, poorly consolidated sands, whereas
mudstone beds are composed of grey to black, indurated to
poorly indurated, slightly calcareous mudstone.

Sequence C. Sandstone sequence

Moving up-section, the stratigraphy of the Altar basin
is characterized by a substantial increase in the proportion
of sand relative to mud and silt (Figure 4). Sand intervals
are progressively thicker and include conglomerate deposits
and subordinated mud-silt strata in wells located to the north.
This coarse-grained, poorly-consolidated, sedimentary
lithofacies is distinctive of sequence C, which varies in
thickness from well to well, and reaches up to 2,970 m in
well W-4, and 3,460 m in well W-5 (Figure 4). The small-
est thickness is recorded in wells W-1 and W-6, located the

W-7 W-5
depth (m) SP ILD depth (m) ILD depth (m) Sp ILD
] 2225 — _
3250 — 800 —
2250 — -
3300 — 830 =
2275 — 000 —
3350 — —
2300 — / 950 —
3400 — -
1000 —
2325 — _
= 1050 — L
a) Sequence A b) Sequence B c) Sequence C

Figure 5. Example of well-log response to lithologic composition of sediments. a) shale interval of sequence A with cylinder-type electrofacies punctuated
by silt-sand intervals; b) distinctive bell-shaped and funnel-shaped electrofacies in sequence B representing fining-up and coarsening-up parasequences,
respectively. ¢). Cylinder-type electrofacies representing amalgamated sand and gravel deposits punctuated by fine-grained sediment intervals. GR:

gamma-ray log, ILD: induction log; SP: spontaneous potential log.
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farthest north and east from the Cerro Prieto fault zone,
respectively (Figure 2).

Sand and gravel intervals show distinctive blocky-type
electrofacies, with a saw-tooth shape, and low SP values
in the well logs (Figure 5c¢). Individual sand and gravel
intervals are 3 to 40 m thick and are separated by thin beds
of muddy silt. Locally, fine-grained deposits are up to 2 m
thick, and usually mark the boundary of a thick sand interval.
Conglomerate deposits within sequence C are conspicuous
in wells W-1 and W-2 (Figure 4). Well W-1 contains con-
glomerate beds alternating with sand deposits in the upper
1,000 m of the sequence. The conglomerate deposits are
regularly interstratified, whereas in well W-2 the gravel fa-
cies dominates in the upper 1,900 m of the sequence.

Volcanic deposits are interstratified in gravel deposits
between the 1,550—1,880 m depth interval in well W-2. This
well is located ~45 km east of the Cerro Prieto volcano
(Figure 2). The volcanic deposits are lithic tuffs, for which
no age dating is so far available. This well also bottomed
in andesite rocks dated at 1.5+0.5 Ma (K-Ar in plagioclase
concentrate), but drill cuttings of sediments above this
volcanic rock and well logs do not indicate any effects due
to hydrothermal alteration, in spite of the proximity of this
well to the Cerro Prieto geothermal field. No samples are
available to define if this rock is an intrusive body.

Biostratigraphy and age of sequences

To assign tentative ages to the sequences, we used the
information on planktonic microfossils (Appendix, Table
A) reported by PEMEX (1985), as well as preliminary
results of our new studies in two wells. To help interpret
depositional environments of the sequences, we used the
benthonic assemblages (Appendix, Table B) also reported
by PEMEX (1985).

Sequence A

This marine unit was deposited during latest-Miocene
to early-Pliocene time in inner to middle neritic environ-
ments. The presence of benthonic and planktonic foramin-
ifera, calcareous nannofossils, and dinoflagellates indicate
open marine conditions. The dominant environments at
the time of deposition for the mudstone intervals are in-
ner to middle neritic, as indicated by the presence of the
benthonic foraminifera Elphidium, Cibicidoides, Florilus,
Trochammina and Brizalina subaenariensis. The presence
of few planktonic taxa also supports this interpretation.

Shales from this sequence contain some reworked old-
er taxa, together with microfossils indicative of a Miocene
age. The following are the paleontological evidences found
in the interval representing this sequence in some of the
wells. Preliminary results from calcareous nannofossils and
palynology (J. Helenes and A.L. Carreflo, personal commu-
nication) in well W-1 indicate an undifferentiated Miocene
age (25.2-5.2 Ma) for the interval from 1,975 to 2,895 m,

corresponding to sequence A. Additionally, a probable age
of latest Miocene to Pleistocene was assigned to sequence
A in this well on the basis of the presence of the calcareous
nannofossils Calcidiscus macintyrei (Miocene, NN4 to low-
er Pleistocene, base of NN19; 18-2 Ma), Reticulofenestra
pseudoumbilica (Miocene NN7 to Pliocene NN15; 12-3.5
Ma), and Sphenolitus neoabies (latest Miocene, NN1 to
Pliocene, base of NN16; 6-3 Ma) (Pemex, 1985). Although,
Perch-Nielsen (1985, fig. 7) consider that the first appear-
ance of S. neoabies could be as early as middle Miocene
(NN7; 12 Ma).

An age assigned as Miocene to lower Pliocene at
3,295-3,300 m in well W-7 is based on Globigerinoides
obliquus. In well W-2, a probable age assigned as Pliocene to
Holocene at 4,255-4,265 m is based on Sphaeroidinella sp.?
(Bolli and Saunders, 1985). However, this taxon could be
caved or represent deposition in late-Miocene time, because
Sphaeroidinella has been reported in upper Miocene strata
(Srinivasan and Srivastava, 1974). Also, the identification of
the taxon is uncertain, and it could represent a species of the
closely related genus Sphaeroidinellopsis, in which case the
age range could go from middle Miocene to Holocene.

Sequence B

This marine sequence contains reworked common
Cretaceous to early-Tertiary taxa indicative of Colorado
River influence. Unfortunately there are no clear pale-
ontological evidences to assign a more detailed age to
this sequence. The sandy and silty intervals of this unit
contain benthonic foraminifera such as Ammonia and
Elphidium, together with abundant ostracods and fragments
of mollusks.

Sequence C

Microfossil determinations in fine-grained samples
from sequence C in wells W-1, W-3 and W-7 exclusively
indicate reworking of Cretaceous and Paleogene planktonic
and benthonic foraminifera. Five mudstone samples col-
lected in El Golfo de Santa Clara (facies Im) are barren of
calcareous microfossils and palynomorphs. However, we
tentatively assign an undifferentiated Pliocene-Pleistocene
age to this sequence because the palynological content found
in samples from this sequence is similar to that reported for
the upper strata in an exploratory well drilled by CFE in the
Laguna Salada (Martin-Barajas et al., 2001). This similarity,
and the age of the reworked fossils, suggest that sequence
C was deposited in Pliocene-Pleistocene time, with a strong
Colorado River input.

Correlation and distribution of sedimentary sequences

Interpretation of six analogue seismic lines (Figure 2)
and correlation using lithostratigraphy from wells indicate
that sequences A, B, and C have a regional distribution, and
represent the basin fill during the progradation of a sub-
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aqueous and possibly a sub-aereal part of the Colorado River
delta over the late-Neogene marine basin. The conversion
of depth to time in the well logs (Metcalf, 1981) allowed
us to trace the first order boundaries between the main
sedimentary sequences, as interpreted from well logs,
on the seismic lines. The major sequence boundaries
interpreted from well logs in well W-1 can be traced in
the long north-south trending seismic line L-35 (Figures 6
and 7). This ~50 km long seismic line runs from near the
apex of the modern delta toward the south, very close to
the Cerro Prieto fault zone. It shows the long, continuous
reflectors that overlie a sequence of sigmoidal reflectors
dipping and down-lapping to the south (Figure 7). In this
seismic line, sequence boundary 1 (SB1) marks the contact
between the marine mudstone (sequence A) and basement
rocks. This boundary is defined by a nearly continuous,
high-impedance reflector, which gently dips to the south
(Figure 7). Below SB1, reflectors are rather discontinuous
and chaotic, although some parallel reflectors, interpreted
as coherent noise, are visible. Well control (W-1) indicates
that basement rocks lie 2.8 km beneath the surface at the
site, corresponding to ~2.1 second (TWTT) in the seismic
line (Figure 6), and closely match the strong reflector of the
acoustic basement. Along this line to the south, the acoustic
basement loses resolution, but dip directions of the overlying
seismic reflectors and sequence boundaries 2 and 3 (SB2
and SB3) suggest that the basement is progressively deeper
to the south (Figure 7).

In our interpreted seismic lines, sequence A is charac-
terized by short and wavy, high amplitude reflectors, which
gently dip in opposite directions (Figures 6, 7). Apparent
imbrication of reflectors and large mound forms are distinc-
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tive features of this marine shale sequence. In line 5034A,
seismic reflectors of sequence A appear to thicken toward
south and are cut by a north-dipping reflector interpreted
as a detachment fault above crystalline basement (SB1)
(Figure 8).

In line L-35 (Figures 6 and 7), sequence B shows
distinctive parallel, low-amplitude, discontinuous reflec-
tors. Farther to the south, sequence B is a pattern of long
and better-defined seismic reflectors interrupted by zones
of prograding, down-lapping reflectors. These overlie
lens-shaped parasequences and clinoforms with sigmoidal
patterns interpreted to be sequence A (Figures 6 and 7). In
line 5034A (Figure 8), stratigraphic control provided by well
W-6 indicates that SB2 is located slightly above (0.1 ms) a
strong and continuous reflector, which we interpret as part
of sequence A in this seismic line. Below SB2 in seismic
line 5034A (Figure 8), we see the distinctive reflector pattern
of sequence A and a large wedge-shaped sedimentary unit
with reflectors having an apparent dip to the south-southeast.
This interpretation of the stratigraphic relationship suggests
that the lower part of sequences A and B have non-uniform
thickness, with thicker shale deposits toward the southeast.
In this seismic line, the unconformity between sequence
A and basement rocks is clear, and the basement becomes
shallower towards the southern end of the line; in well W-7,
the basement was penetrated at ~3,700 m where it appears
altered and highly fractured beneath the detachment fault.
This structural relationship between sequence A and granitic
acoustic basement is suspicious because we might expect
that marine deposits should overlie pre-transgressive con-
tinental deposits, as is documented in some other coeval
basins in the Salton trough (Kerr, 1984; Kerr and Kidwell,

W-1 TWTT

7;]‘

Figure 6. Northern end of seismic section L-35 and projection of well W-1 in the seismic line. Three seismic sequences match the lithostratigraphy based
on well log data. Note that depths in wells have been adjusted to equivalent time (two-way travel time, TWTT) for correlation of seismic reflectors and
lithology (see Appendix for details on conversion from time to depth). CDP: common depth point.
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S L-35

onlap surface

Figure 7. Seismic line L35 and interpretation based on seismic sequences and well logs. Sequence B is defined by sigmoidal clinoform interpreted as the
southward progradation of the prodelta into the marine basin. Note that crystalline basement and sequence A deepens to the south. Lateral facies transition
between sequences B and C is seen in the southward termination of this seismic line.

1991), and the Yuma basin (Eberly and Stanley, 1978).
The three seismic lines across part of the delta in a
WSW-ENE direction provide a different perspective of se-
quences B and C. Line L-4987 can be tied to well W-4, but
wells W-3 and W-5 are located across the trace of the Cerro
Prieto fault at the end of seismic lines L-4983 and L-4997,
respectively. This prevents matching these wells directly to
the seismic reflectors on the seismic lines. However, two
principal patterns of seismic reflectors can be depicted from
these lines (Figure 9). The lower seismic pattern is com-
posed of variable length, high impedance reflectors, with

TWTT W-6

basement Or pre-marine

continental/volcanic rocks

lateral downlap-onlap geometry, that produce paleohills
and valleys (Figure 9). Well W-4 in the western end of line
L-4987 suggests that this lower pattern may correspond to
sequence B. Well W-4 is located two km north from this
seismic line, and the lower boundary of the sandy facies of
sequence C correlates with wavy reflectors at 2.6 seconds
(TWTT). An alternative interpretation is that this irregular
pattern is formed by pre-marine deposits and/or basement
rocks.

Well W-5 is at or west the trace of the Cerro Prieto
fault at the end of seismic line L-4997. This line presents a

SE —»
TWTT

L-5034A

Figure 8. Seismic line L5034 A and depth projection of well W-6. Seismic reflectors of sequence A appear to be in angular unconformity beneath SB2,
and are cut by a strong acoustic reflector interpreted as a-top-to-the-northwest detachment fault. This detachment is SB1 and juxtaposes the sedimentary
sequence and crystalline basement. Note that sequences B and C flatten upwards.
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L-4997

NE —

Figure 9. Seismic line L-4997 and depth projection of well W-5. This well is located across the Cerro Prieto fault in the southwestern part of the Altar
basin. In this image, sequences B and A(?) overlie an irregular surface possibly developed on crystalline basement or Tertiary continental deposits.

distinctive lateral change in the pattern of reflectors across
the fault zone (Figure 9): the long and parallel reflectors
of sequence C change laterally into a zone of short, high
impedance reflectors dipping to the SW (Figure 9). We
interpret this change as the effect of the deformation close
to the fault zone and the control that the Cerro Prieto fault
exerted over sedimentation to the west.

Sequence C produces distinctive long and continuous,
high impedance reflectors. Its base (SB3) in seismic line
L-35 (Figures 6 and 7) marks the progradation of coarse-
grained facies. Toward the southern end of seismic line
L-35, the pattern of continuous reflectors changes to one
of less continuous and/or poorly defined reflectors that are
more characteristic of sequence B. Southward, the seismic
line loses resolution and the seismic pattern of sequence
C becomes chaotic and poorly defined, which is probably
related to boundary conditions in the processing of seismic
data (Figure 7). In the E-W trending seismic lines, SB3 is
progressively deeper to the east (see Figure 9) and sequence
C is apparently thicker in that direction. However, the seis-
mic lines are not long enough to depict the eastern margin
of the basin; besides, well W-6 contains a thinner sequence
C compared to wells W-4 and W-5.

In summary, the stratigraphy of the Altar basin consists
of three main sedimentary sequences (Table 1), which cor-
respond to (1) a shale unit >600 m thick of late(?)-Miocene
to early-Pliocene marine sedimentation (sequence A); (2)
a 1,200-2,200 m-thick interval of interstratified sandstone,
siltstone and mudstone, which represent sedimentation in

presumed Pliocene time (sequence B); and (3) a predomi-
nantly sandstone unit up to 3,000 m thick, with subordi-
nated conglomerate and mudstone, probably of Pliocene-
Pleistocene age (sequence C).

Outcrops at El Golfo de Santa Clara

The upper 200 m of sequence C crop out along 25 km
onshore at El Golfo de Santa Clara (Figure 2). The sequence
gently dips 5-12° ENE, and is not affected significantly by
faulting. The stratigraphic sequence consists of a series of
cut and fill units each <1 m to 10 m thick composed of a dis-
tinctive facies pattern. The complete facies pattern includes
a basal scour filled with lag conglomerate or breccia (up to
0.5 m thick), composed of >90% mudstone intraclasts up
to 30 cm in diameter (Figure 10a). This rudite is matrix to
clast supported, and grades upwards into lateral accretion
bedsets of coarse sand. These two facies generally fill the
scour and underlie a thick deposit (up to a few meters) of
plannar beds and lamina of well-sorted, poorly consolidated,
quartzose sand (Figures 10b, 10c). This sandy facies grades
upwards into laminated to cross-bedded siltstone, and into a
laminated mudstone facies (Im). The sand and silt rocks are
the volumetrically dominant facies in these outcrops. The
basal scour has a lateral extension of tens to hundreds of
meters and the fine-grained facies, including the intraclast
conglomerate, are more resistant to erosion and form later-
ally continuous beds, which likely produce the distinctive



14 Pacheco et al.

Table 1. Age and sedimentary environments interpreted from microfossil assemblages, well log, and lithology for the three main stratigraphic sequences
in the Altar basin. See Tables A and B in the appendix for microfossils description. Electrofacies after Serra (1984).

Sequence Main microfosil Age Dominant Sedimentary Dominant sedimentary
content electrofacies facies environment
C Abundant reworked Undetermined Cylinder shape Fluvial channel sand bars, Fluvial distributary

Cretaceous and Paleogene
planktonic and benthonic
foraminifera

(Pliocene — Pleistocene?)

Undetermined
(Pliocene — Pleistocene?)

B Reworked Cretaceous and
early Tertiary foraminifera.
Common in situ Neogene
benthonic foraminifera

A Neogene foraminifera, and Miocene

calcareous nannofossils

(3 to 40 m thick)

Funnel shape,

and cylinder shape
(5 to 10 m thick)

Cylinder shape
(5 to 30 m thick)

levee splays, and over-bank  channel and delta plain

deposits

Low- to high-density Delta front to prodelta
turbidite deposits, intertidal
channel sand bars, and

mud flats

bell shape

Inner to middle neritic Prodelta to open marine

(0 to 100 m deep)

long and continuous reflectors of sequence C.

Soft-sediment deformation is conspicuous in the sand
and silt facies. Large-scale flames and convolute lamination,
as well as massive sand intervals, are distinctive features.
The soft-sediment deformation is developed ubiquitously
below channels and incised by the basal scour. Spatial rela-
tions suggest that soft-sediment deformation and incision
may be genetically linked. Laminations of heavy minerals
and clasts of silicified wood are very common. In contrast,
marine calcareous shells are absent, and only small burrows
occur in the silt and/or muddy facies.

Although the thickness of the sequence at El Golfo de
Santa Clara is small compared with the sequence recorded
in wells, these outcrops are important because they repre-
sent a pristine stratigraphic window into the upper part of
sequence C, which is likely dominated by fluvial deposits.
Well W-7 is located at the top of the outcrops near El Golfo
de Santa Clara, and their upper 500 m are likely part of this
sandy fluvial sequence.

DISCUSSION
Sequence correlation and stratigraphic evolution

We present a fence diagram showing the distribu-
tion of sequences A, B, and C correlated on the basis of
their dominant lithology, characteristic electrosequences,
biostratigraphic data, and distinctive seismic reflection
patterns (Figure 11). In the following section, we interpret
the implications of these stratigraphic sequences for the
sedimentary evolution of the Altar basin.

Sequence A, and other proto-Gulf deposits in the
northern Gulf of California

Correlation of the marine shale sequence A across
the Altar basin is based on the presence of this unit in three
wells that cut basement at depth (W-1, W-3 and W-7) (Figure
11). Additionally, this sequence was also cut in well W-6,
and probably in the lower part of well W-5 (Figure 4). We

interpret that sequence A is also present beneath sequence
B in wells W-4 and W-5, as suggested by a shale interval in
the lowermost 100 m in well W-5 (5,220-5,320 m) (Figure
4). The thickness of sequence A in wells that cut crystalline
basement is ~600 m. This thickness is a minimum estimate
for the total thickness of sequence A, because it clearly con-
tinues at depth in well W-6 as seen in its distinctive seismic
pattern (Figure 8). These stratigraphic relationships strongly
suggest that the marine sequence A has a widespread distri-
bution in the Altar basin.

Correlation of the marine mudstones of sequence A
toward the Yuma basin is possible because a similar unit
was reported in the exploration well Exxon Federal No. 1
(Eberly and Stanley, 1978; Guzman, 1981) (see location
in Figure 11). In the Yuma basin, a marine upper-Miocene
sequence (c.f., Eberly and Stanley, 1978) is ~490 m thick
and grades down section to a tuffaceous sandstone and
coarse-grained conglomeratic sandstone. These, in turn,
overlie a predominantly volcanic unit, dated at 16 Ma, and
older continental clastics and volcanic intrusives. In the
Altar basin, the middle- to early-Miocene volcanic and
sedimentary section is missing in the three wells that pen-
etrated in the crystalline basement. This indicates that more
than 900 m of pre-marine volcanic and sedimentary rocks
were preserved in the Yuma basin a few kilometers north of
well W-1, but are absent in the Altar basin (Figure 2). This
difference in the late-Cenozoic stratigraphy suggests that
the Yuma basin and the Altar basin were separated basins
prior to the first marine incursion in the northern gulf in
late-Miocene time.

Our preliminary biostratigraphic dating favors a
late-Miocene age for sequence A, which is consistent with
a synchronous marine incursion in the northern gulf and
Salton trough areas (McDougall et al., 1999; Oskin and
Stock, 2003). However, the presence of early- to middle-
Miocene marine microfossils (Cotton and von der Haar,
1979, Helenes and Carrefio, 1999; McDougall et al., 1999;
Helenes et al., 2005) needs to be explained, and thus an
even older age for proto-Gulf marine deposits cannot yet
be ruled out.
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Figure 10. a) Composed fluvial-delta plain facies model for the stratigraphic section at El Golfo de Santa Clara. The entire stratigraphic section is com-
posed of stacked fluvial deposits, interpreted as distributary channel and overbank facies in the delta plain. b) Detail view of the cut and fill sequence at
El Golfo de Santa Clara. Note the basal scour filled with a matrix supported intraclast breccia overlain by cross-bedded foresets, and amalgamation of
sand with planar stratification and climbing ripples. c) View of a depositional event with the basal lag and sheared zone underlying graded, cross-bedded
sandstone (gcb) and a thick laminated sand deposit (Is). d) Panoramic view of the fluvial plain succession at El Golfo de Santa Clara. Arrows indicate the
larger depositional events, although multiple cut and fill events are conspicuous within the stratigraphic sequence.

Sequences B and C, and the growth of the delta

Both sequences B and C are intimately related to the
construction of the Colorado River delta. The high-fre-
quency alternation of mudstone, siltstone and sandstone in
sequence B suggests cyclic processes in the sub-aqueous
part of the delta apron. This indicates that sequence B and C
represent the transition to a more proximal position within

the delta system. Sequence C is dominated by sandy facies
that we interpret as representing the progradation of the flu-
vial facies of the delta. The parallel and continuous pattern
of reflectors, distinctive of sequence C, likely results from
the stacking of deposits from successive flooding events.
Based on the recognition of the cut and fill sequence at El
Golfo de Santa Clara, we interpret the general blocky pattern
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of electrofacies in well log of W-7 to indicate amalgam-
ated sandy deposits. This sandy facies includes reworked
microfossils, abundant terrestrial fossil of Irvingtonian age
(<2—-1 Ma) (Shaw et al., 2005), and a quartzose composi-
tion indicative of a Colorado River provenance. Sub-aereal
deposits and evidence of exposure of the fluvial delta plain
(e.g., bioturbation, soil horizons), and lateral diversity of
fluvial channel and overbank facies are seen along 25 km of
exposure in the badlands of El Golfo de Santa Clara.

The transition from sub-aqueous to sub-aerial part
of the delta complex cannot be defined yet because the
seismic lines have poor resolution. Nevertheless, thickness
variations of sequence C between wells suggest that coarse-
grained facies are thicker in wells close to the path of the
modern river, which indicate that conglomerates represent
fluvial channel deposits. Wells W-4 and W-5, located in the
western part of the basin, contain thicker sandy sequences
(up to 3,000 m), whereas wells W-1, W-2 and W-3, located
closer to the apex of the delta, contain thinner sandstone-
conglomerate sequences (<1,000 m) and distinctive con-
glomeratic deposits indicating high-energy fluvial channel
deposits. This thickness for the fluvial conglomeratic
succession would require a unique set of circumstances to
maintain the fluvial channels in position for the amount of
time needed to preserve 1,000 m during subsidence.

Correlation of sequence B and C with other delta
sequences in other basins in the Salton trough is difficult be-
cause the growth of the delta occurred in a relatively narrow,
and tectonically active depression, which produced diverse
sedimentary environments. For instance, a 3.2 km deep well
in the Salton basin (State 2-14) reveals a stratigraphic record
of predominantly lacustrine mudstone-siltstone deposits
punctuated with basin margin alluvial deposits of latest-
Pliocene and Quaternary age (Herzig and Elders, 1988). No
evidence of marine sedimentation exists in this stratigraphic
record, but it should be considered that the entire sequence
cut in well State 2-14 is probably of Pleistocene age, as
deduced from rapid sedimentation rates of 2.4 m/Ka (Herzig
and Elders, 1988). Alternatively, it could have an upper
Pliocene age if we accept lower sedimentation rates based
on Holocene radiocarbon ages (van de Kamp, 1973). This
probably implies that the lacustrine sequence penetrated
by well in the modern Salton basin may be coeval with the
upper part of sequence B, and the whole of sequence C in
the Altar basin.

Outcrops of fluvial and other non-marine deltaic de-
posits in the southwestern Salton trough are 2—2.5 km thick
(Johnson et al., 1983). These deposits comprise the Palm
Spring Group of Winker and Kidwell (1996), and build the
bulk of the fluvial succession of the delta in Pliocene time.
The fluvial succession in the southwestern Salton trough
may correlate with our sequence B, although sedimen-
tary facies differ. The Altar basin, and the whole region,
were exposed to sea-level changes, and, for this reason,
sequence B may include facies of marine and transitional
environments.

In the Cerro Prieto geothermal field, the stratigraphic
sequence indicates a complex sedimentary environment
developed at the delta front (Lyons and van de Kamp, 1980).
Near the eastern range front of Sierra Cucapah, a thick
sandstone unit laterally passes eastward into an alternance
of mudstone-siltstone-sandstone, which is lithologically
similar to our sequence B. The thick sandstone unit is
interpreted as deposited by tidal sand bars along a narrow
seaway into the Salton basin (Lyons and van de Kamp,
1980). McDougal et al. (1999) document the presence of
marine Miocene strata at Whitewater, at the northern end
of the Salton trough. However, younger marine deposits
are absent in the Salton basins and this precludes an ex-
tensive inflow of marine waters into the Salton Sea since
mid-Pliocene time.

Tectonic implications and unresolved questions

The structure of the Altar basin appears to be con-
trolled by northwest-trending faults as is indicated by the
elongated gravity and magnetic anomalies (Figures 3a and
3b). To the east of the basin is the Altar fault proposed by
Sumner (1972). Although this feature is not imaged in the
seismic lines studied here, it remains a firm candidate to
accommodate more than 5 km of subsidence recorded in
well W-4 in the western part of the basin. The Altar fault is
not seismically active today, and we interpret that its activ-
ity started in late-Miocene time because the marine shale
sequence (sequence A), overlying the granitic basement,
has that age and no older deposits are recorded within the
basin. Seismic profiles from Bahia Adair and the northern
gulf indicate a narrow zone of transform faulting that proj-
ects northwest into the Altar basin (Aragon-Arreola et al.,
2003). Additionally, gravity data across the southeastern
termination of the Altar basin indicate a gravity low at the
southeast projection of the Altar fault, which is interpreted
as a depression in the basement (Kinsland and Lock, 2001).
These authors also suggested that an ancestral Colorado
River exited along this depression to enter the gulf at Bahia
Adair. Although we cannot evaluate the amount of strike-slip
offset of the Altar fault, this structure may have played a key
role during the early definition of the modern transtensional
regime. This fault may have been the southward extension
of the San Andreas fault zone and the Algodones fault, and
have been responsible of the NW elongation of the delta
apron during Pliocene time.

The Cerro Prieto fault zone is a major fault active at the
plate boundary today. This fault zone can be considered as
forming the western structural boundary of the Altar basin.
The proximity of the Cerro Prieto fault zone to the south-
western end of seismic lines L-4983 and L-4997 produces
west-tilted reflectors and internally tilted blocks, as well as
zones of chaotic reflectors (Figure 9).

Localization of subsidence toward the Cerro Prieto
basin may have started in Pliocene-Pleistocene time, and
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Figure 11. Fence diagram of the Altar basin and surrounding areas. Sequence correlation among wells is chiefly based on lithologic composition.
Stratigraphic units in well Exxon F-1 are from Eberly and Stanley (1978). The eastern boundary of the Altar basin is the Altar fault, first proposed by
Somner (1972). A dextral oblique movement on this fault is inferred from displacements in magnetic and gravity anomalies and because the San Andreas
fault and the Algodones fault project to the southeast into the Altar fault. Correlation of sequences on wells 3 and 5 to other wells across the Cerro Prieto

fault is not included in this interpretation.

so the Altar basin accumulated a large amount of subsid-
ence before the main plate boundary shifted westwards
into the Cerro Prieto fault. Along the southern half of the
Cerro Prieto fault, near well W-7, the dip-slip component
of the fault zone is to the west. We speculate that, at the
time when the sediments of the Altar basin were deposited,
the Cerro Prieto fault zone may have been a sub-parallel
oblique (down to the east) fault, forming a narrow trans-
tensional graben paired to the Altar fault to the east. This
hypothetical fault was subsequently abandoned when the
locus of subsidence was transferred northwest into the Cerro
Prieto pull-apart basin. If this were the case, subsidence in
the southern half of the Cerro Prieto fault zone would have
changed its polarity, because this segment of the transform

fault now accommodates subsidence toward the west in the
northernmost Gulf of California. Thus, the Altar basin lies
within the footwall block of the modern Cerro Prieto fault,
and is being uplifted by recent activity (Ortlieb, 1991).
Our results are consistent with the view that the
Altar basin started to subside in late-Miocene time when
the transtensional tectonics of the modern plate boundary
became localized in the Gulf of California (c.f., Oskin et
al.,2001). However, the stratigraphic relationship between
the mudstone unit and the crystalline basement in the Altar
basin requires an alternative explanation other than a but-
tress unconformity. Early rift continental deposits reported
in several localities in the western Salton trough and the
Yuma basin (see Winker and Kidwell, 1996; and Axen and
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Fletcher, 1998 for a review) are dismembered in the Altar
basin by a detachment fault. The upper-Miocene to Pliocene
marine sequence in the adjacent Yuma basin overlies more
than 900 m of Oligocene to middle-Miocene continental and
volcanic deposits that are absent to the south in most of the
Altar basin (Figure 11). Although the abrupt depositional
contact of marine shale over crystalline basement could be
due to a rapid marine transgression, we favor the alterna-
tive explanation of a tectonic contact that juxtaposes the
marine shale sequence and the granitic basement along a
low-angle detachment fault. The wedge-shaped character
of sequences A and B in seismic line L-5034A (Figure 8)
is interpreted as growth-fault structures that affect most of
the stratigraphic sequence. The detachment faulting that af-
fected most of the stratigraphic section might have stopped
at the end of deposition of sequence C, as indicated by the
long reflectors downlapping the acoustic basement in line
L-5034A (Figure 8).

Late-Miocene to Pliocene subsidence in several lo-
calities along the western margins of Salton trough in the
Imperial Valley and northern Baja California was accom-
modated by eastwardly dipping, low-angle normal faults,
partially concurrent with the onset of wrench tectonics (Siem
and Gastil, 1994; Axen and Fletcher, 1998). Reconstruction
of conjugate margins back to late-Miocene time indicates
that the southwestern margin of the Salton trough formerly
faced the present coast of the Altar Desert in Sonora (Winker
and Kidwell, 1996). Top-to-the-west detachment faults in
Laguna Salada probably rooted beneath the area occupied
by the Altar basin before being displaced tectonically for
80-100 km along the Cerro Prieto fault. Where documented,
these detachment faults were overprinted by high-angle
normal and oblique faults, and later disrupted by the strike-
slip faults that currently dissect the Salton trough and the
Laguna Salada area (Winker and Kidwell, 1986, 1996;
Siem and Gastil, 1994; Axen and Fletcher, 1998; Dorsey
etal., 2004).

Independent constraints for the timing of transten-
sional strain onset in the Gulf of California indicate ~260
kilometers of oblique extension across conjugate rifted
margins sometime after 6.3 Ma (Oskin et al., 2001). Recent
work based on the interpretation of extensive seismic reflec-
tion lines indicates that deformation in the gulf area followed
a process of westward shifting of strain localization that has
produced abandoned transtensional basins along the east-
ern margin of the Gulf (Aragon-Arreola et al., 2003). The
abandonment of the Altar basin may have resulted from this
process of relocation of deformation into the Cerro Prieto
fault and related basins.

CONCLUSIONS

Integration of geophysical data, exploration well data
and outcrop mapping in the Altar basin at the northern end
of the Gulf of California indicates that this structurally

distinct basin contains three major sedimentary sequences,
which can be traced across the Altar basin and record the
growth of the sub-aqueous part of the delta as it prograded
into the marine gulf since late Miocene — early Pliocene.
The lower sequence (sequence A) records a late-Miocene
to early-Pliocene marine incursion in the northern gulf. A
minimum thickness of 600 m of marine shale (sequence
A) in the Altar basin indicates that open marine conditions
existed prior to the arrival of detritus carried by the Colorado
River into northwestern Sonora. This is consistent with a re-
gional marine transgression in the northern gulf (see review
by Oskin and Stock, 2003) concurrent with localization of
transtensional deformation in the gulf area at about 6.2 Ma
(Oskin et al., 2001).

Our data do not permit dating the first arrival of
Colorado River sediments to the Altar basin. However, we
consider that the Colorado River reached this area at approx-
imately the same time as in the southwestern Salton trough,
that is, between 5.3 and 4.2 Ma (Winker and Kidwell, 1996).
Most probably, both areas were still adjacent in Pliocene
time, and thus the age range for the arrival of the Colorado
River into the SW Salton trough is likely the age of the base
of sequence B in the Altar basin.

We interpret sequence B as the result of sediment ac-
cumulation at the toe of the prodelta fed by turbidite events.
Sea-level changes may produce variations to shallower
sedimentary environments, like delta front and tidal flats
settings. High-frequency interstratification of sandstone,
siltstone and mudstone, with bell-shaped electrosequences,
which contain shallow water microfossils and mollusc shell
fragments, are consistent with this interpretation. The cut
and fill pattern for the uppermost part of sequence C crop-
ping out at El Golfo de Santa Clara, and the evidence for
sub-aereal deposits, support the interpretation of a fluvial
plain facies.

The unconformity between the base of sequence A
and the crystalline basement, recorded in three wells and
in the seismic lines, indicates tectonic erosion along low-
angle detachment faults. This interpretation is appealing
because similar relationships are found in the Laguna
Salada area (Isaac, 1987, Siem and Gastil, 1994; Dorsey
and Martin Barajas, 1999). Although not imaged in our
seismic data, the Altar fault likely controlled subsidence
in this basin and may have also accommodated part of the
strike-slip component in the early phase of transtensional
deformation related to the oblique rifting process. The Altar
fault and the detachment fault may have been linked to the
transtensional domain of the southernmost San Andreas
fault in late Miocene to Pliocene.

Our long-term aim is to make a comprehensive three-
dimensional model of the evolution of the different sedi-
mentary environments of the Colorado River delta, in order
to understand how, and when, the delta formed and was
deformed. The delta is a repository of information on its
responses to tectonism, long-term climate changes, sea-level
changes, and transient events such as catastrophic flooding.
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The geological history of this region is the inescapable
backdrop of the economic and environmental issues along
the international border that arbitrarily divides the delta of
the one of the world’s major rivers between two nations.
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APPENDIX

In order to elaborate the curves of double time versus depth, a program in Matlab language based on the algorithm of Metcalf
(1981) was implemented. This program calculates the interval velocity, average velocity and the depth to seismic reflectors defined by
pairs of two-way travel times and normal move out velocities. The two-way travel times and the normal move out velocities are taken
directly from the analyses of velocities near the well. The algorithm of conversion of double times to depth is based on the equations of

Dix (1955) which are expressed as follow:

VINT _[(/NMO3 * 2Ty )~ (VMO + 2Ty, ) |?
(NaN-1) =
2(TN _TN—I)
Zy :[VINT(N anny ¥ (Ty 'TN-I)]+ Zy,
VAVG, =ﬁ
N

(M

@

3)

Where:
VNMO = Normal Move Out Velocity (m/s)
VINT = Interval Velocity (m/s)
VAVG = Average Velocity (m/s)
N = Horizon of interest
N-1 = Horizon immediately previous to
the one of interest
Z = Depth to the given horizon (m)
T = Time of one way to the given horizon (s)

Note: VRMS=VNMO*cos 6, where 8 it is the acute angle of the dipping reflector and the horizontal. We assume that the reflectors are

sub-horizontals, thus cos0~1, and therefore VNMO~VRMS.
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Table A. Planktonic taxa reported by PEMEX in wells W-1, W-3 and W-7 (PEMEX, 1985). F: foraminifera; N: nannofossil taxa.

Pacheco et al.

Unit Taxa Age (Haqg et al., 1988)
Range Ma
B (F) “Globorotalia” sp. Undetermined Undetermined
B (F) Morozovella “Globorotalia” seudobulloides Lower Paleocene 66.5-59
(P1-P3)
B (F) Globanomalina chapmani (““Globorotalia elongata’) Upper Paleocene 59-54
(P3—P5)

B (F) Heterohelix sp. Upper Cretaceous 84 — 66.5

B (F) Chiloguembelina sp. Middle — upper Eocene 46 - 36
(P11-P17)

A (F) Globigerinoides trilobus altiaperurus Lower Miocene 23-19

(N5—-No)

A (F) Globigerinoides obliquus Lower Mio — lower Pliocene 17-4
(N8 -N19)

A (F) Globigerina sp. Tertiary 66.5—-1.85

A (F) Orbulina sp.? Middle Miocene — Holocene 16.2-0
(N8 —N23)

A (F) Sphaeroidinella sp.? Pliocene-Holocene 52-0
(N18 —N23)

A (N) Calcidiscus macintyrei Miocene — lower Pleistocene 18-2.0

(NN4 — base NN-19)
A (N) Sphenolitus neoabies Middle? Miocene to Pliocene 6-3
(NN1 — base NN16)
A (N) Reticulofenestra pseudoumbilica Miocene to Pliocene 12-3.5

(NN7 - NN15)

Table B. Benthonic taxa reported by PEMEX in wells W-1, W-3 and W-7 (PEMEX, 1985) and interpretation of bathymetric range.

Unit Taxa Paleobathymetric Depth
range (m)

B Ammonia sp. Transitional to inner neritic 0-20
B Ammonia beccarii Transitional to inner neritic 0-20
B Quinqueloculina sp. Transitional to inner neritic 0-20
B Textulariella sp. Transitional to inner neritic 0-20
B Protobotellina sp. Transitional to inner neritic 0-20
A Elphidium sp. Inner neritic 0-20
A Elphidium gunteri Inner neritic 0-20
A Elphidium cf. incertum Inner neritic 0-20
A Cibicidoides pseudoungeriana Inner neritic 0-20
A Valvulineria sp. Inner neritic 0-20
A Florilus scaphus Inner neritic 0-20
A Nonionella sp. Inner neritic 0-20
A Pseudonodosaria sp. Inner neritic 0-20
A Brizalina subaeraniensis Outer neritic 100 — 200




